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Unit 1 — Atmospheric Composition and
Structure

1.1 Layers of the atmosphere

Earth's atmosphere is a layered system that governs climate, weather, and the transition from our surface

environment to outer space. Each layer has a distinct temperature profile, composition, and set of physical
processes. Understanding this vertical structure is foundational to atmospheric physics because it explains
how energy moves, where weather forms, and why certain chemical reactions happen at specific altitudes.

Structure of the atmosphere

The atmosphere's structure is defined primarily by how temperature changes with altitude. These
temperature shifts create distinct layers, each with different stability, composition, and dynamics.

Vertical layers vs horizontal regions

The atmosphere is divided into five primary vertical layers based on temperature profile: troposphere,
stratosphere, mesosphere, thermosphere, and exosphere. The boundaries between them (the "pauses")
occur where the temperature trend reverses or levels off.

* Vertical layers are stacked by altitude and separated by temperature inversions or minima

* Horizontal regions are categorized by latitude (tropical, mid-latitude, polar) and exhibit distinct
circulation patterns and energy budgets

* Vertical layers interact through energy exchange (radiation, convection, waves), while horizontal
regions drive global heat redistribution from equator to poles

* The tropopause height varies with latitude: up to ~18 km at the equator (where strong convection
pushes it higher) and as low as ~8 km at the poles

Pressure and density profiles

Atmospheric pressure decreases roughly exponentially with altitude, described by the barometric formula:

p = poe

where Po is surface pressure, h is altitude, and H is the scale height, the altitude over which pressure
drops by a factor of € (approximately 2.718). For Earth, H = 7-8 km.

* Density also decreases with altitude, but not at exactly the same rate as pressure because
temperature varies between layers

» About 50% of the atmosphere's mass lies below ~5.5 km

* These profiles directly affect sound propagation speed, aircraft engine performance, and optical
phenomena like refraction

Temperature variation with altitude

The temperature profile is what defines the atmospheric layers:
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* Troposphere: temperature decreases with height (average lapse rate ~6.5°C/km) due to adiabatic
cooling and decreasing influence of surface heating

« Stratosphere: temperature increases with height because ozone absorbs UV radiation, heating the air

* Mesosphere: temperature decreases again with height, producing the coldest temperatures in the
atmosphere

» Thermosphere: temperature increases sharply due to absorption of solar extreme ultraviolet (EUV)
radiation

At each boundary (tropopause, stratopause, mesopause), the temperature trend reverses. These
inversions act as partial barriers to vertical mixing, which is why atmospheric composition and dynamics
differ so much between layers.

Troposphere

The troposphere is the lowest and densest atmospheric layer, extending from the surface to roughly 8-18
km depending on latitude. It contains about 75-80% of the atmosphere's total mass and nearly all of its
water vapor, making it the layer where virtually all weather occurs.

Characteristics and composition

» Composition: ~78% nitrogen (N2), ~21% oxygen (O2), plus trace gases including water vapor (highly
variable, 0—-4%), carbon dioxide (~420 ppm), and methane (~1.9 ppm)

» Temperature decreases with altitude at an average environmental lapse rate of about 6.5°C/km. This
happens because the surface absorbs solar radiation and heats the air from below; as air rises and
expands, it cools adiabatically.

« Strong vertical mixing and convection keep the troposphere well-mixed compared to layers above

* Aerosols and particulate matter are concentrated here, serving as cloud condensation nuclei and
affecting the radiative balance

» Sea-level pressure averages 1013.25 hPa, dropping to roughly 200 hPa at the tropopause

Weather phenomena

Nearly all familiar weather is confined to the troposphere because this is where water vapor, instability, and
strong vertical motions coexist.

* Cloud formation: cumulus (fair weather and convective), stratus (layered, stable), and cumulonimbus
(deep convective, producing thunderstorms)

* Precipitation takes various forms (rain, snow, sleet, hail) depending on the temperature profile and
moisture content through the cloud depth

» Atmospheric instability drives thunderstorm development and severe weather, including tornadoes
and hail

* Large-scale circulation cells (Hadley, Ferrel, Polar) organize global wind patterns and define climate
zones

« Tropical cyclones and extratropical cyclones form and intensify within the troposphere, driven by latent
heat release and baroclinic instability

Fiveable archived study guides Page 3



Tropopause boundary layer

The tropopause marks the top of the troposphere. It's identified by a sharp decrease in the lapse rate, often
becoming isothermal or showing a temperature inversion.

* Acts as a dynamic lid that limits vertical mixing between the troposphere and stratosphere

* Height varies: ~18 km near the equator (pushed up by vigorous tropical convection), ~8 km near the
poles, and shifts seasonally

« Stratosphere-troposphere exchange occurs here, controlling how ozone, water vapor, and other trace
gases move between layers

« Jet streams form near the tropopause where strong horizontal temperature gradients exist, reaching
speeds of 100-200 km/h and influencing weather system tracks and air travel routes

Stratosphere

The stratosphere extends from the tropopause up to about 50 km. Its defining feature is a temperature
inversion: temperature increases with altitude, creating an inherently stable layer with minimal vertical
mixing. This stability is why the ozone layer persists here and why volcanic aerosols injected into the
stratosphere can remain for years.

Ozone layer dynamics

Ozone (O3) concentration peaks in the stratosphere between roughly 20-25 km altitude, forming the ozone
layer that absorbs most of the Sun's harmful UV-B and UV-C radiation.

The Chapman cycle describes the basic photochemistry:
1. UV radiation splits molecular oxygen: O2 + hv—=>0+ O
2. Atomic oxygen combines with Oz in a three-body reaction: O + O2 + M- 03+ M
3. Ozone itself absorbs UV and breaks apart: O3 + hv -0, + O

This cycle alone would produce more ozone than observed. Catalytic destruction cycles involving chlorine
(from CFCs), bromine, and nitrogen oxides reduce ozone concentrations. The Antarctic ozone hole is the

most dramatic example, forming each spring due to heterogeneous chemistry on polar stratospheric cloud
surfaces.

The Brewer-Dobson circulation transports ozone from the tropical stratosphere (where most is produced)
toward the poles, explaining why total ozone column is actually highest at mid-to-high latitudes rather than
at the equator.

Temperature inversion

» Temperature rises with altitude because ozone absorbs UV radiation, converting photon energy into
thermal energy

* This inversion makes the stratosphere very stable: air parcels that are displaced vertically tend to
return to their original position rather than continuing to rise

* The stability means pollutants, aerosols, or volcanic ash that reach the stratosphere have long
residence times (months to years)
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* The inversion also affects how atmospheric waves propagate vertically; some waves are reflected or
absorbed at this layer

» Sudden stratospheric warming events can temporarily disrupt the inversion, weakening the polar
vortex and affecting surface weather patterns weeks later

Stratopause definition

The stratopause sits at approximately 50 km altitude and marks the temperature maximum between the
stratosphere and mesosphere. Temperatures here are typically around 0°C (273 K). Above this boundary,
ozone heating diminishes and the temperature begins to decrease again. The stratopause also plays a role
in reflecting certain radio wave frequencies, which historically aided long-distance communication.

Mesosphere

The mesosphere extends from the stratopause (~50 km) to about 85 km altitude. Temperature decreases
with height throughout this layer, and it contains the coldest point in the entire atmosphere. The
mesosphere is sometimes called the "ignorosphere" because it's too high for weather balloons and too low
for most satellites, making direct measurements difficult.

Composition and temperature profile

« Still composed primarily of N2 and Oz, but atomic oxygen (O) becomes increasingly abundant at
higher altitudes due to photodissociation

» Temperature drops from ~0°C at the stratopause to as low as -100°C at the mesopause
* Pressure ranges from about 1 hPa at the base to ~0.01 hPa at the top

* Trace metal atoms (sodium, iron, calcium) from meteor ablation are deposited here, creating metal
layers that researchers use as tracers for studying mesospheric dynamics and temperatures

» The thermal structure results from a balance between radiative cooling (primarily by CO2 emission),
chemical heating, and dynamical transport

Noctilucent clouds

Noctilucent clouds (NLCs) are the highest clouds in Earth's atmosphere, forming near the mesopause at
80-85 km altitude.

» Composed of tiny ice crystals (~100 nm) that nucleate on meteoric dust particles

*» They require extremely cold temperatures (below about -120°C) and trace amounts of water vapor to
form

« Visible during twilight conditions: the observer is in darkness, but the mesopause altitude is still sunlit,
causing the clouds to glow against the dark sky

* NLCs serve as sensitive indicators of mesospheric temperature and humidity. Their increasing
frequency in recent decades may be linked to rising methane (which oxidizes to water vapor in the
upper atmosphere) and long-term cooling of the mesosphere

* Most commonly observed at high latitudes (50-70°) during summer months
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Mesopause characteristics

* Located at approximately 85-90 km altitude, the mesopause is the coldest region of the atmosphere
(temperatures as low as -100°C or ~170 K)

* Counterintuitively, the summer mesopause is colder than the winter mesopause. This happens
because upwelling in the summer hemisphere (driven by gravity wave forcing of the mesospheric
circulation) causes adiabatic cooling

* The mesopause is the transition zone between the neutral lower/middle atmosphere and the
increasingly ionized upper atmosphere

* Polar mesospheric clouds (noctilucent clouds) form at this boundary, and their seasonal behavior
reflects the dynamics of this region

Thermosphere

The thermosphere extends from the mesopause (~85-90 km) up to 500-1000 km, with its upper boundary
varying significantly with solar activity. Temperatures rise dramatically with altitude here because solar
EUV radiation is absorbed by the sparse gas. This layer overlaps with the ionosphere, where significant
ionization occurs.

lon composition

Solar EUV radiation ionizes neutral atoms and molecules, creating a plasma of ions and free electrons
embedded within the neutral gas.

« Major ion species include O *, N5 O and NO * . Below ~200 km, molecular ions (NO *, O5)
dominate; above ~200 km, atomic oxygen ions (O *) become dominant

« Electron density peaks in the F-region of the ionosphere, typically around 250-400 km altitude

* lon composition and density vary with time of day (higher during daytime), season, and the 11-year
solar cycle

* These variations directly affect radio wave propagation (HF signals bounce off the ionosphere),
satellite communications, and GPS accuracy

Aurora formation

Auroras are visible displays produced when energetic charged particles from the magnetosphere collide
with thermospheric gases.

1. The solar wind distorts Earth's magnetosphere, and energy is stored in the magnetotail

2. During magnetic reconnection events, electrons and protons are accelerated along magnetic field
lines toward the polar regions

3. These particles collide with atmospheric oxygen and nitrogen at altitudes of roughly 100-300 km

4. Excited atoms emit photons at characteristic wavelengths: green (557.7 nm, atomic oxygen at ~110
km), red (630 nm, atomic oxygen at higher altitudes), and blue/violet (N2+ emissions)

Auroras occur primarily in oval-shaped bands around the magnetic poles but can expand to lower latitudes
during intense geomagnetic storms. Their intensity tracks solar activity and geomagnetic disturbances.
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Temperature extremes

» Thermospheric temperatures can reach 1000-2000 K during quiet solar conditions and exceed 2000
K during solar maximum

* This heating comes from absorption of solar EUV radiation by atomic oxygen and nitrogen

* Despite these high kinetic temperatures, you wouldn't feel warm in the thermosphere. The particle
density is so low that very little thermal energy would actually transfer to an object. Temperature here
reflects the average speed of individual molecules, not the total heat content.

» Temperature variations cause the thermosphere to expand and contract, directly changing
atmospheric density at satellite altitudes

+ During geomagnetic storms, enhanced energy input causes rapid thermospheric heating and
expansion, significantly increasing drag on low-orbit satellites

Exosphere

The exosphere is the outermost atmospheric layer, beginning at about 500-1000 km (the exobase) and
extending outward to several Earth radii. It represents the gradual transition from atmosphere to
interplanetary space.

Transition to space

« Particle densities are so low that the mean free path (average distance between collisions) exceeds
the scale height. Particles travel on ballistic or escape trajectories rather than behaving as a fluid.

* Velocity distributions are non-Maxwellian because collisions are too rare to maintain thermal
equilibrium

« Particle motions are governed by gravity and Earth's magnetic field, not by pressure gradients or fluid
dynamics

* The dominant neutral species are hydrogen and helium, the lightest atmospheric gases

» The geocorona, a tenuous cloud of hydrogen atoms extending to ~100,000 km, is detectable from
space via Lyman-alpha emission

Atmospheric escape processes

Over geological timescales, the exosphere is where Earth slowly loses its atmosphere to space.

» Thermal (Jeans) escape: particles in the high-energy tail of the velocity distribution exceed escape
velocity (~11.2 km/s). Lighter atoms (H, He) escape more readily because at a given temperature,

lighter particles move faster (vinermar « vV T/m).

* Non-thermal escape mechanisms include charge exchange with solar wind ions, photochemical
reactions that produce fast neutrals, and ion pickup by the solar wind

* Escape rates influence the long-term evolution of planetary atmospheres. Earth loses roughly 3 kg/s
of hydrogen, which is why we still have water after 4.5 billion years (it's a slow process)

* Enhanced solar wind and geomagnetic activity can temporarily increase escape rates
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Satellite orbits

 Low Earth Orbit (LEO) satellites operate within the thermosphere and lower exosphere, typically at
160-2000 km altitude

» Atmospheric drag at these altitudes gradually lowers orbits, requiring periodic reboosts (e.g., the ISS
at ~400 km needs regular orbit-raising maneuvers)

+ Solar activity is a major factor: during solar maximum, the thermosphere/exosphere expands,
increasing drag at a given altitude. This caused accelerated orbital decay of many satellites and debris
objects during past solar maxima.

* Accurate orbit prediction and collision avoidance depend on modeling exospheric density variations

Atmospheric boundaries

Atmospheric boundaries are transition zones between distinct regions. They regulate vertical mixing,
energy transfer, and the distribution of trace species. Understanding these boundaries is critical for
weather prediction, air quality modeling, and climate science.

Planetary boundary layer

The planetary boundary layer (PBL) is the lowest portion of the troposphere, directly influenced by the
Earth's surface. It typically extends 1-2 km in height but can be shallower (a few hundred meters at night
over land) or deeper (up to 3+ km over hot deserts).

» Characterized by turbulent mixing, strong vertical gradients in temperature, humidity, and wind speed

» Undergoes a pronounced diurnal cycle: a well-mixed convective boundary layer develops during the
day as the surface heats, collapsing into a shallow, stable nocturnal boundary layer after sunset

» Governs surface-atmosphere exchanges of heat, moisture, momentum, and pollutants

 PBL structure directly affects local weather, air quality, fog formation, and low-level cloud development

Free atmosphere

The free atmosphere extends from the top of the PBL to the tropopause.

* Much less influenced by surface friction, so winds are closer to geostrophic balance (driven by
pressure gradients and the Coriolis effect)

* Flow is more laminar compared to the turbulent PBL

* Large-scale phenomena dominate: jet streams, Rossby waves, frontal systems, and mid-latitude
cyclones

* Vertical mixing here occurs mainly through convection (e.g., deep cumulonimbus towers) and
large-scale ascent/descent patterns

Karman line

The Karman line at 100 km altitude is the internationally recognized (by the FAI) boundary between the
atmosphere and outer space.

+ Defined conceptually as the altitude where aerodynamic lift can no longer sustain flight at orbital
velocity, so aeronautics gives way to astronautics
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* It does not correspond to any physical discontinuity in the atmosphere; the gas simply thins gradually
» Atmospheric density at 100 km is roughly 1/2,200,000 of sea-level density

* Used for regulatory purposes, record-keeping (e.g., defining "astronaut"), and legal frameworks for
airspace vs. outer space

Energy transfer between layers

Energy moves between atmospheric layers through three main mechanisms: radiation, convection, and
wave propagation. These processes maintain the global energy balance and drive atmospheric circulation.

Radiative processes

Radiation is the dominant energy transfer mechanism across most of the atmosphere.

» The Sun provides shortwave (visible and UV) energy input; Earth emits longwave (infrared) radiation
back to space

« Greenhouse gases (CO2, H20, CHy, N2O, O3) absorb and re-emit longwave radiation, warming the
troposphere and surface

 Radiative transfer is described by: % = —kuly + ju where Iy is spectral intensity, Ky is the absorption
coefficient, jv is the emission coefficient, and S is the path length
» Ozone absorption of UV in the stratosphere creates the temperature inversion there

+ Radiative cooling by CO2 emission is the primary cooling mechanism in the mesosphere and upper
atmosphere

Convection and turbulence

Convection is the primary vertical energy transport mechanism in the troposphere.

 Dry adiabatic lapse rate: [ = & = 9.8 K/km_ This is the rate at which an unsaturated air parcel
cools as it rises (or warms as it sinks), with no heat exchange with surroundings.

» When rising air reaches saturation, water vapor condenses and releases latent heat, reducing the
cooling rate. The moist (saturated) adiabatic lapse rate is lower, typically 4-7 K/km depending on
temperature and moisture.

» Convective Available Potential Energy (CAPE) quantifies how much energy is available for
convection. High CAPE values (>1000 J/kg) indicate potential for strong thunderstorms.

* Turbulent mixing in the PBL transfers heat, moisture, and momentum between the surface and the
lower troposphere

Atmospheric waves

Waves transport energy and momentum vertically and horizontally through the atmosphere, connecting
different layers.

* Gravity (buoyancy) waves are generated by flow over mountains, convection, and jet stream
instabilities. They propagate upward, growing in amplitude as density decreases, and can deposit
energy and momentum in the mesosphere and thermosphere when they break.
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* Rossby (planetary) waves are large-scale undulations in the mid-latitude westerlies, driven by the
variation of the Coriolis parameter with latitude. They transport heat and momentum poleward.

» Equatorial waves (Kelvin waves, mixed Rossby-gravity waves) are important for energy and
momentum transfer in the tropics, contributing to phenomena like the Quasi-Biennial Oscillation (QBO)

» Atmospheric tides, driven by periodic solar heating and gravitational forces, produce regular diurnal
and semidiurnal variations in pressure, temperature, and wind throughout the atmosphere

» Wave breaking in the mesosphere and lower thermosphere drives the Brewer-Dobson circulation in
the stratosphere, which in turn controls the global distribution of ozone

Atmospheric chemistry variations

Atmospheric chemistry changes dramatically with altitude because the available solar radiation,
temperature, pressure, and composition all shift between layers. These chemical variations affect air
quality, the ozone layer, and climate feedbacks.

Vertical distribution of gases

+ Well-mixed gases: N2 and Oz maintain nearly constant mixing ratios throughout the homosphere
(below ~100 km), where turbulent mixing is faster than gravitational separation

» Above ~100 km (the heterosphere), molecular diffusion dominates and gases separate by mass:
lighter species (H, He) become relatively more abundant at higher altitudes

» Water vapor is concentrated in the lower troposphere and decreases sharply with altitude. The
tropopause acts as a cold trap, limiting water vapor entry into the stratosphere.

» Ozone peaks in the stratosphere (20-25 km) but is also produced photochemically in the troposphere
(where it's a pollutant)

« Atomic oxygen becomes the dominant species above ~200 km due to photodissociation of O2

Photochemical reactions

Solar UV radiation drives photochemistry throughout the atmosphere. The key reactions vary by layer:
Stratospheric ozone cycle (Chapman mechanism):

O;+hv->0+0

O+0;,+M-03+M

O3+ hv->0,+0

(M is a third body that absorbs excess energy, typically N2 or O7)

- In the troposphere, the hydroxyl radical (OH) is the primary atmospheric oxidant, breaking down
methane, CO, and many pollutants

+ Nitrogen oxide chemistry (NOx = NO + NO;) plays dual roles: it catalytically destroys ozone in the
stratosphere but helps produce tropospheric ozone through reactions with volatile organic compounds
(VOCs)

+ Photochemical smog in urban areas results from NOx and VOC reactions in sunlight, producing
ground-level ozone and other irritants
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lon-neutral interactions

In the upper atmosphere (thermosphere and above), ionization adds a layer of complexity to the chemistry.
« Solar EUV and cosmic rays ionize neutral species, creating ions and free electrons

« Charge exchange reactions (e.g., 0" + N2 = NO* + N) redistribute charge among species and
control ionospheric composition

« lon-neutral collisions transfer energy and momentum, coupling the ionosphere to the neutral
thermosphere

* Dissociative recombination (ions recombining with electrons and breaking apart) is the dominant
neutralization process, with rates that depend on electron temperature

* In the mesosphere and lower thermosphere, ion chemistry contributes to the formation of complex
cluster ions and metallic ion layers

Measurement techniques

Studying the atmosphere requires a combination of in-situ and remote sensing methods, each with
different strengths in terms of altitude coverage, spatial resolution, and the variables they can measure.

Radiosondes vs satellites

Radiosondes are instrument packages carried aloft by weather balloons, providing direct (in-situ)
measurements: - They measure temperature, humidity, pressure, and wind as a function of altitude up to
~30 km - Launched twice daily from hundreds of stations worldwide, forming a critical input for weather
forecast models - High vertical resolution but limited to the launch site location

Satellites provide remote sensing with global coverage: - Polar-orbiting satellites circle the Earth
pole-to-pole, building up global coverage and measuring vertical profiles via techniques like GPS radio
occultation and infrared/microwave sounding - Geostationary satellites orbit at ~36,000 km, remaining fixed
over one point on the equator to provide continuous monitoring of weather systems and atmospheric
composition over a hemisphere - Satellites excel at spatial coverage but generally have lower vertical
resolution than radiosondes

Lidar and radar applications

« Lidar (Light Detection and Ranging) sends laser pulses into the atmosphere and analyzes the
backscattered light. It provides high vertical resolution profiles of aerosols, cloud properties,
temperature, and wind.

« Differential Absorption Lidar (DIAL) uses two laser wavelengths (one absorbed by the target gas, one
not) to measure concentrations of specific gases like ozone and water vapor

» Weather radar emits microwave pulses that scatter off precipitation particles, detecting rain, snow, and
hail intensity, as well as storm structure and wind patterns (via Doppler shift)

» Wind profiler radars measure vertical profiles of wind speed and direction in the lower and middle
troposphere using backscatter from turbulent refractive index fluctuations

Spectroscopic methods

Spectroscopy exploits the fact that each gas absorbs and emits radiation at characteristic wavelengths.
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* Fourier Transform Infrared (FTIR) spectroscopy measures absorption spectra of sunlight passing
through the atmosphere, yielding column abundances and vertical profiles of trace gases (CO2, CHa,
N2O, O3, etc.)

+ UV-visible spectroscopy (e.g., DOAS technique) measures stratospheric and tropospheric O3, NO; |
BrO, and other species using scattered sunlight

» Microwave limb sounding observes thermal emission from the atmospheric limb, providing vertical
profiles of temperature and trace gases in the upper troposphere through mesosphere

« Solar occultation instruments on satellites measure sunlight transmitted through the atmosphere at
sunrise/sunset, achieving high-precision stratospheric composition measurements

1.2 Atmospheric gases

Earth's atmosphere is a complex mixture of gases that shape our climate and weather. Understanding its
composition is crucial for atmospheric physicists to model and predict atmospheric behavior. These gases
interact with solar radiation, influencing energy balance and temperature distribution.

Nitrogen, oxygen, and argon make up most of the atmosphere, with trace gases like carbon dioxide playing
vital roles. The vertical distribution of gases varies, with the homosphere extending to about 80-100 km
where gases are well-mixed, followed by the heterosphere where gases separate based on molecular
weight.

Composition of Earth's atmosphere
» Atmospheric composition plays a crucial role in Earth's climate system and weather patterns
» Understanding the composition helps atmospheric physicists model and predict atmospheric behavior

» Atmospheric gases interact with solar radiation, influencing energy balance and temperature
distribution

Major atmospheric constituents
* Nitrogen (N2) comprises approximately 78% of the atmosphere by volume
» Oxygen (O2) makes up about 21% of the atmosphere, essential for respiration and combustion
« Argon (Ar) accounts for nearly 1% of the atmosphere, an inert noble gas
+ Carbon dioxide (CO2) represents about 0.04% of the atmosphere, crucial for the greenhouse effect

» Water vapor (H20) varies in concentration, typically 0-4% of the atmosphere by volume

Trace gases and their importance
* Trace gases occur in small quantities but significantly impact atmospheric processes
» Methane (CH4) contributes to the greenhouse effect and influences atmospheric chemistry
» Ozone (O3) protects Earth from harmful UV radiation in the stratosphere
* Nitrous oxide (N20) acts as a potent greenhouse gas and affects ozone depletion

* Chlorofluorocarbons (CFCs) deplete stratospheric ozone and contribute to global warming
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Vertical distribution of gases

* Homosphere extends from the surface to about 80-100 km, where gases are well-mixed

* Heterosphere begins above the homosphere, where gases separate based on molecular weight

* Tropopause marks the boundary between troposphere and stratosphere, affecting gas distribution
» Ozone layer concentrates in the stratosphere, peaking at around 20-30 km altitude

» Water vapor concentration decreases rapidly with altitude in the troposphere

Properties of atmospheric gases

» Understanding gas properties helps explain atmospheric behavior and phenomena
» Atmospheric physicists use these properties to develop models and predict atmospheric changes

* Gas properties influence energy transfer, chemical reactions, and atmospheric dynamics

Ideal gas law

* Relates pressure (P), volume (V), temperature (T), and number of moles (n) of a gas
- Expressed as PV = nRT, where R is the universal gas constant

» Assumes gas molecules are point masses with no intermolecular forces

* Provides a good approximation for atmospheric gases under most conditions

* Deviations from ideal behavior occur at high pressures or low temperatures

Partial pressure and mixing ratios

« Partial pressure represents the pressure exerted by a specific gas in a mixture

« Dalton's Law states that total pressure equals the sum of partial pressures

» Mixing ratio defines the proportion of a gas relative to the total amount of air

* Volume mixing ratio expresses gas concentration in parts per million (ppm) or parts per billion (ppb)

» Mass mixing ratio relates the mass of a gas to the total mass of air

Molecular weight and density

* Molecular weight affects gas behavior, including diffusion and vertical distribution
« Lighter gases (hydrogen, helium) tend to escape Earth's atmosphere more easily
* Density varies with altitude due to changes in pressure and temperature
 Hydrostatic equation describes the vertical pressure gradient in the atmosphere

« Virtual temperature accounts for the effect of water vapor on air density

Atmospheric gas dynamics

» Gas dynamics govern the movement and distribution of atmospheric constituents
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» Understanding these processes helps explain global circulation patterns and pollutant transport

* Atmospheric physicists use gas dynamics to model and predict atmospheric behavior

Diffusion and mixing processes

* Molecular diffusion involves random motion of gas molecules

+ Eddy diffusion results from turbulent mixing in the atmosphere

* Fick's Law describes the rate of diffusion based on concentration gradients
» Advection transports gases horizontally through bulk air motion

» Convection moves gases vertically due to temperature and density differences

Residence time of gases

* Defines the average time a gas molecule remains in the atmosphere

* Varies widely among different atmospheric gases (days to thousands of years)
» Methane has a residence time of about 12 years in the atmosphere

» Carbon dioxide can persist for centuries due to its long-lived nature

« Short-lived gases (water vapor, ozone) have residence times of days to weeks

Sources and sinks

* Sources introduce gases into the atmosphere (natural and anthropogenic)

« Sinks remove gases from the atmosphere through various processes

* Biosphere acts as both source and sink for gases like CO2 and O2

» Oceans serve as significant sinks for CO2 through dissolution and biological processes

» Chemical reactions in the atmosphere can create or destroy gas molecules

Radiative properties of gases

+ Radiative properties determine how gases interact with electromagnetic radiation
» These properties play a crucial role in Earth's energy balance and climate system

» Atmospheric physicists study these properties to understand and model climate change

Absorption and emission spectra

» Gases absorb and emit radiation at specific wavelengths based on their molecular structure
 Absorption spectra show the wavelengths at which a gas absorbs radiation

* Emission spectra indicate the wavelengths at which a gas emits radiation

* Spectral lines result from electronic, vibrational, and rotational transitions in molecules

* Line broadening occurs due to pressure and temperature effects in the atmosphere
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Greenhouse gases vs non-greenhouse gases

» Greenhouse gases absorb and emit infrared radiation, trapping heat in the atmosphere

+ Carbon dioxide, methane, and water vapor are primary greenhouse gases

» Non-greenhouse gases (nitrogen, oxygen) do not significantly absorb infrared radiation

» Greenhouse gases have more complex molecular structures than non-greenhouse gases

» The greenhouse effect is essential for maintaining Earth's habitable temperature

Radiative forcing and climate impact

+ Radiative forcing measures the change in Earth's energy balance due to atmospheric composition
changes

* Positive forcing leads to warming, while negative forcing causes cooling
» Greenhouse gases generally exert positive radiative forcing
+ Aerosols can have both positive and negative radiative forcing effects

« Climate sensitivity describes the temperature response to changes in radiative forcing

Atmospheric chemistry

» Atmospheric chemistry studies the chemical composition and reactions in Earth's atmosphere
* These processes influence air quality, climate, and the distribution of atmospheric gases

* Understanding atmospheric chemistry helps predict and mitigate environmental issues

Chemical reactions in the atmosphere

» Gas-phase reactions occur between atmospheric constituents

» Photochemical reactions involve the absorption of light energy

« Catalytic cycles can efficiently destroy or produce certain gases

» Heterogeneous reactions take place between gases and aerosols or cloud droplets

* Radical chemistry plays a significant role in atmospheric oxidation processes

Photochemistry and ozone formation

* Solar radiation drives photochemical reactions in the atmosphere

« Stratospheric ozone forms through the Chapman cycle

* Tropospheric ozone production involves NOx and volatile organic compounds (VOCs)
* Photolysis of NO2 leads to ozone formation in urban environments

» UV radiation breaks down ozone molecules in the stratosphere

Acid rain and air pollution

« Sulfur dioxide (SO2) and nitrogen oxides (NOx) contribute to acid rain formation
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* Acid rain formation involves the dissolution of these gases in water droplets
« Particulate matter (PM) consists of solid and liquid particles suspended in the air
* Smog formation results from complex photochemical reactions involving NOx and VOCs

« Air quality indices measure the concentration of various pollutants in the atmosphere

Measurement techniques

 Accurate measurement of atmospheric gases is crucial for understanding atmospheric processes
« Various techniques allow atmospheric physicists to quantify gas concentrations and distributions

» Combining different measurement methods provides a comprehensive view of atmospheric
composition

Remote sensing of atmospheric gases

« Utilizes electromagnetic radiation to measure gas concentrations from a distance

+ LIDAR (Light Detection and Ranging) uses laser pulses to measure atmospheric properties
* Fourier Transform Infrared (FTIR) spectroscopy analyzes absorption spectra of gases

« Differential Optical Absorption Spectroscopy (DOAS) measures trace gas concentrations

» Ground-based, airborne, and satellite-based platforms employ remote sensing techniques

In-situ sampling methods

* Involve direct collection and analysis of air samples

» Gas chromatography separates and quantifies different atmospheric gases

* Mass spectrometry identifies gases based on their mass-to-charge ratio

+ Cavity ring-down spectroscopy measures gas concentrations using laser absorption

« Balloon-borne instruments collect vertical profiles of atmospheric gases

Satellite observations

* Provide global coverage of atmospheric gas distributions

» Nadir-viewing instruments measure gases in the lower atmosphere

* Limb-sounding techniques observe the vertical distribution of gases

» Hyperspectral sensors capture detailed spectral information of atmospheric constituents

» Geostationary satellites offer continuous monitoring of specific regions

Atmospheric gas cycles

* Biogeochemical cycles describe the movement of elements through Earth's systems
* These cycles influence atmospheric composition and climate over various timescales

» Understanding gas cycles helps predict future changes in atmospheric chemistry
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Carbon cycle in the atmosphere

* Involves the exchange of carbon between atmosphere, biosphere, hydrosphere, and lithosphere
* Photosynthesis removes CO2 from the atmosphere, while respiration releases it

* Oceanic uptake and release of CO2 regulate atmospheric concentrations

* Fossil fuel combustion adds significant amounts of CO2 to the atmosphere

» Carbon sequestration in forests and soils acts as a natural carbon sink

Nitrogen cycle and fixation

» Atmospheric nitrogen (N2) is converted into biologically available forms
« Lightning and industrial processes fix nitrogen into reactive compounds
« Biological nitrogen fixation occurs through specialized bacteria

* Denitrification returns nitrogen to the atmosphere as N2

* Human activities have significantly altered the global nitrogen cycle

Water vapor and hydrological cycle

» Water vapor acts as both a greenhouse gas and a key component of weather systems

 Evaporation from water bodies and transpiration from plants introduce water vapor into the
atmosphere

» Condensation leads to cloud formation and precipitation
» Atmospheric rivers transport large amounts of water vapor across long distances

» Changes in the hydrological cycle impact global climate patterns

Atmospheric gas interactions

* Interactions between gases and other atmospheric components influence weather and climate
*» These processes affect the distribution and behavior of atmospheric gases

» Understanding these interactions is crucial for accurate atmospheric modeling

Gas-aerosol interactions

» Gases can condense onto aerosol particles, altering their size and composition

* Aerosols serve as cloud condensation nuclei, affecting cloud formation and precipitation
» Chemical reactions on aerosol surfaces can produce or destroy atmospheric gases

» Heterogeneous chemistry on aerosols plays a role in stratospheric ozone depletion

» Gas-to-particle conversion contributes to secondary aerosol formation

Gas-cloud interactions

+ Clouds affect the vertical distribution of atmospheric gases
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* Soluble gases dissolve in cloud droplets, leading to wet deposition
* In-cloud chemistry can produce new gas species or alter existing ones
+ Cloud processing of aerosols influences gas-particle partitioning

* Convective clouds transport gases vertically through the atmosphere

Stratosphere-troposphere exchange

* Involves the movement of gases between the stratosphere and troposphere

* Tropopause folding events allow rapid exchange of air masses
 Brewer-Dobson circulation transports gases from the tropics to higher latitudes
« Stratospheric intrusions bring ozone-rich air into the troposphere

* Volcanic eruptions can inject gases and aerosols into the stratosphere

Global trends and variations

* Long-term changes in atmospheric composition impact climate and air quality
» Monitoring these trends helps assess the effectiveness of environmental policies

 Understanding variations aids in distinguishing natural fluctuations from anthropogenic impacts

Long-term changes in gas concentrations

» Atmospheric CO2 has increased from about 280 ppm in pre-industrial times to over 410 ppm today
» Methane concentrations have more than doubled since the Industrial Revolution

« Stratospheric ozone depletion occurred due to the release of chlorofluorocarbons (CFCs)

* Nitrous oxide levels continue to rise, primarily due to agricultural activities

» Some short-lived gases show significant changes in response to emission controls

Seasonal and diurnal variations

» CO2 concentrations exhibit a seasonal cycle due to vegetation growth and decay
» Ozone levels in the troposphere peak during summer months in many regions
» Water vapor content varies with temperature, showing strong diurnal and seasonal patterns

* Methane concentrations display seasonal variations related to wetland emissions and OH radical
concentrations

« Diurnal cycles of trace gases in urban areas reflect patterns of human activities
Spatial distribution patterns

* Greenhouse gas concentrations tend to be well-mixed globally but show regional variations
» Ozone distribution varies significantly between the stratosphere and troposphere

» Urban areas experience higher concentrations of pollutants like nitrogen oxides and particulate matter
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« Latitudinal gradients exist for many trace gases due to source distributions and atmospheric
circulation

* Vertical profiles of gases change based on their sources, sinks, and atmospheric dynamics

Atmospheric gases in climate models
+ Climate models incorporate atmospheric gases to simulate Earth's climate system
* Accurate representation of gases is crucial for predicting future climate changes

» Models help assess the impact of different emission scenarios on atmospheric composition

Representation of gases in models
 Radiative transfer schemes calculate the absorption and emission of radiation by gases

» Chemical transport models simulate the production, transport, and removal of atmospheric
constituents

» Parameterizations account for sub-grid scale processes affecting gas distributions
» Coupled chemistry-climate models integrate atmospheric composition with climate dynamics

« Earth system models incorporate biogeochemical cycles and their interactions with the atmosphere

Feedback mechanisms
» Water vapor feedback amplifies warming as higher temperatures increase atmospheric water content
» Carbon cycle feedbacks involve changes in carbon uptake by land and ocean sinks

* Methane release from thawing permafrost represents a potential positive feedback in a warming
climate

* Cloud feedbacks can either amplify or dampen climate change, depending on cloud type and altitude

» Ozone-climate feedbacks involve changes in ozone distribution due to altered atmospheric circulation

Uncertainties and challenges
» Representing small-scale processes in global models remains a significant challenge
« Uncertainties in emission inventories affect the accuracy of modeled gas concentrations
 Coupling between different Earth system components introduces additional complexities
« Limited understanding of some feedback mechanisms hampers accurate long-term projections

» Computational constraints limit the resolution and complexity of atmospheric gas representations in
models

1.3 Vertical temperature profile

The vertical temperature profile of Earth's atmosphere is a crucial concept in atmospheric physics. It
reveals how temperature changes with altitude, shaping weather patterns, climate dynamics, and
atmospheric stability. Understanding this profile helps scientists predict phenomena from cloud formation
to global circulation patterns.
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Each atmospheric layer has distinct temperature characteristics. The troposphere cools with height, while
the stratosphere warms due to ozone. The mesosphere cools again, and the thermosphere heats
dramatically. These variations impact atmospheric composition, stability, and weather processes
throughout the vertical column.

Structure of atmosphere

» Atmospheric structure plays a crucial role in understanding weather patterns, climate dynamics, and
the distribution of gases in Earth's atmosphere

* Vertical layering of the atmosphere influences temperature variations, air pressure changes, and
chemical composition at different altitudes

» Knowledge of atmospheric structure is fundamental to atmospheric physics, impacting phenomena
from cloud formation to global circulation patterns

Layers of atmosphere
* Troposphere extends from Earth's surface to about 10-15 km altitude
+ Contains approximately 75-80% of the atmosphere's mass
 Characterized by decreasing temperature with height
« Stratosphere lies above the troposphere, reaching up to about 50 km
» Temperature increases with altitude due to ozone absorption of UV radiation
» Mesosphere extends from the stratopause to about 85 km altitude
» Temperature decreases with height, reaching the coldest temperatures in the atmosphere
» Thermosphere starts above the mesopause and extends into space

» Temperature increases dramatically due to absorption of high-energy solar radiation

Composition vs altitude

» Lower atmosphere (troposphere and stratosphere) composition remains relatively constant
* Nitrogen (78%), oxygen (21%), and trace gases (argon, carbon dioxide) dominate

» Upper atmosphere (mesosphere and thermosphere) composition changes significantly

« Lighter gases (hydrogen, helium) become more prevalent at higher altitudes

* lonosphere overlaps the upper mesosphere and thermosphere

+ Contains ionized particles created by solar radiation

« Affects radio wave propagation and creates auroras

Temperature variation with height

» Temperature changes with altitude form the basis for understanding atmospheric stability and vertical
motion

* Vertical temperature profile influences cloud formation, precipitation patterns, and atmospheric
circulation

Fiveable archived study guides Page 20



« Studying temperature variations helps atmospheric physicists predict weather phenomena and climate
trends

Lapse rate definition

* Lapse rate describes the rate of temperature change with increasing altitude
» Measured in degrees Celsius or Kelvin per kilometer (°C/km or K/km)
* Environmental lapse rate varies depending on atmospheric conditions

* Typical environmental lapse rate in the troposphere averages about 6.5°C/km

Dry adiabatic lapse rate
* Represents temperature change of a rising or sinking parcel of unsaturated air
 Constant rate of approximately 9.8°C/km
» Assumes no heat exchange with the surrounding environment

+ Derived from the First Law of Thermodynamics and the Ideal Gas Law

Moist adiabatic lapse rate

* Describes temperature change of a rising or sinking parcel of saturated air
« Variable rate, typically around 5-6°C/km near the surface
* Decreases with altitude due to latent heat release during condensation

» Depends on temperature and pressure of the air parcel

Troposphere characteristics

* Troposphere contains the majority of Earth's weather phenomena and atmospheric mass
» Understanding tropospheric characteristics is crucial for weather forecasting and climate studies

* Vertical mixing and convection in the troposphere distribute heat, moisture, and pollutants

Temperature decrease with height

» Temperature generally decreases with altitude in the troposphere
* Average lapse rate of about 6.5°C/km (environmental lapse rate)
« Driven by solar heating of the Earth's surface and decreasing air pressure with height

« Variations in lapse rate can lead to atmospheric instability or stability

Tropopause definition

* Boundary layer between the troposphere and stratosphere
* Characterized by a temperature inversion or isothermal layer
* Height varies with latitude and season (higher at equator, lower at poles)

* Acts as a barrier to vertical mixing between troposphere and stratosphere
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Troposphere thickness variations

* Thickness ranges from about 8 km at poles to 16-18 km at the equator

» Seasonal variations affect troposphere thickness

* Thicker in summer, thinner in winter

* Influenced by surface temperature and large-scale atmospheric circulation patterns

« Jet streams often found near the tropopause, affecting weather systems

Stratosphere features

« Stratosphere plays a crucial role in protecting life on Earth from harmful UV radiation
» Temperature inversion in the stratosphere creates a stable layer, inhibiting vertical mixing

» Understanding stratospheric processes is essential for studying ozone depletion and climate change

Temperature increase with height

» Temperature rises with altitude in the stratosphere
+ Caused by absorption of ultraviolet radiation by ozone molecules
+ Creates a temperature inversion, leading to atmospheric stability

» Temperature increase ranges from about -60°C at the tropopause to 0°C at the stratopause

Ozone layer influence

» Ozone layer concentrated in the lower to middle stratosphere (15-35 km altitude)
* Absorbs harmful ultraviolet (UV) radiation from the sun
» Ozone absorption of UV radiation heats the stratosphere

* Depletion of ozone layer (ozone hole) affects stratospheric temperature and circulation patterns

Stratopause definition

» Upper boundary of the stratosphere, transitioning to the mesosphere
* Located at approximately 50 km altitude
* Characterized by a temperature maximum (around 0°C)

» Marks the end of the temperature increase in the stratosphere

Mesosphere and thermosphere

» Upper atmospheric layers play crucial roles in Earth's energy balance and space weather

» Understanding mesosphere and thermosphere dynamics aids in satellite operations and
communication systems

* These layers exhibit unique temperature profiles and chemical compositions
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Mesosphere temperature profile

» Temperature decreases with altitude in the mesosphere
+ Coldest region of the atmosphere, reaching -90°C near the mesopause
» Temperature decrease driven by decreasing solar energy absorption and increasing radiative cooling

* Hosts phenomena like noctilucent clouds and meteor burns

Thermosphere temperature trends

» Temperature increases dramatically with altitude in the thermosphere
» Can reach 1000°C or higher, depending on solar activity
» Temperature rise caused by absorption of high-energy solar radiation (X-rays, extreme UV)

* Despite high temperatures, air feels cold due to extremely low density

lonosphere characteristics

* lonized layer extending from about 60 km to 1000 km altitude

* Overlaps upper mesosphere, thermosphere, and exosphere

* Created by solar radiation ionizing atmospheric gases

* Divided into D, E, and F regions based on electron density and altitude

« Affects radio wave propagation and creates auroras

Atmospheric stability
+ Atmospheric stability determines the potential for vertical motion and cloud formation
» Understanding stability conditions is crucial for predicting weather patterns and severe weather events

« Stability affects pollution dispersion, cloud development, and precipitation intensity

Stable vs unstable conditions

« Stable atmosphere resists vertical motion

* Environmental lapse rate less than the moist adiabatic lapse rate
» Suppresses cloud formation and limits vertical mixing

+ Unstable atmosphere enhances vertical motion

* Environmental lapse rate greater than the dry adiabatic lapse rate
* Promotes cloud development and convection

 Conditionally unstable atmosphere depends on moisture content

« Stable for unsaturated air, unstable for saturated air
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Neutral stability definition

* Occurs when the environmental lapse rate equals the adiabatic lapse rate
« Air parcels neither rise nor sink when displaced vertically
* Rare in the real atmosphere but important for understanding stability concepts

» Can be approximated in well-mixed layers during certain atmospheric conditions

Inversion layers
» Atmospheric layer where temperature increases with height
* Creates very stable conditions, suppressing vertical motion
* Types include surface inversions, subsidence inversions, and frontal inversions

* Can trap pollutants near the ground, leading to poor air quality (smog formation)

Factors affecting vertical profile

 Multiple factors influence the vertical temperature profile of the atmosphere

» Understanding these factors is crucial for predicting atmospheric behavior and climate change
impacts

* Interactions between different factors create complex feedback mechanisms in the atmosphere

Solar radiation absorption

* Primary driver of atmospheric heating and vertical temperature distribution
* Varies with altitude, latitude, season, and time of day

» Atmosphere absorbs different wavelengths at various altitudes

* UV radiation absorbed in stratosphere (ozone layer)

« Visible light mostly passes through atmosphere, heating Earth's surface

« Surface albedo affects amount of reflected solar radiation

Greenhouse gas effects

» Greenhouse gases (CO2, water vapor, methane) trap outgoing longwave radiation
+ Contribute to warming of lower atmosphere (troposphere)
* Increased greenhouse gas concentrations lead to enhanced greenhouse effect

« Stratospheric cooling occurs due to increased radiation to space from higher CO2 levels

Convection and mixing processes

* Vertical motion transfers heat and moisture throughout the troposphere
» Convection cells develop due to surface heating and atmospheric instability

* Turbulent mixing helps distribute heat and pollutants vertically
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* Large-scale atmospheric circulation (Hadley cells, Ferrel cells) affects global temperature distribution

Measurement techniques

+ Accurate measurement of vertical temperature profiles is essential for weather forecasting and climate
studies

* Multiple techniques provide complementary data on atmospheric structure and composition

» Advances in measurement technology have greatly improved our understanding of atmospheric
physics

Radiosonde observations

» Weather balloons carry instrument packages (radiosondes) to measure temperature, pressure, and
humidity

* Provide high-resolution vertical profiles up to about 30 km altitude
* Launched twice daily from numerous locations worldwide

« Data used for weather forecasting, climate monitoring, and atmospheric research

Satellite remote sensing

« Satellites use various instruments to measure atmospheric properties from space
* Infrared and microwave sensors detect temperature at different atmospheric levels
» Advantages include global coverage and continuous monitoring

* Techniques include (nadir sounding, limb sounding)

LIDAR applications

« Light Detection and Ranging (LIDAR) uses laser pulses to measure atmospheric properties
« Can measure temperature, wind, and aerosol concentrations with high vertical resolution
» Ground-based and airborne LIDAR systems provide detailed atmospheric profiles

* Applications include studying boundary layer dynamics and detecting atmospheric pollutants

Climate change impacts

« Climate change alters the vertical temperature structure of the atmosphere
» Understanding these changes is crucial for predicting future climate patterns and their impacts

» Atmospheric physicists study these changes to improve climate models and projections

Tropospheric warming
* Increased greenhouse gas concentrations lead to warming of the lower atmosphere
» Warming is not uniform, with greater temperature increases in polar regions

* Affects atmospheric circulation patterns and jet stream behavior
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* Impacts include more frequent heat waves and changes in precipitation patterns

Stratospheric cooling

* Increased CO2 levels in the stratosphere enhance radiative cooling to space
» Ozone depletion also contributes to stratospheric cooling
* Cooling affects stratospheric circulation and ozone recovery processes

» Can lead to changes in troposphere-stratosphere interactions

Consequences for atmospheric dynamics

* Altered temperature gradients affect global wind patterns and storm tracks
» Changes in atmospheric stability influence convection and cloud formation
* Potential impacts on polar vortex strength and persistence

* Modifications to large-scale circulation patterns (Hadley cell expansion)

Vertical profile in weather

« Vertical temperature profile strongly influences weather phenomena and forecasting

» Understanding the relationship between vertical structure and weather is crucial for atmospheric
physicists

« Vertical profiles help predict severe weather events and their potential impacts

Cloud formation processes

« Lifting of air parcels leads to cooling and potential condensation
* Cloud base determined by lifting condensation level (LCL)
* Cloud top influenced by atmospheric stability and moisture availability

« Different cloud types form at various altitudes based on temperature and moisture profiles

Precipitation development

« Vertical temperature and moisture profiles determine precipitation type and intensity
* Warm rain process occurs in clouds with temperatures above freezing
* Ice crystal process dominates in clouds with subfreezing temperatures

+ Melting layer in temperature profile affects precipitation type reaching the surface (rain, snow, sleet)

Severe weather implications

» Atmospheric instability promotes the development of thunderstorms and severe weather
» Temperature inversions can trap pollutants and lead to fog formation
* Vertical wind shear influences tornado and supercell thunderstorm development

* Tropical cyclone intensity affected by upper-level temperature and wind profiles
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1.4 Pressure and density variations

Atmospheric pressure and density variations are fundamental concepts in Atmospheric Physics. These
factors drive weather patterns, influence atmospheric circulation, and impact phenomena from cloud
formation to pollutant dispersion. Understanding their relationships is crucial for accurate weather
forecasting and climate modeling.

Pressure decreases exponentially with altitude, while density follows a similar pattern. The ideal gas law
links pressure, density, and temperature, explaining various atmospheric behaviors. Pressure systems,
measurement techniques, and the effects of pressure and density variations on weather, aviation, and
climate change are key areas of study in this field.

Atmospheric pressure fundamentals

» Atmospheric pressure forms the foundation for understanding many meteorological phenomena in the
study of Atmospheric Physics

* Pressure variations drive atmospheric circulation patterns and influence weather systems on both
local and global scales

» Comprehending atmospheric pressure fundamentals enables accurate weather forecasting and
climate modeling

Definition of atmospheric pressure

* Force exerted by the weight of air molecules above a given point on Earth's surface
» Measured as force per unit area, typically in pascals (Pa) or hectopascals (hPa)
* Decreases with increasing altitude due to fewer air molecules overhead

« Varies horizontally due to temperature differences and atmospheric dynamics

Units of pressure measurement

« Pascal (Pa) serves as the Sl unit for pressure, defined as one newton per square meter
» Hectopascal (hPa) equals 100 Pa, commonly used in meteorology

* Inches of mercury (inHg) measures pressure based on the height of a mercury column
« Millibars (mb) equivalent to hectopascals, often used in weather reports

» Atmospheres (atm) defined as the pressure at mean sea level, equal to 101,325 Pa

Standard atmospheric pressure

* Defined as 1013.25 hPa (101,325 Pa) at mean sea level

* Represents the average pressure at sea level under normal conditions
* Used as a reference point for atmospheric calculations and aviation

* Varies with location and weather conditions

* Pressure systems classified as high or low relative to this standard value
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Vertical pressure profile

« Vertical pressure distribution plays a crucial role in atmospheric stability and vertical motion

» Understanding the pressure profile helps explain phenomena like cloud formation and thunderstorm
development

* Vertical pressure gradients influence the transport of heat, moisture, and pollutants in the atmosphere

Hydrostatic equilibrium

+ Balance between the upward pressure gradient force and downward gravitational force
* Fundamental assumption in many atmospheric models and calculations

* Allows for the derivation of the hydrostatic equation: % =—-pg

* Explains why pressure decreases with height in a stable atmosphere

« Deviations from hydrostatic equilibrium can indicate atmospheric instability or vertical motion

Pressure vs altitude relationship

* Pressure decreases exponentially with increasing altitude

* Described by the barometric formula: p = poe_ﬁ
* Rate of decrease most rapid near the surface, slowing at higher altitudes
 Approximately 50% of atmospheric mass found below 5.5 km altitude

* Pressure halves about every 5.5 km in the lower atmosphere (troposphere)

Scale height concept

* Vertical distance over which pressure decreases by a factor of e (= 2.718)
* Represents the thickness of an atmosphere if it had uniform density

* For Earth's atmosphere, scale height averages about 8.5 km

* Varies with temperature and composition of the atmosphere

» Used to compare atmospheres of different planets and to model atmospheric properties

Density variations in atmosphere

» Atmospheric density directly affects air resistance, sound propagation, and aircraft performance
+ Density variations influence the transport and dispersion of pollutants and aerosols

» Understanding density profiles is crucial for accurate atmospheric modeling and weather prediction

Density definition and units

» Mass of air per unit volume, typically measured in kg/m?
« Standard atmospheric density at sea level approximately 1.225 kg/m?

* Varies with temperature, pressure, and humidity
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* Can be calculated using the ideal gas law: 0 = RLT

* Inverse relationship with temperature at constant pressure

Vertical density profile
* Decreases exponentially with altitude, similar to pressure
» Approximately 75% of atmospheric mass concentrated in the troposphere
+ Density at 5 km altitude about 50% of sea-level value
« Variations in density profile affect atmospheric stability and vertical mixing

* Influenced by temperature inversions and atmospheric layers

Factors affecting air density

» Temperature changes inversely affect density (warmer air less dense)

* Pressure variations directly influence density (higher pressure increases density)

» Humidity impacts density (moist air less dense than dry air at same temperature and pressure)
« Altitude affects density due to decreasing pressure with height

* Local weather patterns can create temporary density variations

Ideal gas law applications

* The ideal gas law serves as a fundamental principle in Atmospheric Physics, linking pressure, volume,
and temperature

* Applications of the ideal gas law help explain various atmospheric phenomena and enable accurate
weather forecasting

 Understanding these relationships is crucial for analyzing atmospheric dynamics and thermodynamics

Pressure-density-temperature relationship
« Described by the ideal gas law: PV = nRT or P = pRT
* Pressure (P) directly proportional to density (p) and temperature (T)
+ Allows calculation of one variable when the other two are known
» Explains why warm air rises (lower density) and cold air sinks (higher density)

* Used to understand atmospheric stability and convection processes

Equation of state for air

« Modified version of the ideal gas law for moist air: P = PR4Tv
* Rd represents the gas constant for dry air
* Tv is the virtual temperature, accounting for the presence of water vapor

» Enables more accurate calculations in humid conditions
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* Used in numerical weather prediction models and climate simulations

Adiabatic processes

» Temperature changes in rising or sinking air parcels without heat exchange

* Dry adiabatic lapse rate approximately 9.8°C/km

+» Moist adiabatic lapse rate varies with temperature and humidity, typically 6-7°C/km
* Crucial for understanding cloud formation and atmospheric stability

» Governs the behavior of air parcels in convective systems (thunderstorms)

Pressure systems and weather

* Pressure systems drive large-scale atmospheric circulation and influence local weather patterns
» Understanding pressure systems is essential for accurate weather forecasting and climate analysis

* Pressure variations play a key role in the formation and movement of weather fronts and storm
systems

High vs low pressure systems

* High pressure systems (anticyclones) associated with clear skies and stable weather

* Low pressure systems (cyclones) linked to cloudy conditions and precipitation

« Air flows clockwise around highs and counterclockwise around lows in Northern Hemisphere
* Opposite rotation occurs in Southern Hemisphere due to Coriolis effect

* Intensity of systems measured by central pressure relative to surroundings

Pressure gradients and wind

* Pressure gradient force drives wind from high to low pressure areas

« Stronger pressure gradients result in faster wind speeds

» Geostrophic wind balance between pressure gradient and Coriolis force
« Surface winds affected by friction, resulting in cross-isobaric flow

* Pressure gradient determines large-scale atmospheric circulation patterns (Hadley cells)

Isobars on weather maps

* Lines of constant pressure used to visualize pressure distribution
* Closely spaced isobars indicate strong pressure gradients and high winds
* Closed isobars represent centers of high or low pressure systems
* Isobar patterns help identify frontal systems and weather features

» Used by meteorologists to forecast wind direction and strength
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Measurement techniques

* Accurate pressure measurements are crucial for weather forecasting and atmospheric research
* Various techniques allow for pressure observations from the surface to the upper atmosphere

+ Continuous advancements in measurement technology improve our understanding of atmospheric
dynamics

Barometers and their types

» Mercury barometers measure pressure based on the height of a mercury column

» Aneroid barometers use a partially evacuated metal chamber that expands or contracts
* Digital barometers employ electronic sensors to measure pressure changes
 Barographs provide continuous pressure recordings over time

» Microbarometers detect small pressure fluctuations associated with atmospheric waves

Radiosonde observations

» Weather balloons carry instrument packages (radiosondes) to measure vertical profiles
* Provide data on pressure, temperature, humidity, and winds up to 30 km altitude

* Launched twice daily from numerous locations worldwide

+ Essential for initializing numerical weather prediction models

+ Help identify atmospheric layers and stability characteristics

Satellite-based pressure measurements

* Microwave sounders measure atmospheric temperature profiles

* Derived pressure fields from temperature data using hydrostatic equation

» GPS radio occultation technique provides high-resolution vertical profiles

+ Scatterometers measure ocean surface winds, indirectly indicating pressure patterns

« Satellite observations crucial for global coverage, especially over oceans and remote areas

Pressure and density in atmospheric layers

» Atmospheric layers exhibit distinct pressure and density characteristics

» Understanding these variations is crucial for studying atmospheric chemistry, dynamics, and energy
transfer

* Pressure and density profiles influence phenomena such as ozone depletion, auroras, and radio wave
propagation

Tropospheric characteristics

+ Contains about 75-80% of atmospheric mass
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* Pressure decreases from ~1013 hPa at sea level to ~200 hPa at tropopause
* Density decreases from ~1.225 kg/m? at surface to ~0.4 kg/m? at tropopause
» Temperature generally decreases with height (lapse rate ~6.5°C/km)

* Most weather phenomena occur in this layer

Stratospheric pressure profile

» Extends from tropopause (~10-12 km) to stratopause (~50 km)

* Pressure decreases from ~200 hPa to ~1 hPa

» Temperature increases with height due to ozone absorption of UV radiation
« Stable layer with minimal vertical mixing

* Important for ozone layer dynamics and long-range pollution transport

Mesospheric and thermospheric variations

» Mesosphere: pressure drops from ~1 hPa to ~0.01 hPa

» Thermosphere: pressure continues to decrease, reaching near-vacuum conditions

* Density extremely low, but sufficient for atmospheric drag on satellites

» Temperature increases dramatically in thermosphere due to solar radiation absorption

* Home to phenomena like noctilucent clouds and auroras

Effects of pressure variations

* Pressure variations drive numerous atmospheric processes and phenomena
» Understanding these effects is crucial for weather prediction, aviation, and environmental studies

* Pressure changes influence both local weather patterns and global atmospheric circulation

Atmospheric circulation patterns

» Hadley, Ferrel, and polar cells driven by pressure gradients and Coriolis effect
« Jet streams form along boundaries of circulation cells

* Monsoons result from seasonal pressure variations between land and ocean

» Walker circulation in tropics influenced by pressure differences across Pacific

* Pressure systems steer the movement of air masses and weather systems

Cloud formation processes

* Rising air expands and cools adiabatically, leading to condensation
« Orographic lifting forces air up slopes, creating clouds and precipitation
» Convergence in low pressure systems causes uplift and cloud development

+ Radiative cooling at cloud tops maintains stratiform clouds
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* Pressure variations in updrafts influence droplet growth and precipitation formation

Aviation and atmospheric pressure

« Altimeters rely on pressure measurements to determine aircraft altitude

* Pressure altitude used for aircraft performance calculations

* Clear air turbulence often associated with strong pressure gradients near jet streams
« Takeoff and landing performance affected by air density (pressure and temperature)

« Cabin pressurization necessary to maintain comfortable conditions at high altitudes

Density variations impact

» Atmospheric density variations influence numerous physical processes and phenomena
» Understanding these impacts is crucial for atmospheric acoustics, optics, and air quality studies

* Density changes affect the behavior of both natural and anthropogenic particles in the atmosphere

Sound propagation in atmosphere

+ Speed of sound varies with air density and temperature

* Refraction of sound waves occurs due to vertical density gradients

» Temperature inversions can create sound channels, allowing long-distance propagation
» Atmospheric absorption of sound energy depends on air density and composition

» Wind and turbulence affect sound propagation through density fluctuations

Atmospheric refraction of light

* Density variations cause bending of light rays in the atmosphere

* Responsible for phenomena like mirages and the flattened appearance of the setting sun
« Astronomical observations affected by atmospheric refraction

« Scintillation (twinkling) of stars caused by density fluctuations in turbulent air

 Ray path calculations crucial for remote sensing and satellite communications

Aerosol and pollutant dispersion

* Density stratification influences vertical mixing and transport of particles

« Stable layers (inversions) can trap pollutants near the surface

» Buoyant plume rise affected by atmospheric density profile

* Particle settling velocities depend on air density and particle characteristics

» Urban heat islands modify local density patterns, affecting pollutant dispersion
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Climate change implications
* Long-term changes in atmospheric pressure and density patterns can indicate climate change trends
» Understanding these variations is crucial for predicting future climate scenarios and their impacts

* Pressure and density changes can have far-reaching effects on global weather patterns and
ecosystems

Long-term pressure trends
« Shifts in mean sea level pressure patterns observed in recent decades
» Expansion of Hadley cells and poleward shift of storm tracks
» Changes in pressure gradients affect wind patterns and ocean circulation
« Alterations in pressure systems influence regional precipitation patterns

+ Long-term pressure trends can impact frequency and intensity of extreme weather events

Density changes with global warming
» Warming temperatures lead to overall decrease in air density
» Expansion of the atmosphere results in higher pressure levels at given altitudes
» Changes in water vapor content affect air density, particularly in tropics
* Density variations impact atmospheric dynamics and energy transport

+ Alterations in density profiles can affect atmospheric waves and teleconnections

Impacts on atmospheric circulation
» Weakening of global circulation intensity due to reduced pole-to-equator temperature gradient
* Changes in jet stream patterns and associated weather systems
+ Modifications to monsoon circulations and tropical convergence zones
*» Potential impacts on stratospheric circulation and ozone distribution

« Alterations in atmospheric circulation patterns influence regional climate and weather extremes

1.5 lonosphere

The ionosphere, a critical layer in Earth's upper atmosphere, plays a vital role in radio wave propagation
and space weather. Extending from 60 to 1000 km above Earth's surface, it's characterized by ionized
particles that interact with solar radiation and Earth's magnetic field.

Understanding the ionosphere's structure, formation, and dynamics is crucial for predicting its behavior and
impact on atmospheric physics. This knowledge helps us navigate the complexities of radio
communications, space weather forecasting, and the intricate relationship between our planet and the Sun.
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Structure of ionosphere

* lonosphere forms a critical layer in Earth's upper atmosphere, playing a crucial role in radio wave
propagation and space weather phenomena

» Extends from approximately 60 km to 1000 km above Earth's surface, characterized by the presence
of ionized particles

* Directly impacts atmospheric physics through its interaction with solar radiation and Earth's magnetic
field

Layers of ionosphere
* D layer (60-90 km) absorbs high-frequency radio waves during daytime
* E layer (90-150 km) reflects medium-frequency radio waves
* F1 layer (150-220 km) merges with F2 layer at night

 F2 layer (220-800 km) reflects high-frequency radio waves, enabling long-distance communication

Electron density profile
+ Varies with altitude, time of day, season, and solar activity
* Peak electron density occurs in the F2 layer, typically around 300-400 km altitude
« Electron density increases rapidly from D to F layers

+ Nighttime profile shows reduced electron density in lower layers

lonospheric regions vs altitude

* D region dominated by molecular ions (NO+, O2+)
* E region characterized by atomic oxygen ions (O+)
* F region primarily composed of O+ ions

* Topside ionosphere (above F2 peak) transitions to H+ and He+ ions

Formation of ionosphere

* Solar radiation plays a primary role in ionosphere formation, driving complex photochemical
processes

* lonospheric formation involves a delicate balance between ionization and recombination mechanisms

» Understanding these processes is crucial for predicting ionospheric behavior and its impact on
atmospheric physics

Solar radiation effects

 Extreme ultraviolet (EUV) and X-ray radiation from the Sun ionize neutral atoms and molecules
* Solar cycle variations significantly influence ionospheric electron density

« Solar flares cause sudden increases in ionization, particularly in the D and E regions
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Photoionization process

* Incident solar photons eject electrons from neutral atoms or molecules
+ Photoionization rate depends on solar flux, absorption cross-section, and neutral density
* Primary ions formed include O+, N2+, and O2+

» Secondary ionization occurs through energetic photoelectrons

Recombination mechanisms

» Radiative recombination involves direct electron capture by positive ions
+ Dissociative recombination dominates for molecular ions (O2+ + e- - O + O)
» Three-body recombination important at lower altitudes with higher neutral densities

* Recombination rates vary with altitude, affecting ionospheric structure

Composition of ionosphere
* lonospheric composition varies significantly with altitude, solar activity, and geomagnetic conditions

» Understanding composition is crucial for modeling ionospheric behavior and its effects on radio wave
propagation

» Composition directly influences ionospheric chemistry and plasma dynamics
Major ion species

» O+ dominates in the F region, especially above 200 km

* NO+ and O2+ prevalent in the E region

* Cluster ions (H+(H20)n) important in the D region

* H+ and He+ become significant in the topside ionosphere

Neutral particles vs ions

* Neutral particles outnumber ions by several orders of magnitude
* Neutral composition dominated by N2, 02, and O
* lon-neutral collisions play crucial role in ionospheric dynamics

» Charge exchange reactions between ions and neutrals affect ion composition

Seasonal variations in composition

» Winter anomaly causes increased electron density in winter F2 layer
» Seasonal changes in neutral composition affect ion production rates
» O/N2 ratio variations influence F region electron density

» Seasonal changes in solar zenith angle affect photoionization rates
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lonospheric dynamics

* lonospheric plasma motions result from complex interactions between electric fields, magnetic fields,
and neutral winds

» Understanding these dynamics is essential for predicting ionospheric behavior and its impact on
communication systems

* lonospheric dynamics directly influence the distribution of charged particles and energy in the upper
atmosphere

Plasma motions

+ E x B drift moves plasma perpendicular to both electric and magnetic fields
» Ambipolar diffusion causes vertical plasma transport
* Neutral winds drag ions along magnetic field lines

+ Gravity-driven diffusion becomes important at high altitudes

Electric fields vs magnetic fields

« Solar wind-magnetosphere interaction generates large-scale electric fields
« Earth's magnetic field constrains charged particle motion
* Polarization electric fields develop due to conductivity gradients

» Dynamo electric fields generated by neutral winds in the E region

lonospheric currents

» Equatorial electrojet flows eastward along the magnetic equator
* Sq current system driven by solar heating and ionospheric winds
* Field-aligned currents connect ionosphere to magnetosphere

* Auroral electrojets intensify during geomagnetic storms

lonospheric disturbances

+ lonospheric disturbances significantly impact radio communications, navigation systems, and space
weather

+ Solar and geomagnetic activity drive major ionospheric perturbations

» Understanding these disturbances is crucial for mitigating their effects on technological systems

Solar flares effects

» Sudden ionospheric disturbances (SIDs) cause short-wave fadeouts
» X-ray emissions enhance D region ionization
« Traveling ionospheric disturbances (TIDs) propagate as atmospheric gravity waves

* Post-flare effects can persist for hours to days
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Geomagnetic storms impact

* Positive storms enhance F region electron density at mid-latitudes
* Negative storms deplete F region electron density at high latitudes
» Thermospheric heating causes neutral composition changes

» Storm-enhanced density (SED) plumes form in the afternoon sector

lonospheric scintillation

* Rapid fluctuations in amplitude and phase of radio signals
» Equatorial spread F causes intense scintillation near the magnetic equator
* Polar cap patches lead to scintillation in high-latitude regions

« Scintillation severity depends on signal frequency, solar activity, and geomagnetic conditions

lonospheric measurements

* Diverse measurement techniques provide crucial data for understanding ionospheric behavior and
validating models

 Continuous monitoring of the ionosphere is essential for space weather forecasting and
communication system management

* Integrating multiple measurement techniques enhances our understanding of ionospheric processes

lonosondes vs incoherent scatter radars

* lonosondes measure vertical electron density profiles up to the F2 peak
» Sweep frequency from 1-20 MHz to determine critical frequencies
* Incoherent scatter radars provide detailed altitude profiles of multiple parameters

* ISRs measure electron density, ion composition, and plasma temperatures

Satellite-based observations

* Topside sounders probe the ionosphere above the F2 peak
* In-situ measurements by satellites provide high-resolution data on ion composition
+ Radio occultation techniques use GNSS signals to derive electron density profiles

» UV imagers on satellites map global ionospheric structure

GPS ionospheric monitoring

* Total Electron Content (TEC) derived from dual-frequency GPS signals
* Global network of GPS receivers provides continuous ionospheric monitoring
+ Slant TEC measurements converted to vertical TEC for mapping

* lonospheric scintillation monitoring using specialized GPS receivers
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lonosphere-thermosphere coupling

« Strong coupling between the ionosphere and thermosphere significantly influences upper atmospheric
dynamics

« Understanding this coupling is crucial for accurate modeling of the Earth's upper atmosphere

* lonosphere-thermosphere interactions play a key role in energy distribution and composition changes

Energy transfer mechanisms

« Joule heating from ionospheric currents heats the thermosphere
* Particle precipitation deposits energy at high latitudes
* lon drag transfers momentum from ions to neutrals

» Chemical heating through ion-neutral reactions

Momentum exchange processes
+ Neutral winds drive ionospheric plasma along magnetic field lines
* lon drag slows neutral winds, especially at F region altitudes
» Atmospheric tides in the thermosphere modulate ionospheric dynamics

* Gravity waves propagate energy and momentum from lower atmosphere

Compositional changes
» O/N2 ratio variations affect F region electron density
» Thermospheric upwelling during geomagnetic storms alters neutral composition
» Charge exchange reactions between ions and neutrals modify ion composition

« Diffusive equilibrium establishes vertical distribution of species

lonospheric modeling

+ lonospheric models are essential tools for understanding, predicting, and mitigating ionospheric
effects on technological systems

 Continuous improvement in modeling techniques enhances our ability to forecast space weather
impacts

* Integration of diverse data sources and advanced computational methods drives progress in
ionospheric modeling

Empirical vs physical models

» Empirical models (IRI) based on statistical analysis of observational data
* Physical models solve coupled continuity, momentum, and energy equations
* Coupled Thermosphere-lonosphere-Plasmasphere (CTIP) model simulates global ionosphere

» Data-driven models combine empirical and physical approaches
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Data assimilation techniques

+ Kalman filtering incorporates real-time observations into model predictions
* 4D-Var assimilation optimizes model-observation fit over time windows
» Ensemble methods account for model uncertainties

* Machine learning techniques enhance model performance and computational efficiency

Predictive capabilities
* Short-term forecasts (hours to days) rely heavily on current observations
» Medium-term predictions (days to weeks) incorporate solar and geomagnetic forecasts
+ Long-term projections consider solar cycle variations and climate change effects

* Model validation against diverse datasets crucial for improving predictive skill

lonosphere in space weather

* lonosphere plays a central role in space weather phenomena, acting as both a medium and indicator
of solar-terrestrial interactions

» Understanding ionospheric response to space weather events is crucial for mitigating impacts on
technological systems

* lonospheric behavior during space weather events provides insights into broader
magnetosphere-ionosphere coupling processes

Solar wind interactions

« Interplanetary magnetic field (IMF) orientation controls high-latitude convection patterns
* Solar wind dynamic pressure variations compress Earth's magnetosphere
« Corotating interaction regions (CIRs) cause recurrent geomagnetic activity

+ High-speed solar wind streams drive ionospheric perturbations

Magnetosphere-ionosphere coupling
* Field-aligned currents transfer energy and momentum between magnetosphere and ionosphere
» Substorm processes cause rapid reconfigurations of high-latitude ionosphere
* Penetration electric fields modify low-latitude ionospheric electrodynamics

* Ring current development during storms affects global ionospheric structure

Auroral phenomena

* Auroral oval expands equatorward during geomagnetic storms
* Particle precipitation enhances E region ionization in auroral zone

* Auroral electrojet intensifies, causing geomagnetically induced currents
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* Polar cap patches form and convect across the polar ionosphere

Applications of ionospheric physics

« lonospheric physics finds numerous practical applications in communication, navigation, and remote
sensing technologies

» Understanding ionospheric behavior is crucial for optimizing and maintaining these systems

» Advances in ionospheric research continue to open new avenues for technological applications

Radio wave propagation
* HF communications rely on ionospheric reflection for long-distance transmission
* lonospheric absorption affects signal strength and reliability
+ Sporadic E layers enable occasional VHF propagation

« Trans-ionospheric propagation crucial for satellite communications

Satellite communications

+ lonospheric scintillation causes signal fading and phase fluctuations
* Total electron content affects signal delay and refraction
+ Faraday rotation influences polarization of satellite signals

* lonospheric storms can disrupt satellite-ground communications

Navigation systems reliability
» GPS positioning accuracy depends on ionospheric corrections
« Differential GPS techniques mitigate ionospheric effects
» Multi-frequency GNSS receivers enable real-time ionospheric corrections

* lonospheric scintillation can cause loss of lock in GNSS receivers

1.6 Atmospheric aerosols

Atmospheric aerosols are tiny particles suspended in the air, ranging from natural sources like dust to
human-made pollutants. They play a crucial role in Earth's climate system, affecting radiation balance,
cloud formation, and precipitation patterns.

Understanding aerosol types, properties, and dynamics is essential for predicting their impacts on weather,
air quality, and long-term climate trends. This knowledge helps improve climate models and informs
strategies to address environmental challenges.

Types of atmospheric aerosols

» Atmospheric aerosols play a crucial role in Earth's climate system and air quality

» Understanding different types of aerosols helps explain their varied impacts on atmospheric
processes
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* Aerosols interact with radiation, clouds, and precipitation, influencing weather patterns and long-term
climate trends

Natural vs anthropogenic sources

* Natural sources include volcanic eruptions, sea spray, and dust storms

» Anthropogenic sources stem from industrial processes, fossil fuel combustion, and agricultural
activities

* Biogenic aerosols originate from living organisms (plant spores, pollen)

» Wildfire smoke contains both natural and human-influenced aerosol components

Primary vs secondary aerosols

* Primary aerosols emit directly into the atmosphere as particles (dust, soot)
» Secondary aerosols form through chemical reactions in the atmosphere

« Sulfate aerosols result from sulfur dioxide oxidation

* Nitrate aerosols develop from nitrogen oxide reactions

» Secondary organic aerosols (SOA) form from volatile organic compound oxidation

Size distribution of aerosols

* Aerosol sizes range from a few nanometers to tens of micrometers
* Nucleation mode particles measure less than 0.01 ym in diameter
* Accumulation mode particles fall between 0.1 and 2.5 ym

» Coarse mode particles exceed 2.5 pm in diameter

« Size distribution affects aerosol lifetime, transport, and interactions with radiation and clouds

Physical properties of aerosols

* Physical properties of aerosols determine their behavior in the atmosphere

* These properties influence aerosol interactions with radiation, clouds, and other atmospheric
components

» Understanding physical characteristics helps predict aerosol impacts on climate and air quality

Particle shape and density

* Aerosol shapes vary from spherical to highly irregular
» Mineral dust particles often have angular, crystalline structures
* Soot particles form chain-like aggregates of small spherules

+ Particle density ranges from less than 1 g/cm? for some organic aerosols to over 2 g/cm? for mineral
dust

» Shape and density affect aerosol settling velocity and optical properties
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Optical properties
« Scattering and absorption of radiation depend on aerosol composition and size
« Single scattering albedo quantifies the ratio of scattering to total extinction
» Asymmetry parameter describes the angular distribution of scattered light
* Refractive index determines how light interacts with aerosol particles

* Aerosol optical depth measures the total column aerosol loading

Hygroscopic behavior

» Hygroscopicity describes an aerosol's ability to take up water vapor

* Deliquescence occurs when a particle absorbs water and forms a solution droplet

« Efflorescence happens when a solution droplet crystallizes as relative humidity decreases
* Hygroscopic growth factor quantifies particle size increase with increasing humidity

» Water uptake affects aerosol optical properties and cloud condensation nuclei (CCN) activity

Chemical composition

» Chemical composition of aerosols varies widely depending on their sources and atmospheric
processing

* Understanding aerosol chemistry helps explain their impacts on air quality, climate, and human health

» Chemical properties influence aerosol reactivity, hygroscopicity, and optical characteristics

Inorganic aerosols

* Sulfate aerosols form primarily from sulfur dioxide oxidation

* Nitrate aerosols result from nitrogen oxide reactions with ammonia

+ Sea salt aerosols contain sodium chloride and other marine-derived compounds
» Mineral dust includes silicates, carbonates, and metal oxides

« Ammonium often neutralizes acidic sulfate and nitrate aerosols

Organic aerosols

* Primary organic aerosols (POA) emit directly from sources (biomass burning, fossil fuel combustion)

» Secondary organic aerosols (SOA) form through atmospheric oxidation of volatile organic compounds
* Biogenic SOA derives from natural plant emissions (isoprene, terpenes)

» Anthropogenic SOA originates from human-made volatile organic compound emissions

* Organic aerosol composition includes a complex mixture of thousands of individual compounds

Mixed composition particles

» Most atmospheric aerosols consist of multiple chemical components
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* Internal mixing occurs when different species combine within a single particle
« External mixing describes separate particles of different compositions

« Coating processes can create core-shell structures (black carbon core with organic or inorganic
coating)

» Chemical aging in the atmosphere alters particle composition over time

Aerosol dynamics

+ Aerosol dynamics encompass the processes that govern particle formation, growth, and removal
» Understanding these mechanisms helps explain aerosol size distributions and atmospheric lifetimes

+ Aerosol dynamics play a crucial role in determining particle concentrations and their impacts on air
quality and climate

Nucleation and growth

* Nucleation initiates the formation of new particles from gas-phase precursors
* Homogeneous nucleation occurs without a pre-existing surface

» Heterogeneous nucleation takes place on existing particles or surfaces

» Condensation of low-volatility gases contributes to particle growth

* Kelvin effect describes the increased vapor pressure over curved surfaces, influencing small particle
growth

Coagulation and agglomeration

» Coagulation combines multiple particles into a single larger particle

* Brownian motion drives coagulation of small particles

« Differential settling causes coagulation between particles of different sizes
* Turbulent shear can enhance coagulation rates in some environments

» Agglomeration forms loosely bound clusters of particles

Deposition mechanisms

* Dry deposition removes particles directly to surfaces without precipitation
« Gravitational settling affects larger particles (> 1 ym)

* Brownian diffusion dominates deposition of very small particles (< 0.1 pm)
» Wet deposition occurs through precipitation scavenging

* In-cloud scavenging incorporates particles into cloud droplets

+ Below-cloud scavenging removes particles by falling raindrops or snowflakes

Atmospheric impacts

+ Aerosols significantly influence Earth's radiation budget, cloud processes, and precipitation patterns
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» These impacts have important implications for weather, climate, and air quality

» Understanding aerosol-atmosphere interactions helps improve climate models and weather forecasts

Direct radiative effects

* Aerosols scatter and absorb incoming solar radiation

« Scattering aerosols (sulfates, nitrates) generally cool the Earth's surface
 Absorbing aerosols (black carbon) can warm the atmosphere

+ Aerosol optical depth quantifies the total column aerosol loading

« Direct radiative forcing measures the net effect of aerosols on the Earth's energy balance

Indirect effects on clouds

* Aerosols serve as cloud condensation nuclei (CCN) and ice nucleating particles (INP)

* First indirect effect (Twomey effect) increases cloud droplet number and decreases droplet size
» Second indirect effect (Albrecht effect) prolongs cloud lifetime by suppressing precipitation

» Semi-direct effect describes cloud evaporation due to absorbing aerosols

« Aerosol-cloud interactions remain a major source of uncertainty in climate projections

Influence on precipitation

* Aerosols can enhance or suppress precipitation depending on their properties and environmental
conditions

* Increased CCN concentrations can delay the onset of precipitation in warm clouds
» Giant CCN may accelerate precipitation formation through collision-coalescence
* Absorbing aerosols can alter atmospheric stability and convection patterns

+ Aerosol impacts on mixed-phase and ice clouds affect precipitation efficiency

Climate implications

* Aerosols play a crucial role in Earth's climate system, influencing both short-term weather patterns
and long-term climate trends

+ Understanding aerosol-climate interactions helps improve climate models and future projections

* Aerosol effects on climate vary regionally and temporally, complicating their overall impact

Aerosol-radiation interactions

« Direct radiative forcing quantifies aerosol impacts on the Earth's energy balance
+ Scattering aerosols generally produce a cooling effect at the surface
» Absorbing aerosols can warm the atmosphere and alter atmospheric stability

* Aerosol radiative effects depend on particle properties and underlying surface albedo
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* Global average aerosol radiative forcing partially offsets greenhouse gas warming

Aerosol-cloud interactions

+ Cloud albedo effect increases cloud reflectivity due to higher droplet concentrations
* Cloud lifetime effect prolongs cloud duration by suppressing precipitation

* Aerosol impacts on mixed-phase and ice clouds affect cloud radiative properties

* Aerosol-cloud interactions remain a major source of uncertainty in climate models

+ Regional variations in aerosol-cloud effects can significantly influence local climate

Feedback mechanisms

* Aerosol-climate feedbacks can amplify or dampen initial climate perturbations

« Wildfire aerosol emissions may increase with warming, creating a positive feedback loop
» Changes in vegetation cover alter natural aerosol sources (dust, biogenic emissions)

+ Ocean acidification may affect marine aerosol production (dimethyl sulfide, sea spray)

* Aerosol-induced changes in precipitation patterns can impact future aerosol emissions and removal

Measurement techniques

* Accurate measurement of aerosol properties is crucial for understanding their impacts on climate and
air quality

» A combination of in-situ and remote sensing techniques provides comprehensive aerosol
characterization

» Ongoing advancements in measurement technology improve our ability to monitor and study
atmospheric aerosols

In-situ sampling methods

« Filter-based sampling collects particles for offline chemical analysis

« Particle counters measure size distributions in real-time

» Aerosol mass spectrometers provide detailed chemical composition information
* Nephelometers measure aerosol light scattering properties

« Aethalometers quantify black carbon concentrations

Remote sensing approaches

« Lidar systems use laser pulses to measure vertical aerosol profiles
» Sun photometers measure aerosol optical depth and other column-integrated properties
» Multi-angle imaging spectroradiometers retrieve aerosol properties from surface reflectance

» Radar systems can detect large aerosol particles and provide information on their shape and size
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Satellite observations

* Passive sensors measure reflected and emitted radiation to infer aerosol properties
* Active sensors (lidar, radar) provide vertical profile information

 Geostationary satellites offer high temporal resolution for tracking aerosol plumes

* Polar-orbiting satellites provide global coverage and long-term data records

* Multi-instrument approaches combine data from multiple satellites to improve aerosol retrievals

Modeling aerosol processes

+ Aerosol modeling is essential for understanding and predicting aerosol impacts on climate and air
quality

* Models incorporate various physical and chemical processes to simulate aerosol behavior

» Ongoing improvements in model resolution and process representation enhance our ability to study
aerosol-atmosphere interactions

Aerosol microphysics models

* Box models simulate detailed aerosol processes in a single air parcel

» Sectional approaches divide the size distribution into discrete bins

» Modal models represent the size distribution using multiple overlapping modes
* Moment-based methods track statistical properties of the size distribution

* Microphysical processes include nucleation, condensation, coagulation, and removal mechanisms

Chemical transport models

« Simulate the emission, transport, chemical transformation, and deposition of aerosols
* Include gas-phase chemistry to account for secondary aerosol formation

* Represent aerosol-cloud interactions and their effects on precipitation

« Utilize meteorological inputs from weather models or reanalysis datasets

* Provide spatially and temporally resolved aerosol concentrations and properties

Global climate models

* Incorporate aerosol processes to study their impacts on climate

* Represent direct and indirect aerosol effects on radiation and clouds

* Include feedbacks between aerosols, climate, and biogeochemical cycles
+ Use simplified aerosol schemes to reduce computational complexity

» Coupled atmosphere-ocean models simulate long-term aerosol-climate interactions
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Health effects

» Atmospheric aerosols significantly impact human health, particularly in urban areas with high pollution
levels

» Understanding aerosol health effects helps inform air quality regulations and public health policies

* The severity of health impacts depends on aerosol size, composition, and exposure duration
Respiratory impacts

* Fine particles (PM2.5) penetrate deep into the lungs, causing inflammation

« Ultrafine particles can enter the bloodstream through the alveoli

« Chronic exposure increases the risk of respiratory diseases (asthma, bronchitis)

 Acute exposure can exacerbate existing respiratory conditions

+ Oxidative stress from reactive oxygen species in aerosols damages lung tissue

Cardiovascular risks
* Particulate matter exposure increases the risk of heart disease and stroke
« Systemic inflammation contributes to atherosclerosis development
* Altered heart rate variability indicates autonomic nervous system effects
* Increased blood pressure results from vascular dysfunction

» Thrombosis risk rises due to changes in blood coagulation

Environmental health concerns
* Aerosols contribute to reduced visibility, affecting transportation safety
* Deposition of acidic aerosols harms ecosystems (acid rain)
* Toxic components in aerosols (heavy metals, organic pollutants) can bioaccumulate in food chains
* Indoor air quality suffers from penetration of outdoor aerosols and indoor sources

« Climate change impacts driven by aerosols indirectly affect human health (heat waves, extreme
weather events)

Aerosol-climate interactions

* Aerosols play a complex role in the Earth's climate system, influencing both regional and global
climate patterns

» Understanding aerosol-climate interactions is crucial for improving climate projections and developing
mitigation strategies

* The net effect of aerosols on climate depends on their composition, distribution, and interactions with
other atmospheric components
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Aerosol forcing vs greenhouse gases

+ Aerosol radiative forcing partially offsets greenhouse gas warming

* Aerosol effects have greater spatial and temporal variability than greenhouse gases
+ Short atmospheric lifetime of aerosols leads to more rapid changes in forcing

* Uncertainty in aerosol forcing contributes to the range of climate sensitivity estimates

* Future reductions in aerosol emissions may unmask greenhouse gas warming

Regional climate effects

« Asian brown cloud alters monsoon patterns and regional hydrological cycle

» Saharan dust influences Atlantic hurricane activity and Amazon basin productivity
* Arctic amplification enhanced by black carbon deposition on snow and ice

» Urban heat island effect exacerbated by local aerosol concentrations

+ Biomass burning aerosols impact rainfall patterns in the Amazon and African savannas

Future projections

* Aerosol emission scenarios significantly influence near-term climate projections

» Reduced sulfate aerosols may lead to accelerated warming in coming decades

» Changes in natural aerosol sources (dust, wildfires) add uncertainty to future climate

» Geoengineering proposals consider artificial aerosol injection to counter global warming

* Improved representation of aerosol-cloud interactions critical for refining climate model projections
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Unit 2 — Atmospheric Thermodynamics

2.1 Laws of thermodynamics

The laws of thermodynamics are fundamental principles that govern energy transfer and transformations in
the atmosphere. These laws provide a framework for understanding how heat flows, work is done, and
energy is conserved in atmospheric processes, from local weather patterns to global climate dynamics.

Applying thermodynamic concepts to atmospheric physics helps explain phenomena like cloud formation,
air mass movements, and atmospheric stability. By analyzing energy exchanges and entropy changes,
scientists can better predict weather patterns and understand the complex interactions within Earth's
climate system.

Fundamental thermodynamic concepts

» Thermodynamics governs energy transfer and transformations in atmospheric systems

» Understanding these concepts provides a foundation for analyzing weather patterns and climate
dynamics

» Thermodynamic principles explain how energy flows between the atmosphere, land, and oceans

Energy and heat transfer

* Heat transfer occurs through conduction, convection, and radiation in the atmosphere

» Conduction involves direct molecular collisions, primarily important near the Earth's surface
 Convection drives vertical air motions, forming clouds and precipitation

 Radiation from the Sun and Earth's surface plays a crucial role in atmospheric energy balance

« Latent heat release during phase changes of water significantly impacts weather systems

Systems and surroundings

» Atmospheric systems can be defined as open, closed, or isolated based on energy and mass
exchange

» Open systems allow both energy and matter transfer (troposphere)
* Closed systems permit energy exchange but not matter (simplified model of Earth's atmosphere)

* Isolated systems have no exchange with surroundings (idealized concept, rarely applicable in
atmospheric physics)

* Defining system boundaries helps analyze energy and mass fluxes in atmospheric processes
Thermodynamic equilibrium

» Thermal equilibrium occurs when temperature differences between systems equalize

» Mechanical equilibrium involves balanced forces and pressures

» Chemical equilibrium relates to stable concentrations of chemical species

» Atmospheric processes often involve non-equilibrium states, driving weather phenomena
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» Understanding deviations from equilibrium helps explain atmospheric instabilities and energy flows

First law of thermodynamics

« Establishes the principle of energy conservation in atmospheric processes
* Crucial for understanding energy transformations in weather systems and climate

» Forms the basis for analyzing heat transfer, work done, and internal energy changes in the
atmosphere

Conservation of energy

* Total energy of an isolated system remains constant
» Energy can be transformed between different forms (kinetic, potential, internal)

* In atmospheric processes, energy conversions occur between thermal, mechanical, and radiative
forms

« Solar radiation absorbed by Earth's surface converts to thermal and potential energy in the
atmosphere

« Conservation principle applies to large-scale atmospheric circulation and local weather phenomena

Internal energy vs work

« Internal energy represents the total kinetic and potential energy of molecules in a system

» Work involves energy transfer through the action of a force over a distance

* In atmospheric expansion, internal energy decreases as work is done against surrounding pressure
» Compression of air parcels increases internal energy through work done on the system

 Understanding this relationship helps explain temperature changes in rising or sinking air masses

Enthalpy and heat capacity
+ Enthalpy combines internal energy and the product of pressure and volume
* Useful for analyzing constant-pressure processes common in the atmosphere
» Heat capacity measures the amount of heat required to raise the temperature of a substance
* Specific heat capacity of air varies with humidity, affecting atmospheric temperature changes

« Latent heat capacity involves energy absorbed or released during phase changes of water in the
atmosphere

Second law of thermodynamics

* Introduces the concept of entropy and irreversibility in natural processes
+ Essential for understanding the directionality of heat flow and energy transformations

» Explains why certain atmospheric processes occur spontaneously while others require external work
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Entropy and disorder

* Entropy measures the degree of disorder or randomness in a system

* In atmospheric processes, entropy generally increases over time

+ Heat flow from hot to cold regions increases the overall entropy of the Earth-atmosphere system
» Mixing of air masses with different properties (temperature, humidity) increases entropy

* Entropy production drives many atmospheric phenomena, including turbulence and diffusion

Reversible vs irreversible processes

* Reversible processes can be reversed without net changes to the system or surroundings

* Irreversible processes produce entropy and cannot be perfectly reversed

» Most atmospheric processes are irreversible due to friction, mixing, and heat transfer

+ Idealized reversible processes (adiabatic expansion/compression) serve as reference points

» Understanding irreversibility helps explain the inefficiency of atmospheric heat engines

Carnot cycle and efficiency

* Theoretical heat engine cycle with maximum possible efficiency

* Consists of two isothermal and two adiabatic processes

* Provides an upper limit for the efficiency of converting heat to work in atmospheric processes

» Atmospheric circulation can be viewed as a heat engine operating between warm and cold regions

» Real atmospheric processes have lower efficiency due to irreversibilities and non-ideal conditions

Third law of thermodynamics

* Defines the behavior of systems as they approach absolute zero temperature
* Provides insights into the limits of cooling processes in the atmosphere

* Relates to the concept of perfect order in crystalline substances at extremely low temperatures

Absolute zero temperature

* Theoretical temperature at which all molecular motion ceases
* Equivalent to -273.15°C or 0 K
 Lowest temperatures in Earth's atmosphere (mesosphere) still far above absolute zero

» Understanding absolute zero helps in analyzing extreme temperature phenomena in the upper
atmosphere

* Provides a reference point for measuring thermal energy in atmospheric systems

Perfect crystal state

+ At absolute zero, a perfect crystal achieves minimum entropy
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* All particles occupy their lowest energy state with perfect structural order
* No real substance in the atmosphere can achieve this state
» Concept helps in understanding the limits of order and disorder in atmospheric constituents

* Relates to the formation and structure of ice crystals in high-altitude clouds

Unattainability principle

« States that it is impossible to reach absolute zero temperature in a finite number of steps

* Implies that the atmosphere will always retain some thermal energy and motion

* Explains why even the coldest regions of the atmosphere have temperatures well above absolute zero
* Relates to the concept of residual entropy in atmospheric gases at very low temperatures

* Important in understanding the limits of cooling processes in the upper atmosphere

Zeroth law of thermodynamics

« Establishes the concept of thermal equilibrium and temperature as a fundamental property
* Crucial for understanding heat flow and energy balance in atmospheric systems

* Provides the basis for temperature measurements and comparisons in meteorology

Thermal equilibrium

* Occurs when two systems in thermal contact no longer exchange net heat

* Fundamental to understanding energy distribution in the atmosphere

» Atmosphere constantly seeks thermal equilibrium through heat transfer processes

* Local departures from thermal equilibrium drive weather phenomena (convection, fronts)

* Global thermal imbalances between equator and poles drive large-scale atmospheric circulation
Transitivity of equilibrium

« If systems A and B are in thermal equilibrium, and B and C are in thermal equilibrium, then A and C
are also in thermal equilibrium

* Allows for consistent temperature measurements across different atmospheric regions
+ Enables the use of standardized temperature scales in meteorology
« Important for comparing temperatures between different altitudes and locations in the atmosphere

* Facilitates the creation of global temperature datasets for climate studies

Applications in atmospheric physics
» Thermodynamic principles underpin many key processes in the atmosphere
+ Essential for understanding vertical motions, cloud formation, and atmospheric stability

* Provides the foundation for weather forecasting and climate modeling techniques

Fiveable archived study guides Page 53



Adiabatic processes

* Involve temperature changes without heat exchange with the surroundings

* Dry adiabatic lapse rate describes temperature change in unsaturated rising/sinking air
+ Moist adiabatic lapse rate accounts for latent heat release in saturated air parcels

* Crucial for understanding cloud formation and precipitation processes

+ Adiabatic cooling of rising air leads to condensation and potential cloud development

Potential temperature

» Temperature an air parcel would have if brought adiabatically to a standard pressure (1000 hPa)
» Conserved quantity in dry adiabatic processes

* Useful for comparing temperatures of air parcels at different altitudes

* Helps identify stable and unstable layers in the atmosphere

* Used in analyzing atmospheric mixing and turbulence processes

Atmospheric stability
 Determines the tendency of air parcels to rise, sink, or remain at their current level
» Stable conditions resist vertical motions, while unstable conditions enhance them
* Neutral stability allows air parcels to move freely without acceleration
* Influenced by temperature lapse rates and moisture content of the atmosphere

« Critical for predicting the development of convective storms and cloud formations

Thermodynamic potentials

* Provide a framework for analyzing energy changes in atmospheric processes
* Help determine the direction and extent of spontaneous changes in the atmosphere

+ Useful in studying phase transitions and chemical reactions in atmospheric systems

Gibbs free energy

* Measures the useful work obtainable from a system at constant temperature and pressure
* Relevant for analyzing atmospheric processes occurring at constant pressure

» Determines the spontaneity of chemical reactions and phase changes in the atmosphere

* Helps explain the formation and dissipation of clouds and precipitation

* Used in studying the thermodynamics of atmospheric aerosols and their interactions

Helmholtz free energy

» Represents the useful work obtainable from a system at constant temperature and volume

Fiveable archived study guides Page 54



* Less commonly used in atmospheric physics due to the variable volume nature of the atmosphere
* Applicable in analyzing processes in closed containers or laboratory experiments
* Helps in understanding energy changes in isochoric processes in the atmosphere

* Useful for studying thermodynamic properties of atmospheric gases in controlled environments

Phase transitions

« Critical for understanding cloud formation, precipitation, and energy transfer in the atmosphere
* Involve significant energy exchanges through latent heat processes

* Influence atmospheric dynamics and thermodynamic properties of air masses

Latent heat

* Energy absorbed or released during phase changes without temperature change

« Latent heat of vaporization crucial in cloud formation and precipitation processes

+ Latent heat of fusion important in ice crystal formation and melting

« Significantly impacts atmospheric energy balance and vertical temperature profiles

* Drives many severe weather phenomena (thunderstorms, hurricanes) through energy release

Clausius-Clapeyron equation

* Describes the relationship between temperature and saturation vapor pressure

» Fundamental for understanding the water vapor capacity of air at different temperatures
» Explains why warm air can hold more water vapor than cold air

« Critical in predicting cloud formation, fog development, and precipitation potential

* Used in calculating relative humidity and dew point temperature in weather forecasting

Thermodynamic cycles in atmosphere

* Represent idealized models of energy transformations in atmospheric processes
* Help in understanding the efficiency and limitations of atmospheric heat engines

* Provide insights into energy conversions in natural and human-made systems

Brayton cycle
* Represents the thermodynamic cycle of a gas turbine engine
» Analogous to certain atmospheric processes involving compression and expansion

« Consists of isentropic compression, constant pressure heat addition, isentropic expansion, and
constant pressure heat rejection

* Helps in understanding energy transformations in jet streams and strong wind systems

+ Applicable in analyzing the efficiency of wind energy conversion systems
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Rankine cycle

* Describes the operation of steam turbines and power plants

* Relevant for understanding energy conversions in the hydrological cycle
* Involves phase changes between liquid and vapor states

* Helps explain the energy transformations in cumulus cloud development

* Applicable in studying the thermodynamics of severe convective storms

Thermodynamic diagrams

+ Graphical tools for visualizing and analyzing atmospheric thermodynamic processes
« Essential for weather forecasting, stability analysis, and understanding vertical atmospheric structure

* Allow for quick assessment of potential severe weather conditions
Tephigrams

* Plot temperature against entropy, with pressure as a third variable

« Useful for analyzing atmospheric stability and potential for convection

« Allows easy calculation of convective available potential energy (CAPE)

* Helps in identifying temperature inversions and stable layers in the atmosphere

» Commonly used in European meteorological services for weather analysis

Skew-T log-P diagrams
* Plot temperature and dew point against pressure on a skewed coordinate system
« Standard tool in U.S. meteorology for upper air analysis
* Facilitates the assessment of atmospheric instability and moisture content
* Allows for easy calculation of various stability indices (lifted index, K-index)

« Useful for predicting cloud base heights, freezing levels, and precipitation types

2.2 Adiabatic processes

Adiabatic processes are key to understanding atmospheric temperature changes without heat exchange.
They shape vertical motions and stability, influencing weather patterns and climate dynamics. These
processes follow the conservation of energy principle, balancing internal energy changes with work done
by expansion or compression.

Types of adiabatic processes include dry, moist, pseudo-adiabatic, and reversible moist. The dry adiabatic
lapse rate, about 9.8°C per kilometer, is crucial for assessing vertical stability and cloud formation. Moist
processes incorporate latent heat effects, significantly altering temperature changes with height.
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Definition of adiabatic processes

+ Adiabatic processes play a crucial role in atmospheric physics by describing temperature changes in
air parcels without heat exchange

* These processes fundamentally shape vertical motions and stability in the atmosphere, influencing
weather patterns and climate dynamics

Conservation of energy principle

» Governs adiabatic processes ensuring total energy remains constant within the system
* First law of thermodynamics applied to atmospheric parcels dU =dQ — pdVv
« Internal energy changes balance work done by expansion or compression

+ Crucial for understanding temperature variations in rising or sinking air masses

Types of adiabatic processes

* Dry adiabatic process occurs in unsaturated air with no condensation or evaporation
* Moist adiabatic process involves water vapor condensation and latent heat release
» Pseudo-adiabatic process assumes immediate removal of condensed water

* Reversible moist adiabatic process retains all condensed water in the parcel

Dry adiabatic lapse rate

* Represents the rate of temperature change with height for unsaturated air parcels
* Essential concept in atmospheric physics for assessing vertical stability and cloud formation

« Standard value of approximately 9.8°C per kilometer in Earth's atmosphere

Derivation of dry adiabatic lapse
« Starts with the first law of thermodynamics and hydrostatic equation
» Assumes ideal gas behavior and constant specific heat capacity
ar _ 9

* Results in the expression rg=-4= %

- 9 represents gravitational acceleration, €p specific heat capacity at constant pressure

Significance in atmospheric stability

« Serves as a reference for comparing actual temperature profiles in the atmosphere

» Determines conditional instability when environmental lapse rate falls between dry and moist adiabatic
rates

* Influences vertical mixing and convection in the lower atmosphere

* Crucial for forecasting thunderstorm development and severe weather potential
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Moist adiabatic processes

* Involve air parcels containing water vapor undergoing condensation or evaporation
« Critical for understanding cloud formation, precipitation processes, and atmospheric energy transfer

* Incorporate latent heat effects, significantly altering temperature changes with height

Saturated adiabatic lapse rate

* Describes temperature change in rising saturated air parcels
* Always less than the dry adiabatic lapse rate due to latent heat release
« Varies with temperature and pressure, typically around 6°C per kilometer

+ Calculated using complex thermodynamic equations involving saturation mixing ratio

Latent heat release effects

* Slows cooling rate of rising saturated air parcels

* Enhances instability in the atmosphere by warming the surrounding environment

* Provides energy for severe weather systems (hurricanes, thunderstorms)

* Influences global atmospheric circulation patterns and heat transport
Potential temperature

» Conserved quantity in dry adiabatic processes, crucial for analyzing atmospheric stability

* Represents the temperature an air parcel would have if brought adiabatically to a standard pressure
Concept and calculation

+ Defined as the temperature of an air parcel if compressed or expanded adiabatically to 1000 hPa

« Calculated using Poisson's equation: 6 = T(%)Rl%

« B is potential temperature, T is current temperature, P is current pressure

* R is the gas constant for dry air, €p is specific heat capacity at constant pressure
Applications in meteorology

* Used to identify atmospheric layers with different thermal characteristics

* Helps in analyzing frontal systems and air mass boundaries

* Crucial for understanding vertical stability and convection potential

« Utilized in numerical weather prediction models for vertical coordinate systems
Equivalent potential temperature

» Combines concepts of potential temperature and latent heat release

» Conserved quantity in both dry and moist adiabatic processes
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Definition and importance

» Temperature an air parcel would have if lifted to where all water vapor condenses out, then brought
down to 1000 hPa

» Accounts for both sensible and latent heat content of an air parcel
* Crucial for identifying air masses and analyzing atmospheric stability in moist environments

» Used in severe weather forecasting to assess potential energy available for convection

Relationship to moist processes

* Incorporates effects of latent heat release during condensation
* Remains constant during moist adiabatic ascent or descent

* Calculated using complex thermodynamic equations involving mixing ratio and latent heat of
vaporization

* Higher values indicate greater moist static energy and potential for severe convection

Adiabatic charts

* Graphical tools used in meteorology to analyze atmospheric thermodynamic processes

« Essential for visualizing vertical temperature and moisture profiles in the atmosphere
Skew-T log-P diagrams

* Most commonly used adiabatic chart in modern meteorology

* Displays temperature and dew point profiles on a skewed coordinate system

* Includes dry adiabats, moist adiabats, and mixing ratio lines

* Allows for easy calculation of important atmospheric parameters (CAPE, LCL, LFC)
Tephigrams and their use

+ Alternative adiabatic chart used primarily in Europe and Australia

* Plots temperature against entropy, providing a different perspective on atmospheric processes

* Useful for analyzing stability and identifying temperature inversions

« Facilitates calculation of convective parameters and cloud base heights
Atmospheric stability assessment

« Critical process in meteorology for predicting vertical motion and potential for severe weather

* Involves comparing environmental temperature profiles with adiabatic processes
Parcel method

+ Analyzes stability by comparing the temperature of a lifted parcel to its environment

« Utilizes concepts of dry and moist adiabatic lapse rates
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* Determines levels of free convection (LFC) and equilibrium level (EL)

+ Calculates convective available potential energy (CAPE) and convective inhibition (CIN)
Layer method

* Assesses stability by examining the lapse rate of entire atmospheric layers

« Identifies absolutely stable, conditionally unstable, and absolutely unstable layers

+ Considers effects of moisture on stability through use of equivalent potential temperature

« Crucial for understanding the potential for widespread lifting and stratiform precipitation
Adiabatic lifting mechanisms

* Processes that force air parcels to rise adiabatically in the atmosphere

« Essential for understanding cloud formation, precipitation patterns, and severe weather development
Orographic lifting

* Occurs when air is forced up and over mountains or hills

* Results in cooling and potential cloud formation on the windward side

« Can lead to precipitation enhancement and rain shadow effects

* Influences local climate patterns and water resource distribution
Frontal lifting

* Happens when a less dense air mass is forced to rise over a denser air mass
+ Associated with warm fronts (gradual lifting) and cold fronts (rapid lifting)
* Produces characteristic cloud patterns and precipitation along frontal boundaries

* Critical for the development of mid-latitude cyclones and weather systems

Convective lifting

« Driven by buoyancy differences due to surface heating or atmospheric instability

* Leads to the formation of cumulus and cumulonimbus clouds

» Responsible for thunderstorms, severe weather, and localized heavy precipitation

« Influenced by factors such as surface temperature, moisture availability, and wind shear
Foehn effect

* Dramatic warming and drying of air descending the lee side of a mountain range

« Significant impact on local weather patterns and climate in mountainous regions
Mechanism and characteristics

« Air rises on the windward side, cooling adiabatically and potentially forming clouds and precipitation

Fiveable archived study guides Page 60



» Descending air on the lee side warms at the dry adiabatic lapse rate
* Results in higher temperatures and lower relative humidity on the leeward side

+ Often associated with rapid snow melt and increased fire danger

Impact on local climate

* Creates distinct microclimates in mountainous areas
* Influences vegetation patterns and agricultural practices
+ Can lead to extreme temperature fluctuations in short periods

« Affects air quality by trapping pollutants in valleys (temperature inversions)

Adiabatic processes in cloud formation

» Fundamental to understanding how clouds develop and evolve in the atmosphere

* Involve complex interactions between temperature, pressure, and moisture content

Cloud base determination

« Utilizes the concept of lifting condensation level (LCL)
* Calculated using surface temperature and dew point temperature
* Represents the height at which a rising air parcel becomes saturated

* Crucial for forecasting visibility and precipitation onset

Cloud top estimation
* Involves determining the equilibrium level (EL) for rising air parcels
* Influenced by atmospheric stability and the presence of temperature inversions
« Utilizes concepts of moist adiabatic lapse rate and environmental temperature profile

* Important for assessing the vertical development of convective clouds and storm potential
Atmospheric soundings

« Vertical profiles of temperature, humidity, and wind in the atmosphere

+ Essential tools for analyzing atmospheric structure and forecasting weather
Interpretation of adiabatic processes

« Identifies layers of different stability characteristics
» Determines potential for cloud formation and precipitation
* Assesses the likelihood of severe weather development

« Crucial for understanding the vertical distribution of energy in the atmosphere
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Stability analysis techniques

« Calculation of various stability indices (CAPE, CIN, K-index, Lifted Index)
« Identification of capping inversions and their strength
» Assessment of wind shear and its impact on convective potential

« Evaluation of moisture availability and its vertical distribution

2.3 Potential temperature

Definition of potential temperature

Potential temperature is the temperature an air parcel would have if you brought it adiabatically (without
adding or removing heat) down to a standard reference pressure of 1000 hPa. Because pressure
decreases with altitude, air parcels at different heights have different actual temperatures even if they're
thermodynamically identical. Potential temperature strips away that pressure effect and gives you a single
number to compare air masses regardless of where they sit in the atmosphere.

This makes it one of the most useful variables in atmospheric thermodynamics. It stays constant during dry
adiabatic processes, which means you can use it to track air parcels, assess stability, and identify mixing
layers.

Concept of adiabatic processes

An adiabatic process is one where no heat is exchanged between the air parcel and its surroundings. In
the atmosphere, this is a good approximation on short timescales (convection, flow over mountains,
turbulent eddies) because air is a poor conductor of heat.

* When an air parcel rises, it encounters lower pressure, expands, and cools.
* When it sinks, it's compressed by higher pressure and warms.

* In both cases, energy is conserved within the parcel; the temperature change comes entirely from the
work of expansion or compression, not from heating.

Relationship to actual temperature

Actual (in-situ) temperature changes with altitude simply because pressure drops as you go up. Potential
temperature removes that pressure dependence by asking: what would this parcel's temperature be at
1000 hPa?

* For a parcel above 1000 hPa (lower pressure), potential temperature is higher than actual
temperature, because compressing the parcel down to 1000 hPa would warm it.

* For a parcel below 1000 hPa (rare, but possible in deep valleys or high-pressure systems), potential
temperature is lower than actual temperature.

« During any dry adiabatic ascent or descent, potential temperature stays constant even though actual
temperature changes. That's what makes it so powerful as a tracer and stability diagnostic.
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Mathematical formulation

Poisson's equation

Potential temperature is calculated using Poisson's equation:
6= T( % )R/cp
where:

« 6 is the potential temperature (in Kelvin)

« T is the actual (absolute) temperature of the parcel (in Kelvin)

« P is the parcel's current pressure

- Po is the reference pressure, conventionally 1000 hPa

« R is the specific gas constant for dry air (= 287 kg~'K™1)

- Cp is the specific heat of dry air at constant pressure (= 1004 | kg~1K™1)

The exponent R/cp = 0.286 for dry air. This ratio comes directly from the thermodynamics of an ideal
diatomic gas undergoing an adiabatic process.

Quick example: An air parcel at 500 hPa with T =252 K:

)0.286

6 = 252 (900 =252 x 2°?86 =252 x 1.219 = 307K

The parcel's potential temperature is about 307 K, considerably warmer than its actual temperature,
because compressing it from 500 hPa to 1000 hPa would release a lot of energy.

Dry adiabatic lapse rate

The dry adiabatic lapse rate (DALR) is the rate at which an unsaturated air parcel cools as it rises (or
warms as it sinks):

ry=2=9.8°C km~1

where 9 is gravitational acceleration. This value is derived by combining the first law of thermodynamics
with the hydrostatic equation. A parcel moving dry-adiabatically follows this lapse rate exactly, and its
potential temperature remains constant throughout the process.

Significance in meteorology

Atmospheric stability assessment

Stability depends on how the environment's potential temperature changes with height compared to what a
displaced parcel would do:

« Stable atmosphere: 8 increases with height (86/3z > 0). A parcel displaced upward becomes cooler
(denser) than its surroundings and sinks back. Vertical motion is suppressed.

« Unstable atmosphere: 8 decreases with height (88/0z < 0). A displaced parcel is warmer (lighter)
than its surroundings and keeps accelerating upward. Convection develops.

« Neutral atmosphere: @ is constant with height (88/0z = 0). A displaced parcel matches its
surroundings at every level. This is the signature of a well-mixed layer.

Fiveable archived study guides Page 63



Vertical motion indicators

Vertical profiles of O reveal the atmosphere's layered structure:

* A deep layer of nearly constant 6 indicates a well-mixed boundary layer, typically developing during
daytime heating.

« A sharp jump in @ over a thin layer marks a temperature inversion or stable cap, which suppresses
vertical mixing.

« Gradual increases in @ with height are the norm in the free troposphere and indicate general static
stability.

* These features help forecasters identify where turbulence, cloud formation, and convective initiation
are likely.

Potential temperature vs. virtual temperature

These two adjusted temperatures serve different purposes. Potential temperature corrects for pressure;
virtual temperature corrects for moisture.

Differences in calculation

* Potential temperature uses Poisson's equation to normalize temperature to a reference pressure. It
assumes dry air and accounts for compressibility.

» Virtual temperature (Tv) is the temperature dry air would need to have the same density as the actual
moist air at the same pressure. Because water vapor is lighter than dry air (molecular mass ~18 vs.
~29), moist air is less dense, so Tv is always slightly higher than T when moisture is present.

T,=T(1+0.61q)

where 4 is the specific humidity. In very moist tropical air, Tv can exceed T by a few degrees.

Applications in atmospheric science

* Use potential temperature when you need to assess stability, trace adiabatic parcel trajectories, or
compare air masses at different altitudes.

* Use virtual temperature when you need accurate density or buoyancy calculations, since density
depends on both temperature and moisture.

» Numerical weather prediction models use both: @ for dynamics and stability, Tv for pressure-density
relationships.

Isentropic surfaces

Definition and properties

An isentropic surface is a surface of constant potential temperature (and therefore constant specific
entropy for dry air). Because 0 is conserved during adiabatic motion, air parcels tend to move along these
surfaces rather than across them.

* Isentropic surfaces slope in the atmosphere: they tilt downward toward the poles and upward toward
the equator, reflecting the equator-to-pole temperature gradient.
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* Where isentropic surfaces are packed closely together vertically, the atmosphere is very stable.
Where they're spread apart, stability is weaker.

» Motion along an isentropic surface that changes altitude corresponds to real vertical motion in physical
space, even though 6 stays constant.

Use in weather analysis

+ Air mass tracking: Since parcels conserve 6 during adiabatic flow, isentropic analysis lets you trace
where air came from and where it's going.

* Frontal systems: Fronts appear as regions where isentropic surfaces crowd together, marking sharp
boundaries between air masses.

« Large-scale ascent/descent: Isentropic maps reveal broad areas of upward or downward motion that
are hard to see on constant-pressure charts.

« Jet stream visualization: The jet stream sits in regions of strong isentropic slope, making these
surfaces useful for identifying jet positions and associated weather.

Potential temperature in thermodynamics

First law applications
The first law of thermodynamics for an air parcel can be written as:
cpdT — }dp = 6q

where 04 is the heat added per unit mass. For an adiabatic process (69 = 0), this leads directly to
Poisson's equation and the constancy of 8. When diabatic heating occurs (radiation, latent heat release,
conduction), 8 changes, and the magnitude of that change quantifies the heating rate.

This connection makes 8 useful for atmospheric energetics: changes in 6 following a parcel tell you
exactly how much non-adiabatic heating or cooling has occurred.

Entropy considerations
Potential temperature is directly related to the specific entropy of dry air:
s=cpln6 + const

So surfaces of constant @ are surfaces of constant entropy (isentropic surfaces). This is why adiabatic
(reversible, no-heat-exchange) processes conserve 6: they conserve entropy. Irreversible processes like
turbulent mixing, radiation, and latent heating change 6 and increase total entropy, consistent with the
second law of thermodynamics.

Measurement techniques

Radiosonde observations

Radiosondes are instrument packages carried aloft by weather balloons. They measure temperature,
pressure, and humidity as they ascend, transmitting data back in real time.

« Potential temperature is calculated from the measured T and P at each level using Poisson's
equation.

Fiveable archived study guides Page 65



* Launches occur globally, typically twice daily (00 UTC and 12 UTC), from a network of several
hundred stations.

» They provide excellent vertical resolution (data every few meters) but sparse horizontal coverage,
especially over oceans.

Remote sensing methods

« Satellite sensors (infrared and microwave) retrieve temperature profiles through the atmosphere, from
which 8 can be derived. These provide global coverage but with coarser vertical resolution than
radiosondes.

* RASS (Radio Acoustic Sounding System) measures virtual temperature profiles continuously by
tracking the speed of sound pulses with a radar wind profiler. This gives near-continuous 8 profiles at a
fixed location.

* LIDAR systems can measure temperature in the boundary layer and lower troposphere with high
spatial and temporal resolution, useful for studying boundary layer evolution.

Vertical profiles

Tropospheric potential temperature

In the troposphere, & generally increases with height, reflecting the overall static stability of the
atmosphere.

« Boundary layer: During the day, solar heating creates a well-mixed layer where 6 is nearly constant
with height (neutral stability). At night, radiative cooling at the surface creates a shallow stable layer
where 6 increases sharply near the ground.

* Free troposphere: Above the boundary layer, 8 increases steadily. Steeper gradients mark stable
layers; weaker gradients indicate regions more susceptible to convective overturning.

* Inversions (where actual temperature increases with height) show up as especially sharp increases in
6, capping vertical motion and trapping moisture or pollutants below.

Stratospheric potential temperature

The stratosphere is characterized by a strong, persistent increase of 8 with height. This reflects the intense
stability caused by ozone absorption of UV radiation, which heats the stratosphere from above.

* Vertical mixing is strongly suppressed; transport is predominantly quasi-horizontal along isentropic
surfaces.

« @ profiles in the stratosphere are used to study the Brewer-Dobson circulation, stratospheric sudden
warmings, and ozone transport.

« Stratosphere-troposphere exchange occurs where isentropic surfaces cross the tropopause, allowing
air to move between the two regions along constant-6 paths.

Potential temperature in climate studies

Long-term atmospheric trends

Changes in the distribution of 8 over decades reveal shifts in atmospheric structure driven by climate
change:
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« A rising tropopause height shows up as changes in where 8 profiles transition from tropospheric to
stratospheric character.

« Stratospheric cooling (from increased CO>) alters @ gradients in the upper atmosphere.

« Shifts in B distributions at the surface and aloft help quantify changes in atmospheric stability, which
affect convection frequency and intensity.

Climate model applications

« General circulation models (GCMs) use € as a prognostic or diagnostic variable for representing
atmospheric dynamics.

» Some models use isentropic coordinates (6 as the vertical coordinate) instead of pressure or height,
which simplifies the representation of adiabatic flow.

+ Comparing observed and modeled 8 distributions is a standard way to evaluate model performance,
especially for stability and circulation patterns.

Practical applications

Weather forecasting

« Severe weather: Forecasters examine 6 profiles to assess convective available potential energy
(CAPE) and convective inhibition (CIN), which govern thunderstorm likelihood and intensity.

« Fog prediction: Strong low-level increases in @ (stable layers) favor radiation fog formation by trapping
moisture near the surface.

« Aviation: Pilots and dispatchers use 6 information to anticipate clear-air turbulence, icing levels, and
cloud base heights.

Air pollution dispersion

 Temperature inversions (sharp € increases with height) trap pollutants near the surface, leading to
poor air quality episodes.

* Potential temperature profiles help air quality modelers determine the mixing height, the top of the
layer where pollutants can disperse vertically.

* Industrial stack heights are designed with these profiles in mind: emissions need to be released above
the inversion layer to avoid ground-level pollution buildup.

« Urban air quality forecasts rely heavily on predicted 6 profiles to anticipate stagnation events.

Limitations and assumptions

Dry air considerations

Poisson's equation assumes dry air. This works well in the mid-troposphere and stratosphere, where
moisture content is low, but introduces errors in moist environments:

« In saturated conditions, latent heat released during condensation warms the parcel, meaning 6 is no
longer conserved.
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» The dry adiabatic lapse rate overestimates the cooling rate of a saturated rising parcel (the actual rate
follows the smaller moist adiabatic lapse rate, typically 4-7 °C/km depending on temperature).

» In the tropics or within clouds, using dry € alone can lead to incorrect stability assessments.

Moist air complications

When moisture matters, atmospheric scientists turn to modified versions of potential temperature:

« Equivalent potential temperature (Be) accounts for latent heat by including the energy that would be
released if all water vapor condensed. It's conserved during both dry and moist adiabatic processes,
making it the preferred variable for analyzing moist convection.

+ Wet-bulb potential temperature (Bw) is another moisture-corrected variant, useful for identifying air
mass boundaries.

« In saturated environments, stability analysis should use Ee rather than 6 to avoid overestimating
stability and missing convective potential.

2.4 Atmospheric stability

Atmospheric stability is crucial for understanding weather patterns and air quality. It describes how the
atmosphere resists or promotes vertical motion, influencing cloud formation, precipitation, and pollutant
dispersion. Meteorologists use stability analysis to predict weather phenomena and assess potential
hazards.

The parcel method compares a hypothetical air parcel's temperature to its surroundings, determining
whether it rises or sinks. This concept, along with temperature profiles and stability indicators, helps
categorize atmospheric conditions as stable, unstable, or neutral, affecting various weather processes.

Concept of atmospheric stability

» Atmospheric stability describes the atmosphere's resistance to vertical motion, crucial for
understanding weather patterns and air quality

« Stability influences various atmospheric processes including cloud formation, precipitation, and
pollutant dispersion

» Meteorologists use stability analysis to predict weather phenomena and assess potential hazards

Parcel method

* Involves comparing the temperature of a hypothetical air parcel to its surrounding environment
« Air parcel rises or sinks based on its density relative to the surrounding air

« Utilizes the concept of adiabatic processes where no heat exchange occurs between the parcel and
its environment

* Helps determine whether the atmosphere supports or suppresses vertical motion
Static vs dynamic stability

« Static stability refers to the atmosphere's response to small vertical displacements without considering
large-scale motions

» Dynamic stability accounts for the effects of large-scale atmospheric motions and wind shear
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« Static stability primarily depends on the vertical temperature gradient

» Dynamic stability incorporates factors such as wind speed and direction changes with height

Stable vs unstable conditions

« Stable conditions resist vertical motion and suppress cloud formation
+ Unstable conditions promote vertical motion and enhance cloud development
* Neutral conditions neither enhance nor suppress vertical motion

« Stability conditions affect air pollution dispersion, with stable conditions trapping pollutants near the
surface

Atmospheric temperature profiles

» Temperature profiles reveal how temperature changes with altitude in the atmosphere
» Understanding these profiles is essential for predicting atmospheric stability and weather patterns

+ Profiles vary based on factors such as time of day, season, and geographical location

Dry adiabatic lapse rate

» Represents the rate of temperature change for a rising or sinking unsaturated air parcel
 Constant rate of approximately 9.8°C per kilometer of altitude change
* Applies to dry air or air with low humidity

» Used as a reference to compare with environmental lapse rates

Moist adiabatic lapse rate

* Describes the temperature change rate for a rising or sinking saturated air parcel
* Variable rate, typically around 6-7°C per kilometer, depending on temperature and pressure
+ Accounts for the release of latent heat during condensation

» Generally less steep than the dry adiabatic lapse rate due to heat release

Environmental lapse rate

* Actual observed rate of temperature change with height in the atmosphere
* Varies based on location, time, and atmospheric conditions
» Typically averages about 6.5°C per kilometer in the troposphere

» Comparison with dry and moist adiabatic lapse rates determines atmospheric stability

Stability indicators

* Provide quantitative measures of atmospheric stability
* Help meteorologists assess the potential for vertical motion and convection

* Used in weather forecasting and climate modeling
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Potential temperature

» Temperature an air parcel would have if brought adiabatically to a standard pressure (typically 1000
hPa)

* Remains constant for dry adiabatic processes
« Calculated using the equation: 8 = T(Po/P) R/

» Where 6 is potential temperature, T is actual temperature, P_0 is reference pressure, P is actual
pressure, R is gas constant, and c_p is specific heat at constant pressure

* Vertical gradient of potential temperature indicates static stability

Equivalent potential temperature

» Combines effects of temperature and moisture content

» Temperature a parcel would have if lifted until all water vapor condenses and then brought down to
1000 hPa

* Accounts for latent heat release during condensation
* Remains constant for moist adiabatic processes

* Used to assess moist static stability and identify air mass characteristics

Virtual potential temperature
* Incorporates the effects of water vapor on air density
» Temperature dry air would need to have the same density as moist air at the same pressure
« Calculated using the equation: 8y = 6(1 + 0.61q)
* Where 6_v is virtual potential temperature, 0 is potential temperature, and q is specific humidity

* Used in buoyancy calculations and numerical weather prediction models

Types of atmospheric stability

« Categorize the atmosphere's response to vertical displacements
» Determine the likelihood of cloud formation and convection

* Influence weather patterns and severe weather development

Absolute stability

» Occurs when the environmental lapse rate is less than the moist adiabatic lapse rate
* Resists vertical motion for both saturated and unsaturated air parcels
* Characterized by smooth, stratiform clouds or clear skies

* Often associated with temperature inversions and fog formation
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Conditional stability
* Environmental lapse rate falls between the dry and moist adiabatic lapse rates
« Stable for unsaturated air parcels but unstable for saturated parcels
+ Allows for potential convection if the air becomes saturated

» Common in the atmosphere, leading to various cloud types and precipitation patterns

Absolute instability
» Environmental lapse rate exceeds the dry adiabatic lapse rate
» Promotes strong vertical motion for both saturated and unsaturated air parcels
+ Associated with vigorous convection and development of cumulonimbus clouds

 Can lead to severe weather events (thunderstorms, tornadoes)

Stability analysis methods

» Techniques used by meteorologists to assess atmospheric stability
» Combine various data sources and theoretical concepts

« Essential for weather forecasting and understanding atmospheric dynamics

Skew-T log-P diagrams
* Graphical tool for analyzing atmospheric soundings and stability
* Plots temperature and dew point profiles on a skewed coordinate system
+ Allows for easy comparison of environmental lapse rates with adiabats

* Provides visual representation of stability layers and potential convection

Buoyancy and parcel theory

» Examines the forces acting on an air parcel as it rises or sinks
» Compares parcel temperature to environmental temperature at each level
* Positive buoyancy indicates instability, negative buoyancy indicates stability

* Helps determine the level of free convection and equilibrium level for convective clouds

Convective available potential energy

* Measure of the amount of energy available for convection
* Calculated as the area between the parcel and environment temperature curves on a Skew-T diagram
» Expressed in joules per kilogram (J/kg)

+ Higher values indicate greater potential for severe convection and thunderstorms
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Factors influencing stability

* Various environmental conditions affect atmospheric stability
» Understanding these factors helps predict stability changes and weather patterns

* Interactions between factors can lead to complex stability scenarios

Moisture content

« Affects the buoyancy of air parcels through changes in density
* Influences the level at which condensation occurs (lifting condensation level)
 Modifies the lapse rate through latent heat release during condensation

+ Higher moisture content generally increases the potential for instability

Solar radiation

* Drives surface heating and influences temperature profiles
* Creates diurnal variations in stability, with increased instability during daytime
« Affects the development of thermal circulations (sea breezes, mountain-valley breezes)

» Seasonal changes in solar radiation impact long-term stability patterns

Surface heating and cooling

* Alters the lower atmospheric temperature profile
 Can create or destroy temperature inversions
* Influences the development of the planetary boundary layer

+ Affects stability through changes in surface fluxes of heat and moisture

Atmospheric stability and weather

« Stability conditions significantly impact weather phenomena
» Understanding stability helps predict various weather events

« Crucial for forecasting severe weather and air quality conditions

Cloud formation

« Stable conditions favor stratiform clouds with horizontal extent
* Unstable conditions promote cumuliform clouds with vertical development
 Conditional instability can lead to a mix of cloud types

+ Cloud base height relates to the lifting condensation level, influenced by stability

Thunderstorm development

» Requires atmospheric instability, moisture, and a lifting mechanism
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» Convective available potential energy (CAPE) indicates thunderstorm potential
« Stability indices (Lifted Index, K-Index) help forecast thunderstorm likelihood

« Severe thunderstorms often develop in environments with strong instability and wind shear

Air pollution dispersion

« Stable conditions trap pollutants near the surface, leading to poor air quality
+ Unstable conditions promote vertical mixing and improved air quality
» Temperature inversions act as lids, preventing vertical dispersion of pollutants

+ Diurnal stability changes affect pollution concentrations in urban areas

Stability in different atmospheric layers

« Stability characteristics vary throughout the atmosphere's vertical structure
» Each layer has unique stability properties influencing weather and climate

» Understanding layer-specific stability helps interpret atmospheric phenomena

Tropospheric stability
» Generally decreases with height due to surface heating and radiative cooling aloft
* Varies significantly based on weather systems and geographical location
* Influences most weather phenomena experienced at the Earth's surface

« Stability variations create distinct layers (boundary layer, free troposphere)

Stratospheric stability

* Characterized by strong stability due to temperature inversion
* Inhibits vertical mixing between troposphere and stratosphere
« Affects the distribution of ozone and other trace gases

« Stability changes can impact stratospheric circulation patterns (Brewer-Dobson circulation)

Mesospheric stability

* Generally unstable due to decreasing temperature with height
* Allows for vertical mixing and transport of atmospheric constituents
* Influences phenomena such as noctilucent clouds and atmospheric gravity waves

« Stability variations affect the coupling between lower and upper atmosphere

Numerical modeling of stability

+ Essential for weather forecasting and climate prediction

* Incorporates complex physics and parameterizations to represent stability
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* Continually evolving to improve accuracy and resolution

Stability parameters in models

* Include various indicators such as CAPE, Lifted Index, and Richardson Number
* Calculated from model-predicted temperature, moisture, and wind profiles
* Used to diagnose atmospheric conditions and predict weather events

* Help identify areas of potential severe weather or air quality issues

Parameterization schemes

» Represent sub-grid scale processes that affect stability
* Include schemes for convection, boundary layer turbulence, and cloud microphysics
* Crucial for accurately simulating stability-related phenomena in coarse-resolution models

* Continually refined based on observational data and theoretical advancements

Model resolution effects

+ Higher resolution models better resolve small-scale stability features
+ Improved representation of topography and surface heterogeneity affects stability predictions
* Finer resolutions allow explicit simulation of convective processes

* Trade-off between resolution and computational resources influences model design

Climate change impacts on stability

* Global warming alters atmospheric temperature and moisture profiles
» Changes in stability patterns affect weather extremes and climate variability

» Understanding these impacts is crucial for climate adaptation and mitigation strategies

Altered temperature profiles

* Warming troposphere and cooling stratosphere modify stability structure
» Changes in polar regions affect stability of air masses and jet stream patterns
« Altered stability gradients impact global circulation patterns

* Modifications to the planetary boundary layer affect local weather and climate

Changes in moisture distribution

* Increased atmospheric moisture content due to higher evaporation rates
« Affects the moist adiabatic lapse rate and conditional instability
» Changes in humidity profiles impact cloud formation and precipitation patterns

« Alterations to the hydrological cycle influence stability on various scales
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Extreme weather events

» Changes in stability patterns affect the frequency and intensity of severe weather
* Increased instability in some regions may lead to more frequent thunderstorms and tornadoes
« Altered stability in tropical regions impacts hurricane development and intensity

» Changes in stability affect heat waves, cold outbreaks, and other extreme events

2.5 Thermodynamic diagrams

Thermodynamic diagrams are essential tools in atmospheric physics, visually representing the vertical
structure of the atmosphere. They allow meteorologists to analyze temperature, pressure, and moisture
profiles, providing crucial insights into atmospheric conditions and weather patterns.

These diagrams come in various types, including Tephigrams, Skew-T diagrams, Emagrams, and Stiive
diagrams. Each type has unique features and applications, helping scientists interpret complex
atmospheric processes and make accurate weather predictions.

Types of thermodynamic diagrams

» Thermodynamic diagrams play a crucial role in atmospheric physics by visually representing the
vertical structure of the atmosphere

» These diagrams allow meteorologists and atmospheric scientists to analyze temperature, pressure,
and moisture profiles in the atmosphere

Tephigram vs Skew-T diagram
» Tephigram displays temperature on the x-axis and entropy on the y-axis
» Skew-T diagram features a skewed temperature axis, making it easier to read temperature values
* Both diagrams use pressure as the vertical coordinate, typically ranging from 1000 hPa to 100 hPa
 Tephigram is more commonly used in Europe, while Skew-T is preferred in North America

Emagram and Stlve diagram

« Emagram plots temperature on the x-axis and pressure on the y-axis with a logarithmic scale

« Stiive diagram uses a linear pressure scale, making it easier to interpret pressure changes

* Emagram provides a clearer representation of temperature inversions

« Stlive diagram simplifies calculations involving the gas law, as pressure changes linearly
Structure of thermodynamic diagrams

» Thermodynamic diagrams incorporate multiple atmospheric variables on a single chart

» These diagrams enable the visualization of complex atmospheric processes and their interactions
Pressure and temperature axes

* Pressure axis typically ranges from 1000 hPa (near surface) to 100 hPa (upper troposphere)
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» Temperature axis usually spans from -80°C to 40°C

* Pressure decreases logarithmically with height, reflecting the exponential decrease in atmospheric
density

» Temperature axis may be skewed in some diagrams (Skew-T) to separate isotherms and make
reading easier

Isobars and isotherms

* Isobars represent lines of constant pressure, typically drawn horizontally
* Isotherms indicate lines of constant temperature, often angled or vertical
* Intersection of isobars and isotherms creates a grid for plotting atmospheric data

» Spacing between isobars decreases with height, reflecting the logarithmic pressure scale

Dry and moist adiabats

* Dry adiabats show the rate of temperature change for unsaturated air parcels as they rise or sink
* Moist adiabats represent the temperature change of saturated air parcels
+ Dry adiabats are steeper than moist adiabats, reflecting the release of latent heat in saturated air

*» These lines help in assessing atmospheric stability and potential for cloud formation

Key parameters on diagrams

» Thermodynamic diagrams incorporate various atmospheric parameters to provide a comprehensive
view of atmospheric conditions

» Understanding these parameters is crucial for accurate weather analysis and forecasting
Mixing ratio lines

* Represent the amount of water vapor in the air per unit mass of dry air

* Typically curved lines on the diagram, intersecting temperature and pressure axes

 Higher mixing ratio values indicate more moisture in the air

* Help in determining relative humidity and dew point temperature at different pressure levels
Potential temperature lines

» Show the temperature an air parcel would have if brought adiabatically to a standard pressure (1000
hPa)

* Appear as straight lines on most thermodynamic diagrams

» Constant potential temperature indicates a neutral atmosphere

+ Used to assess atmospheric stability and identify temperature inversions
Equivalent potential temperature

» Combines the concepts of potential temperature and latent heat release
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* Remains constant for both dry and moist adiabatic processes
* Higher values indicate warmer and more moist air masses

« Useful for identifying air mass boundaries and frontal zones

Reading thermodynamic diagrams

* Interpreting thermodynamic diagrams requires understanding the relationships between various
atmospheric parameters

* Proper analysis of these diagrams provides valuable insights into atmospheric structure and stability

Identifying atmospheric layers

* Troposphere characterized by decreasing temperature with height
* Tropopause identified by an isothermal layer or temperature inversion
« Stratosphere shows increasing temperature with height due to ozone absorption

» Boundary layer often marked by a temperature inversion near the surface

Determining stability conditions

» Compare environmental lapse rate with dry and moist adiabatic lapse rates
» Stable conditions occur when the environmental lapse rate is less than the adiabatic lapse rates
» Unstable conditions exist when the environmental lapse rate exceeds the adiabatic lapse rates

« Conditional instability occurs when the lapse rate falls between dry and moist adiabatic rates

Locating lifting condensation level

* Represents the height at which a rising air parcel becomes saturated
* Found at the intersection of the surface mixing ratio line and the parcel's dry adiabat
* Indicates the base of cumulus clouds in convective situations

* Helps in forecasting cloud base heights and potential for precipitation

Applications in meteorology

» Thermodynamic diagrams serve as essential tools for various meteorological analyses and
forecasting tasks

» These diagrams aid in understanding complex atmospheric processes and predicting weather
phenomena

Forecasting convective activity

* Assess atmospheric instability by comparing environmental and parcel temperature profiles
« Calculate convective available potential energy (CAPE) to determine thunderstorm potential

« Evaluate convective inhibition (CIN) to assess the likelihood of convection initiation
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* Analyze moisture profiles to determine the potential for severe weather development

Analyzing temperature inversions
« Identify layers where temperature increases with height
* Assess the strength and depth of inversions to predict fog formation and air quality issues
+ Evaluate the potential for trapping pollutants in the lower atmosphere

» Determine the impact of inversions on vertical mixing and dispersion of air pollutants

Assessing cloud formation potential

* Locate the lifting condensation level (LCL) to predict cloud base heights
« Evaluate moisture content at different levels to assess the potential for cloud development
* Analyze temperature and dew point profiles to determine cloud types and thickness

* Assess the potential for precipitation by examining the depth of saturated layers

Limitations of thermodynamic diagrams

» While thermodynamic diagrams are powerful tools, they have certain limitations that users must be
aware of

» Understanding these limitations is crucial for accurate interpretation and application of the diagrams

Two-dimensional representation issues

+ Diagrams simplify the three-dimensional atmosphere into a two-dimensional plot
+ Cannot directly represent horizontal variations in temperature, pressure, or moisture
* May not accurately depict complex atmospheric structures (fronts, mesoscale features)

* Requires supplementary data sources to provide a complete picture of atmospheric conditions

Assumptions in diagram construction

 Based on hydrostatic equilibrium, which may not hold in strongly convective situations
* Assumes a standard atmospheric composition, which may vary in reality
* Does not account for variations in gravity or the Earth's curvature

* May not accurately represent extreme conditions (very low pressures, very high altitudes)

Interpretation challenges

* Requires significant training and experience to interpret correctly
+ Subtle features or small-scale processes may be difficult to identify
* Interpolation between data points can lead to misinterpretation of atmospheric structure

« Difficulty in representing rapidly changing atmospheric conditions
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Advanced diagram features

* Modern thermodynamic diagrams incorporate additional features to enhance their utility in
atmospheric analysis

» These advanced features provide more detailed information for specialized applications in
meteorology

CAPE and CIN representation

* CAPE (Convective Available Potential Energy) shown as the area between the parcel and
environmental temperature curves

* CIN (Convective Inhibition) represented as the area where the parcel is cooler than its environment
* Positive CAPE indicates potential for thunderstorm development

* CIN helps assess the strength of the "cap" preventing convection initiation

Wind barbs and hodographs

» Wind barbs display wind speed and direction at different levels
» Hodographs show the vertical profile of horizontal winds
* Aid in analyzing wind shear and potential for severe weather development

* Help in identifying jet streams and other important wind features

Parcel trajectory analysis

« Allows tracking of air parcel movement through the atmosphere

* Helps in understanding processes like orographic lifting and frontal ascent

* Useful for analyzing cloud formation and precipitation processes

* Assists in identifying potential for severe weather development along parcel paths
Computerized thermodynamic diagrams

« Digital technology has revolutionized the use and analysis of thermodynamic diagrams in meteorology

» Computerized diagrams offer enhanced capabilities and integration with other meteorological tools
Software tools for analysis

* Specialized software packages (RAOB, BUFKIT) provide interactive thermodynamic diagram analysis

* Allow for quick plotting and manipulation of atmospheric sounding data

* Incorporate automated calculations of stability indices and other derived parameters

* Enable easy comparison of multiple soundings or model forecasts

Advantages of digital diagrams

» Zoom and pan capabilities for detailed examination of specific layers
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* Dynamic updating of diagrams with real-time data or model output
« Customizable display options to highlight specific features or parameters

+ Ability to overlay multiple data sources or time periods for comparison

Integration with weather models

» Seamless incorporation of numerical weather prediction model output
* Allows for easy comparison between observed and forecast soundings
« Facilitates ensemble forecast analysis by displaying multiple model runs

» Enables creation of time-height cross-sections for analyzing atmospheric evolution

2.6 Moist processes

Moist processes in the atmosphere are crucial for understanding weather patterns and climate dynamics.
They involve the behavior of water in its various forms, from vapor to liquid to ice, and the energy transfers
associated with phase changes.

These processes influence atmospheric stability, cloud formation, and precipitation. They play a key role in
global energy balance, affecting everything from local weather events to large-scale climate systems.
Understanding moist processes is essential for accurate weather forecasting and climate modeling.

Fundamentals of moist processes

* Moist processes play a crucial role in atmospheric physics by influencing weather patterns, climate
dynamics, and energy transfer

» Understanding water's behavior in the atmosphere forms the foundation for analyzing complex
meteorological phenomena and climate systems

Water in the atmosphere

» Atmospheric water exists in three phases gaseous (water vapor), liquid (cloud droplets and rain), and
solid (ice crystals and snow)

» Water vapor concentration varies greatly with altitude and latitude typically decreasing with height and
distance from the equator

» Atmospheric water content measured in grams of water per kilogram of air ranges from near zero in
extremely cold or dry conditions to about 40 g/kg in warm, humid tropical environments

* Global water cycle involves continuous exchange between atmosphere, hydrosphere, and biosphere
through processes like evaporation, transpiration, and precipitation

Phase changes of water

 Phase transitions of water in the atmosphere include evaporation, condensation, freezing, melting,
sublimation, and deposition

» Each phase change associated with specific energy transfer either absorbing or releasing heat

» Evaporation requires energy input to break molecular bonds converting liquid water to water vapor
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» Condensation releases energy as water vapor molecules coalesce into liquid droplets forming clouds
and fog

Latent heat release

« Latent heat defined as energy absorbed or released during phase changes without changing
temperature

* Plays a significant role in atmospheric energy transfer and weather system development

» Condensation of water vapor in rising air parcels releases latent heat fueling convection and storm
intensification

* Latent heat release in tropical cyclones provides energy for storm maintenance and intensification

+ Quantified using specific latent heat values (condensation: 2257 kJ/kg, vaporization: -2257 kJ/kg,
fusion: 334 kJ/kg)

Humidity measurements

* Humidity quantifies the amount of water vapor in the air crucial for understanding atmospheric
moisture content and potential for precipitation

* Various humidity measurements provide different perspectives on atmospheric moisture aiding in
weather forecasting and climate analysis

Relative vs specific humidity

+ Relative humidity (RH) expresses the amount of water vapor in the air as a percentage of the
maximum amount possible at a given temperature

* RH varies with temperature even if the actual amount of water vapor remains constant

* Specific humidity measures the mass of water vapor per unit mass of moist air remains constant with
temperature changes

« Specific humidity typically expressed in grams of water vapor per kilogram of moist air (g/kg)

 Conversion between relative and specific humidity requires knowledge of temperature and pressure

Dewpoint temperature

» Dewpoint temperature indicates the temperature at which air becomes saturated (100% relative
humidity) when cooled at constant pressure

* Serves as a measure of absolute moisture content in the air
* Higher dewpoint temperatures indicate more moisture in the air

» Dewpoint depression difference between air temperature and dewpoint temperature indicates how
close the air is to saturation

» Used in weather forecasting to predict likelihood of fog, dew formation, and potential for precipitation
Mixing ratio

+ Mixing ratio defines the mass of water vapor per unit mass of dry air typically expressed in grams per
kilogram (g/kg)
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* Remains constant during temperature or pressure changes as long as no condensation or evaporation
occurs

* Related to specific humidity but uses dry air mass instead of total moist air mass as the reference
* Useful in meteorological calculations and atmospheric modeling

« Saturation mixing ratio maximum amount of water vapor that can be held in air at a given temperature
and pressure

Cloud formation

+ Cloud formation processes fundamental to understanding weather systems, precipitation, and climate
dynamics

* Clouds play a crucial role in Earth's energy balance by reflecting incoming solar radiation and trapping
outgoing longwave radiation

Condensation nuclei

* Microscopic particles in the atmosphere serve as surfaces for water vapor condensation
* Include dust, sea salt, smoke particles, and various aerosols
» Hygroscopic nuclei (salt particles) particularly effective at attracting water vapor

» Concentration and composition of condensation nuclei influence cloud droplet size distribution and
cloud optical properties

 Anthropogenic aerosols can modify cloud properties potentially impacting climate (aerosol indirect
effect)

Adiabatic cooling processes

« Adiabatic cooling occurs when an air parcel expands and cools without exchanging heat with its
surroundings

* Primary mechanism for cloud formation in the atmosphere
* Dry adiabatic lapse rate approximately 9.8°C per kilometer of ascent
* Moist adiabatic lapse rate varies with temperature and pressure typically around 6-7°C per kilometer

* Orographic lifting, frontal lifting, and convection cause air parcels to rise and cool adiabatically

Cloud types and classification

* Clouds classified based on appearance, altitude, and formation process

* Low-level clouds (stratus, stratocumulus, nimbostratus) form below 2 km

 Mid-level clouds (altostratus, altocumulus) form between 2-7 km

* High-level clouds (cirrus, cirrostratus, cirrocumulus) form above 7 km

* Vertical development clouds (cumulus, cumulonimbus) extend through multiple levels

» World Meteorological Organization's International Cloud Atlas provides standardized classification
system
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* Cloud types indicate atmospheric stability, moisture content, and potential for precipitation

Precipitation processes

* Precipitation formation involves complex microphysical processes within clouds

» Understanding these mechanisms crucial for accurate weather forecasting and climate modeling

Collision-coalescence mechanism

* Primary process for raindrop formation in warm clouds (temperatures above freezing)
* Involves collision and merging of cloud droplets to form larger raindrops

* Requires a spectrum of droplet sizes for efficient growth

* Dominant in tropical and maritime environments with abundant moisture

* Produces rainfall with relatively large drop sizes and moderate intensities

Ice crystal process

* Occurs in cold clouds where temperatures are below freezing

* Involves formation and growth of ice crystals through deposition of water vapor

* Ice crystals grow more rapidly than liquid droplets due to lower saturation vapor pressure over ice
* Bergeron process describes growth of ice crystals at the expense of supercooled water droplets

* Produces snowflakes and other forms of frozen precipitation

Bergeron-Findeisen process

» Key mechanism for precipitation formation in mixed-phase clouds

* Occurs when supercooled water droplets and ice crystals coexist

* Ice crystals grow rapidly by vapor deposition due to difference in saturation vapor pressure
 Supercooled droplets evaporate providing additional water vapor for ice crystal growth

* Process continues until ice crystals become heavy enough to fall as precipitation

« Efficient in producing precipitation from relatively thin cloud layers
Atmospheric stability

» Atmospheric stability determines the potential for vertical motion and cloud development

* Crucial for understanding and predicting severe weather events and convective processes
Dry vs moist adiabatic lapse rates

* Dry adiabatic lapse rate (DALR) describes temperature change of unsaturated air as it rises or
descends

* DALR approximately 9.8°C per kilometer independent of temperature and humidity

+ Moist adiabatic lapse rate (MALR) applies to saturated air parcels
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* MALR varies with temperature and pressure typically 6-7°C per kilometer
* MALR always less than DALR due to latent heat release during condensation

» Comparison of environmental lapse rate with DALR and MALR determines atmospheric stability

Convective available potential energy

* Convective Available Potential Energy (CAPE) measures the amount of energy available for
convection

+ Calculated as the area on a thermodynamic diagram between the environmental temperature profile
and the path of a rising air parcel

+ Higher CAPE values indicate greater potential for strong updrafts and severe thunderstorms
* Typically expressed in joules per kilogram (J/kg)

» CAPE values:

* 0-1000 J/kg: weak instability

» 1000-2500 J/kg: moderate instability

+ 2500 J/kg: strong instability

Lifted index and K-index

« Lifted Index (LI) measures the temperature difference between a lifted air parcel and the
environmental temperature at 500 hPa

» Negative LI values indicate instability with more negative values suggesting greater instability
* LI values:

+ 0 to -2: slightly unstable

» -2 to -6: moderately unstable

* < -B: very unstable

» K-index combines temperature and dewpoint information to assess thunderstorm potential
+ K-index calculated as: K = (T850 - T500) + Td850 - (T700 - Td700)

+ Higher K-index values indicate greater potential for thunderstorm development

* K-index values:

+ <20: minimal thunderstorm potential

* 20-25: isolated thunderstorms

* 26-30: scattered thunderstorms

» 30: numerous thunderstorms

Moist thermodynamics

* Moist thermodynamics describes the behavior of atmospheric systems containing water vapor
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« Essential for understanding energy transformations and stability in the atmosphere

Clausius-Clapeyron equation

» Describes the relationship between saturation vapor pressure and temperature

. din(es) _ Ly
* Mathematically expressed as: —ar  — g 72

* es: saturation vapor pressure, T: temperature, Lv: latent heat of vaporization, Rv: gas constant for
water vapor

+ Implies approximately 7% increase in saturation vapor pressure per 1°C temperature rise

* Crucial for understanding atmospheric water vapor content and its response to warming

Equivalent potential temperature

 Conserved quantity in moist adiabatic processes

* Represents the potential temperature an air parcel would have if all its moisture were condensed and
the latent heat released used to warm the parcel

« Calculated by lifting an air parcel to its lifting condensation level, then following a moist adiabat to a
reference pressure

+ Useful for identifying air mass characteristics and analyzing atmospheric stability

* Remains constant during phase changes of water allowing tracking of air parcels through complex
atmospheric processes

Moist static energy

» Combines sensible heat, latent heat, and gravitational potential energy of an air parcel
* Expressed as: MSE = cpT + Lvq + gz

« cp: specific heat at constant pressure, T: temperature, Lv: latent heat of vaporization, q: specific
humidity, g: gravitational acceleration, z: height

» Conserved quantity in moist adiabatic processes

« Useful for analyzing energy transport in the atmosphere and understanding tropical circulation
patterns

» Changes in MSE components indicate energy transformations (sensible to latent heat conversion
during evaporation)

Clouds and radiation

* Clouds significantly influence Earth's radiation budget and climate system

* Understanding cloud-radiation interactions crucial for climate modeling and prediction

Cloud albedo effect

+ Clouds reflect a portion of incoming solar radiation back to space increasing Earth's albedo

* Cloud albedo varies with cloud type, thickness, and droplet size distribution
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* Low, thick clouds (stratus) generally have higher albedo than high, thin clouds (cirrus)
* Global cloud albedo effect estimated to cool Earth by approximately 50 W/m?

* Aerosol-cloud interactions can modify cloud albedo potentially impacting climate (first indirect effect or
Twomey effect)

Greenhouse effect of water vapor

» Water vapor most abundant and important greenhouse gas in Earth's atmosphere
» Absorbs and re-emits longwave radiation contributing to atmospheric warming
» Water vapor feedback amplifies warming caused by other greenhouse gases

» Atmospheric water vapor content increases with temperature following Clausius-Clapeyron
relationship

» Complex interactions between water vapor, clouds, and radiation create challenges for climate
modeling

Cloud feedback mechanisms

* Clouds can both warm and cool the Earth's surface depending on their properties and altitude
* Low clouds primarily cool by reflecting solar radiation
« High clouds primarily warm by trapping outgoing longwave radiation

+ Cloud feedback in climate change scenarios remains a major source of uncertainty in climate
projections

* Potential positive feedbacks:
* Reduction in low cloud cover in a warming climate
* Rising of cloud tops increasing their greenhouse effect

* Negative feedbacks may include increased low cloud formation in some regions

Moist convection

+ Moist convection drives many atmospheric phenomena from local thunderstorms to global circulation
patterns

» Understanding moist convective processes crucial for weather forecasting and climate modeling

Cumulus convection

+ Characterized by rising air parcels that form puffy, cotton-like clouds

* Driven by surface heating and atmospheric instability

« Stages of cumulus development:

* Cumulus humilis: fair weather cumulus with limited vertical development
» Cumulus mediocris: moderate vertical development

» Cumulus congestus: strong vertical development, may produce showers
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» Cumulus convection important for vertical mixing and heat transport in the atmosphere

* Plays a role in boundary layer dynamics and local weather patterns

Mesoscale convective systems

* Large, organized complexes of thunderstorms

* Typically span 100+ km horizontally and persist for several hours

* Types include squall lines, mesoscale convective complexes (MCCs), and tropical disturbances
 Characterized by strong updrafts, downdrafts, and often produce severe weather

+ Important for redistributing heat and moisture in the atmosphere

« Contribute significantly to precipitation in many regions especially in tropics and mid-latitudes

Tropical cyclone development

* Intense low-pressure systems that form over warm tropical oceans
* Require specific conditions for development:
» Sea surface temperatures above ~26°C

» Weak vertical wind shear

* Pre-existing disturbance or vorticity

« Sufficient Coriolis force (typically >5° latitude)
* Development stages:

* Tropical disturbance

* Tropical depression

* Tropical storm

* Hurricane or typhoon (depending on location)

* Intensification driven by positive feedback between surface winds, evaporation, and latent heat
release

« Structure includes eye, eyewall, and spiral rainbands
» Major source of extreme weather events in tropical and subtropical regions
Atmospheric moisture transport
* Movement of water vapor through the atmosphere crucial for global water cycle and weather patterns
» Understanding moisture transport essential for predicting precipitation and drought conditions
Advection of water vapor

* Horizontal movement of water vapor by winds

* Influenced by large-scale atmospheric circulation patterns (trade winds, jet streams)
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 Can lead to rapid changes in local humidity and precipitation potential
* Important for moisture transport from oceans to continents
+ Quantified using specific humidity and wind velocity: (3 =qv

» Q: moisture flux, q: specific humidity, v: wind velocity

Atmospheric rivers

» Narrow, elongated regions of enhanced water vapor transport in the lower troposphere
* Typically 400-600 km wide and thousands of kilometers long

« Can transport water vapor equivalent to 7-15 times the average flow of the Mississippi River at its
mouth

« Often associated with extratropical cyclones and their warm sectors
» Responsible for extreme precipitation events especially when interacting with topography

* Important for water resources in many coastal regions (western North America, western Europe)

Moisture convergence and divergence

* Moisture convergence occurs when more water vapor flows into a region than out of it
« Often associated with rising motion and potential for cloud formation and precipitation
* Moisture divergence indicates net outflow of water vapor from a region

* Typically associated with subsidence and drier conditions

» Convergence and divergence patterns influenced by large-scale circulation features (ITCZ, storm
systems)

« Quantified using the divergence of moisture flux: V - (qv)

* Positive values indicate divergence, negative values indicate convergence

Moist processes in climate

* Moist processes play a fundamental role in shaping Earth's climate system

» Understanding these processes crucial for climate modeling and predicting future climate changes

Hydrological cycle

* Describes the continuous movement of water within Earth and atmosphere
* Major components:

+ Evaporation from oceans, lakes, and land surfaces

+ Transpiration from vegetation

» Atmospheric transport of water vapor

» Condensation and cloud formation

* Precipitation (rain, snow, hail)
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* Runoff and groundwater flow
* Driven by solar energy and gravity
* Influences climate through latent heat transfer and precipitation patterns

* Responds to and influences climate change (intensification of water cycle with warming)

Cloud-climate feedbacks

* Clouds both respond to and influence climate change creating complex feedback mechanisms

* Low cloud amount feedback:

* Decrease in low cloud cover with warming could amplify warming (positive feedback)

* Uncertainty remains in magnitude and sign of this feedback

* Cloud phase feedback:

* Transition from ice to liquid clouds with warming could increase cloud albedo (negative feedback)
» Cloud altitude feedback:

* Rising cloud tops with warming could enhance greenhouse effect (positive feedback)

* Represents a major source of uncertainty in climate projections

Precipitation patterns and trends

* Global precipitation patterns influenced by atmospheric circulation, topography, and moisture
availability

* General trends in a warming climate:

« Intensification of existing precipitation patterns ("wet get wetter, dry get drier")

« Shift of storm tracks poleward

* Increase in extreme precipitation events

* Regional variations significant influenced by changes in circulation patterns

+ Challenges in predicting local-scale precipitation changes due to model resolution limitations
» Impacts on water resources, agriculture, and natural ecosystems

* Monitoring and understanding precipitation trends crucial for climate adaptation strategies
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Unit 3 — Atmospheric Radiation & Energy
Balance

3.1 Electromagnetic spectrum

The electromagnetic spectrum is the foundation of many atmospheric phenomena and processes. It
encompasses all types of electromagnetic radiation, from long-wavelength radio waves to high-energy
gamma rays. Understanding these different forms of radiation is crucial for studying energy transfer,
atmospheric heating, and remote sensing in Atmospheric Physics.

Each part of the spectrum interacts uniquely with the atmosphere, influencing weather, climate, and
atmospheric composition. From visible light driving photosynthesis to infrared radiation's role in the
greenhouse effect, the electromagnetic spectrum shapes our planet's environment and climate system in
fundamental ways.

Electromagnetic radiation fundamentals

* Electromagnetic radiation forms the basis for many atmospheric phenomena and processes in
Atmospheric Physics

» Understanding electromagnetic radiation helps explain energy transfer, atmospheric heating, and
remote sensing techniques used in atmospheric studies

Properties of electromagnetic waves

« Consist of oscillating electric and magnetic fields perpendicular to each other and the direction of
propagation

» Characterized by wavelength, frequency, amplitude, and phase
* Travel at the speed of light in a vacuum

« Exhibit wave properties such as reflection, refraction, diffraction, and interference

Wave-particle duality
* Electromagnetic radiation behaves as both waves and particles (photons)
» Wave nature explains phenomena like diffraction and interference
« Particle nature accounts for interactions with matter, such as the photoelectric effect

» Quantum mechanics reconciles these seemingly contradictory behaviors

Speed of light
« Constant in vacuum, approximately 3x10% m/s
+ Slows down when passing through different media (air, water, glass)
* Refractive index of a medium determines the speed reduction

» Fundamental constant in physics, denoted by 'c' in equations
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Components of electromagnetic spectrum

* Electromagnetic spectrum encompasses all types of electromagnetic radiation

+ Crucial for understanding atmospheric processes, remote sensing, and energy balance in
Atmospheric Physics

Radio waves

* Longest wavelengths in the electromagnetic spectrum (millimeters to kilometers)
» Used in communication technologies (radio, television, cellular networks)
* Interact with the ionosphere, allowing long-distance communication

» Some astronomical objects emit radio waves, studied in radio astronomy

Microwaves
» Wavelengths ranging from about 1 mm to 30 cm
* Used in microwave ovens, radar systems, and satellite communications
* Interact with water molecules, important for atmospheric moisture sensing

» Cosmic Microwave Background radiation provides evidence for the Big Bang theory

Infrared radiation

* Wavelengths between visible light and microwaves (750 nm to 1 mm)
« Emitted by objects at room temperature and above
* Plays a crucial role in Earth's energy balance and greenhouse effect

* Used in thermal imaging and night vision technologies
Visible light
* Narrow band of wavelengths detectable by human eyes (380-700 nm)
» Comprises the colors of the rainbow (red, orange, yellow, green, blue, indigo, violet)
* Primary source is the Sun, essential for photosynthesis and Earth's energy balance

* Scattering of visible light causes the blue color of the sky and red sunsets

Ultraviolet radiation

» Wavelengths shorter than visible light but longer than X-rays (10-380 nm)
* Divided into UVA, UVB, and UVC based on wavelength and effects
+ Causes sunburns and skin damage, but also helps produce vitamin D

» Ozone layer in the stratosphere absorbs most harmful UV radiation
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X-rays
* Wavelengths ranging from 0.01 to 10 nanometers
* Penetrate soft tissues but absorbed by bones, used in medical imaging
» Emitted by high-energy astronomical objects (neutron stars, black holes)

* Blocked by Earth's atmosphere, requiring space-based telescopes for observation

Gamma rays

 Shortest wavelengths and highest energy in the electromagnetic spectrum
* Produced by radioactive decay and high-energy cosmic events
» Extremely ionizing and dangerous to living organisms

« Studied in high-energy astrophysics and used in some medical treatments

Wavelength and frequency relationships

» Understanding wavelength-frequency relationships is crucial for interpreting spectral data in
Atmospheric Physics

* These relationships help explain energy transfer and absorption processes in the atmosphere

Inverse proportionality

» Wavelength and frequency are inversely proportional

* Relationship described by the equation: ¢ = Af, where c is the speed of light, A is wavelength, and f is
frequency

» As wavelength increases, frequency decreases, and vice versa

« This relationship applies to all types of electromagnetic radiation

Energy of photons
 Energy of a photon directly proportional to its frequency
- Described by the equation: E = hf, where E is energy, h is Planck's constant, and f is frequency
* Higher frequency (shorter wavelength) radiation carries more energy per photon

+ Explains why gamma rays are more energetic and potentially harmful than radio waves

Planck's constant

» Fundamental physical constant denoted by 'h'
+ Value approximately 6.626x 10~3% joule-seconds
* Relates the energy of a photon to its frequency

» Key concept in quantum mechanics and understanding atomic-scale phenomena
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Atmospheric interactions

* Electromagnetic radiation interacts with the atmosphere in various ways

* These interactions are fundamental to understanding atmospheric processes and remote sensing
techniques in Atmospheric Physics

Absorption vs transmission

* Absorption occurs when radiation energy is taken up by atmospheric constituents
* Transmission allows radiation to pass through the atmosphere without interaction
« Different gases absorb radiation at specific wavelengths (absorption bands)

» Atmospheric windows allow certain wavelengths to pass through with minimal absorption

Scattering mechanisms

* Rayleigh scattering affects shorter wavelengths (causes blue sky)
+ Mie scattering occurs when particle size is comparable to wavelength (affects clouds, haze)

» Non-selective scattering happens when particles are much larger than wavelengths (causes white
clouds)

+ Multiple scattering complicates radiative transfer calculations in the atmosphere
Atmospheric windows

» Regions of the electromagnetic spectrum where atmosphere is relatively transparent
* Allow remote sensing of Earth's surface and lower atmosphere
* Important windows in visible, near-infrared, and microwave regions

* Crucial for satellite-based Earth observation and weather monitoring

Spectral regions in atmospheric physics

« Different spectral regions play unique roles in atmospheric processes

» Understanding these regions is essential for studying energy balance, remote sensing, and climate
change in Atmospheric Physics

Solar radiation spectrum
* Peaks in the visible light region, resembling a blackbody at about 5800 K
* Includes significant ultraviolet and infrared components
* Drives Earth's weather and climate systems
» Atmospheric gases selectively absorb certain wavelengths, creating absorption lines in the spectrum

Terrestrial radiation spectrum

« Earth emits radiation primarily in the infrared region
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* Peaks around 10 micrometers wavelength
» Shaped by Earth's average surface temperature (approximately 288 K)

» Greenhouse gases absorb and re-emit this radiation, contributing to the greenhouse effect

Atmospheric emission spectrum

* Combination of transmitted solar radiation, reflected solar radiation, and emitted terrestrial radiation
» Shows characteristic absorption and emission lines of atmospheric gases
* Used to study atmospheric composition and temperature profiles

* Varies with altitude, latitude, and atmospheric conditions

Measurement techniques

* Various techniques are used to measure and analyze electromagnetic radiation in the atmosphere

» These methods are crucial for data collection and analysis in Atmospheric Physics research

Spectroscopy basics

« Study of interaction between matter and electromagnetic radiation
+ Analyzes absorption, emission, and scattering of radiation by atoms and molecules
* Provides information about atmospheric composition and physical conditions

* Techniques include absorption spectroscopy, emission spectroscopy, and Raman spectroscopy

Remote sensing applications

+ Uses electromagnetic radiation to gather information about the atmosphere from a distance

* Includes passive sensors (detect natural radiation) and active sensors (emit and detect reflected
radiation)

* Applications in weather forecasting, climate monitoring, and atmospheric chemistry studies

» Enables global coverage and continuous monitoring of atmospheric parameters

Ground-based vs satellite observations

» Ground-based instruments provide high temporal resolution and long-term records
* Include weather stations, radiosondes, radar systems, and lidar
« Satellite observations offer global coverage and uniform data quality

« Satellite instruments include radiometers, spectrometers, and radar/lidar systems

Electromagnetic spectrum in climate

* The electromagnetic spectrum plays a crucial role in Earth's climate system

» Understanding these processes is fundamental to climate science and modeling in Atmospheric
Physics
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Greenhouse effect mechanism

* Greenhouse gases absorb and re-emit infrared radiation from Earth's surface
* Traps heat in the lower atmosphere, warming the planet
» Key greenhouse gases include water vapor, carbon dioxide, methane, and ozone

* Natural greenhouse effect makes Earth habitable; enhanced effect leads to global warming

Radiative forcing concept

* Measures the change in Earth's energy balance due to a climate change driver
* Positive forcing leads to warming, negative forcing to cooling
» Expressed in watts per square meter (W/m?)

* Important for assessing impact of greenhouse gases, aerosols, and land-use changes

Albedo and surface reflectivity

» Albedo measures the proportion of incident light or radiation reflected by a surface
« Varies for different surfaces (snow, ice, vegetation, water, urban areas)
* Affects Earth's energy balance and local climate conditions

» Changes in albedo (due to land-use changes or melting ice) can amplify climate change

Atmospheric optics phenomena

» Atmospheric optics studies the interaction of light with the atmosphere

» These phenomena demonstrate various principles of electromagnetic radiation in Atmospheric
Physics

Rainbows and halos
» Rainbows form when sunlight is refracted, reflected, and dispersed by water droplets
+ Halos appear around the Sun or Moon due to ice crystals in high-altitude clouds

* Both phenomena demonstrate dispersion of light and depend on the observer's position

* Provide information about atmospheric conditions and particle sizes

Mirages and refraction

» Mirages occur due to temperature-induced changes in air density
+ Refraction bends light rays as they pass through layers of air with different densities
« Inferior mirages (hot road surface) and superior mirages (cold air over warm surface)

» Atmospheric refraction affects astronomical observations and radio wave propagation
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Polarization effects

* Sunlight becomes partially polarized when scattered by air molecules and aerosols
« Polarization patterns in the sky provide information about aerosol properties
» Used in remote sensing to improve contrast and reduce glare

* Polarized sunglasses exploit this effect to reduce glare from reflective surfaces

Electromagnetic spectrum hazards

* Certain parts of the electromagnetic spectrum can pose risks to human health and technology

» Understanding these hazards is important for safety considerations in Atmospheric Physics research
and applications

UV radiation risks

» Overexposure can cause skin damage, premature aging, and increased risk of skin cancer
» UVA penetrates deeper into the skin, while UVB causes more surface damage
» Ozone depletion increases UV radiation reaching Earth's surface

* Proper protection (sunscreen, protective clothing) necessary for outdoor activities

lonizing radiation dangers

+ High-energy radiation (X-rays, gamma rays) can ionize atoms and molecules
» Can damage DNA and cellular structures, leading to radiation sickness or cancer
* Sources include cosmic rays, solar radiation, and human-made sources

+ Shielding and exposure limits crucial for protection, especially in high-altitude or space environments

Electromagnetic shielding

» Techniques to block or attenuate electromagnetic radiation
* Important for protecting sensitive equipment and living organisms
* Methods include Faraday cages, conductive coatings, and specialized materials

* Crucial for spacecraft, electronic devices, and some scientific instruments

Applications in atmospheric science

* The electromagnetic spectrum is fundamental to many applications in Atmospheric Physics

* These applications demonstrate the practical importance of understanding electromagnetic radiation
in atmospheric studies

Weather forecasting

« Satellite observations across multiple spectral bands provide data on cloud cover, water vapor, and
temperature profiles
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» Radar systems use microwaves to detect precipitation and severe weather
* Radiometers measure atmospheric emission to determine temperature and humidity

* Improved understanding of radiative processes enhances numerical weather prediction models

Climate monitoring

* Long-term satellite observations track changes in Earth's energy balance
 Spectral analysis of greenhouse gases helps monitor their concentrations
* Sea surface temperature measurements use infrared and microwave radiation

* UV monitoring assesses ozone layer health and potential health risks

Atmospheric composition analysis

* Spectroscopy techniques identify and quantify atmospheric gases
* LIDAR (Light Detection and Ranging) uses laser pulses to measure aerosols and trace gases
* Fourier Transform Infrared (FTIR) spectroscopy analyzes atmospheric pollutants

+ Solar occultation measurements study stratospheric composition from satellites

3.2 Blackbody radiation

Blackbody radiation is a cornerstone of atmospheric physics, explaining how objects absorb and emit
electromagnetic energy. It's crucial for understanding Earth's energy balance, atmospheric temperature
profiles, and the greenhouse effect.

This topic covers the laws governing blackbody behavior, including Planck's law, the Stefan-Boltzmann
law, and Wien's displacement law. It also explores how real atmospheric components deviate from ideal
blackbodies and the measurement techniques used to study radiation in the atmosphere.

Fundamentals of blackbody radiation

All objects emit electromagnetic radiation based on their temperature. A blackbody is a theoretical object
that perfectly absorbs every wavelength of incoming radiation and re-emits energy in a predictable pattern
determined only by its temperature. No real object behaves this way exactly, but the concept gives us an
idealized reference point that makes radiative transfer calculations in atmospheric models far more
tractable.

Definition and concept

A blackbody absorbs all incident radiation regardless of wavelength, reflecting nothing. It then emits
radiation with a spectrum and intensity that depend solely on its absolute temperature. Because the
emission depends on temperature alone, blackbody theory lets you connect an object's temperature
directly to the radiation it produces.

This simplification is powerful. Rather than tracking every surface property of the Earth, atmosphere, and
Sun, you can start from blackbody predictions and then correct for real-world deviations.

Ideal blackbody characteristics

An ideal blackbody has several defining properties:
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* Perfect absorption at all wavelengths (absorptivity = 1)
+ Continuous emission spectrum with no gaps or lines
* Isotropic emission, meaning it radiates equally in all directions

» Emission described exactly by Planck's law (spectral distribution), the Stefan-Boltzmann law (total
power), and Wien's displacement law (peak wavelength)

Kirchhoff's law of thermal radiation

Kirchhoff's law states that for any material in thermal equilibrium, its emissivity equals its absorptivity at
every wavelength:

Ex=Qp

This means good absorbers are also good emitters at the same wavelength. The law is essential for
understanding greenhouse gases: CO2 and H20 absorb strongly at specific infrared wavelengths, and

Kirchhoff's law tells you they also emit strongly at those same wavelengths. This principle also underpins
remote sensing, since you can infer atmospheric composition from emission spectra.

Planck's law

Planck's law describes the spectral radiance (radiation intensity per unit wavelength) emitted by a
blackbody at a given temperature. It's the most fundamental of the blackbody radiation laws because the
Stefan-Boltzmann and Wien laws can both be derived from it.

Derivation and formula

Planck derived this law by proposing that electromagnetic energy is emitted in discrete packets (quanta)
rather than continuously. This was a radical departure from classical physics and marked the birth of
quantum theory.

The formula is:

—2hc?. _ 1
BA(T)_ A° ers -1

where:
+ BA(T) = spectral radiance (W-m=2-sr™"-m™")
« h = Planck's constant (6.626 x 10734 J-s)
« C = speed of light (3.0 x 108 m/s)
+ A = wavelength
« k = Boltzmann constant (1.381 x 10723 J/K)

« T = absolute temperature (K)

Spectral radiance distribution

When you plot BA(T) against wavelength, you get a smooth, asymmetric curve. Intensity rises steeply on
the short-wavelength side, reaches a peak, and then falls off more gradually at longer wavelengths. At long
wavelengths the curve approaches the classical Rayleigh-Jeans approximation, which works well in that
limit but diverges catastrophically at short wavelengths.
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For atmospheric applications, the key region is the infrared (roughly 4-100 pm), where the Earth and its
atmosphere emit most of their radiation.

Temperature dependence

Two things happen as temperature increases:
* The peak shifts to shorter wavelengths (described quantitatively by Wien's law)
» The total emitted energy increases dramatically (as T4, per Stefan-Boltzmann)

This is why hotter objects appear bluer and cooler objects redder. For the atmosphere, this temperature
dependence is what allows satellites to infer the temperature of different atmospheric layers from their
emission spectra. A layer emitting at a shorter peak wavelength is warmer than one emitting at a longer
peak wavelength.

Stefan-Boltzmann law

The Stefan-Boltzmann law gives you the total power per unit area radiated by a blackbody across all
wavelengths. It collapses the full Planck spectrum into a single, easy-to-use equation.

Relationship to Planck's law

You obtain the Stefan-Boltzmann law by integrating Planck’s function over all wavelengths (0 to «) and
over the full hemisphere of emission:

jr=0oT*

where:
«j" = total radiant emittance (W/m?)
« 0 = Stefan-Boltzmann constant (5.67 x 10~ W-m=K-4)
« T = absolute temperature (K)

The fourth-power dependence is what makes this law so consequential: a modest temperature increase
produces a large increase in emitted radiation. For example, raising a surface from 250 K to 260 K (a 4%
increase in temperature) boosts emitted power by about 17%.

Total radiant emittance

Total radiant emittance represents the power emitted per unit area, measured in W/m2. For Earth's surface
at roughly 288 K, the Stefan-Boltzmann law gives approximately 390 W/m?2. For the Sun at about 5800 K, it
gives roughly 6.3 x 107 W/m2. The enormous difference illustrates how sensitive emission is to
temperature.

Applications in atmospheric physics

« Earth's effective temperature: Setting absorbed solar radiation equal to emitted terrestrial radiation
and solving for T gives Earth's effective emission temperature of about 255 K (-18°C), roughly 33°C
colder than the observed surface average of 288 K. That 33 K difference is the natural greenhouse
effect.

 Radiative cooling rates: Calculating how quickly different atmospheric layers lose energy by emission.
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* Top-of-atmosphere energy balance: Comparing incoming shortwave flux with outgoing longwave flux
to detect energy imbalances that drive climate change.

» Greenhouse gas radiative forcing: Quantifying how additional absorbing gases alter the outgoing
radiation.

Wien's displacement law

Wien's displacement law tells you the wavelength at which a blackbody's emission spectrum peaks. It's a
direct consequence of Planck's law and provides a quick way to connect temperature to spectral
characteristics.

Peak wavelength calculation

Amax =2

where:
+ Amax = wavelength of peak emission
« b = Wien's displacement constant (2.898 x 1073 m-K)
« T = absolute temperature (K)

The relationship is inverse: double the temperature and the peak wavelength is halved.

Temperature vs wavelength relationship

Because hotter objects peak at shorter wavelengths, you can estimate an object's temperature from its
emission spectrum. In the atmosphere, different layers emit at different peak wavelengths corresponding to
their temperatures. The stratosphere, which can be cooler than the upper troposphere in certain regions,
emits at longer peak wavelengths. Satellite instruments exploit this to build vertical temperature profiles of
the atmosphere.

Solar and terrestrial radiation comparison

This is one of the most important applications of Wien's law in atmospheric physics:

Property Sun Earth
Temperature ~5800 K ~288 K

Peak wavelength ~0.5 pm (visible) ~10 pm (infrared)
Dominant spectrum Visible / near-UV Thermal infrared

The Sun's peak in the visible range and Earth's peak in the infrared are separated by a factor of about 20 in
wavelength. This spectral separation is why the greenhouse effect works: the atmosphere is largely
transparent to incoming solar (shortwave) radiation but absorbs outgoing terrestrial (longwave) radiation
through greenhouse gases. The atmospheric window (8—-12 pym) is the main spectral region where infrared
radiation can escape directly to space without being absorbed.

Blackbody radiation in the atmosphere

The atmosphere is not a single blackbody but a complex stack of layers, each absorbing and emitting at
specific wavelengths. Blackbody theory provides the baseline against which you measure these real
behaviors.
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Earth as a blackbody

Earth's surface approximates a blackbody reasonably well in the infrared, with emissivities typically
between 0.9 and 1.0 for most natural surfaces. However, emissivity varies: oceans have emissivity near
0.96, while dry sandy deserts can drop to around 0.90. These variations affect local radiative balance.

The concept of brightness temperature is used to describe what temperature a perfect blackbody would
need to produce the observed radiance at a given wavelength. Brightness temperature measured from
space is generally lower than the actual surface temperature because the atmosphere absorbs some
upwelling radiation and re-emits it from cooler, higher altitudes.

Greenhouse effect basics

The greenhouse effect follows directly from the interaction between blackbody emission and selective
atmospheric absorption:

1. The Sun heats Earth's surface with shortwave radiation (mostly visible).
2. Earth's surface emits longwave (infrared) radiation upward.
3. Greenhouse gases (CO2, H,O, CHa, N;O, O3) absorb much of this infrared radiation.

4. These gases re-emit infrared radiation both upward (to space) and downward (back toward the
surface).

5. The downward re-emission warms the surface and lower atmosphere beyond what solar heating
alone would produce.

The net result is that Earth's effective radiating level sits at some altitude in the atmosphere rather than at
the surface. The natural greenhouse effect raises Earth's average surface temperature by about 33°C
(from 255 K to 288 K).

Atmospheric window concept

The atmospheric window refers to spectral regions where the atmosphere is relatively transparent to
infrared radiation, allowing surface emission to escape directly to space. The primary window spans
roughly 8-12 ym, which conveniently overlaps with the peak of Earth's emission spectrum near 10 pm.

This window is critical for Earth's energy balance: without it, the planet would trap far more heat. Clouds,
water vapor, and aerosols can partially close the window, reducing direct radiative cooling. Changes in
atmospheric composition that narrow this window (for instance, increased CHa absorption near 7.7 um or
O3 absorption at 9.6 pm) contribute to enhanced greenhouse warming.

Deviations from ideal blackbody

No real material is a perfect blackbody. Understanding how and why real objects deviate is essential for
accurate atmospheric radiation modeling.

Graybody vs blackbody

A graybody has a constant emissivity less than 1 that doesn't change with wavelength. It emits the same
spectral shape as a blackbody but scaled down uniformly. Many natural surfaces (oceans, vegetation, soil)
approximate graybody behavior, making the graybody model a useful middle ground between the ideal
blackbody and fully wavelength-dependent emissivity.

For a graybody, the Stefan-Boltzmann law becomes:
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j" =eoT?

where € is the emissivity (0 <€ <1).
Emissivity and absorptivity

Emissivity (€) measures how efficiently a surface emits radiation compared to a blackbody at the same
temperature. Absorptivity (@) is the fraction of incident radiation a surface absorbs. For real atmospheric
components, both properties vary with wavelength, which is why we distinguish between broadband and
spectral values.

By Kirchhoff's law, €2 = @ at thermal equilibrium. This wavelength dependence is what makes
greenhouse gases so effective: they can have very high absorptivity (and thus emissivity) in narrow
infrared bands while being nearly transparent elsewhere. A gas doesn't need to absorb across the whole
spectrum to have a large radiative impact.

Selective absorbers in the atmosphere

Atmospheric gases are selective absorbers, meaning they absorb and emit only at specific wavelengths
determined by their molecular structure:

+ CO>: Strong absorption band centered near 15 pm (also at 4.3 um)

+ H>O: Multiple absorption bands across the infrared, especially 5-8 ym and beyond 20 pm; also the
dominant absorber in the far-infrared

+ O3: Absorption near 9.6 pm, sitting within the atmospheric window
+ CH4: Absorption near 7.7 um

These absorption features create the characteristic "jagged" shape of Earth's outgoing longwave radiation
spectrum as seen from space. The dips in the spectrum correspond to wavelengths where greenhouse
gases absorb surface emission and re-emit from colder altitudes, reducing the outgoing radiance at those
wavelengths.

Measurement techniques

Measuring atmospheric radiation accurately requires instruments that span different wavelength ranges,
spatial scales, and viewing geometries. Ground-based, airborne, and satellite platforms each contribute
complementary information.

Pyrometers and radiometers

Pyrometers infer an object's temperature from its emitted radiation, applying blackbody theory (or
correcting for known emissivity) to convert measured radiance into temperature. Radiometers measure
radiation intensity over specified wavelength bands. Both instruments are used for surface temperature
measurements and atmospheric profiling. Handheld versions allow field measurements of surface
emissivity, while more advanced spectral radiometers can resolve the wavelength distribution of incoming
radiation.

Satellite-based observations

Satellites provide global, continuous monitoring of Earth's radiation budget. Key capabilities include:

* Measuring both shortwave (reflected solar) and longwave (emitted terrestrial) radiation at the top of
atmosphere
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* Using spectroradiometers to resolve atmospheric emission spectra, enabling retrieval of temperature
and composition profiles

* Detecting energy imbalances that indicate climate trends
* Observing transient events like volcanic eruptions and dust storms through their radiative signatures

Missions like CERES (Clouds and the Earth's Radiant Energy System) and AIRS (Atmospheric Infrared
Sounder) are central to modern radiation budget studies.

Ground-based instrumentation

Networks of ground stations measure local radiation fluxes and provide essential calibration and validation
data for satellite retrievals:

* Pyranometers measure total incoming solar radiation (direct + diffuse)

» Pyrgeometers measure downwelling longwave radiation from the atmosphere and clouds
* Spectrophotometers resolve the spectral composition of incoming radiation

* LIDAR systems provide vertical profiles of aerosols, clouds, and temperature

These ground-based measurements are critical for identifying biases in satellite data and for studying local
radiative processes that satellites can't fully resolve.

Applications in atmospheric science

Blackbody radiation principles are woven into nearly every quantitative aspect of atmospheric research,
from basic energy budgets to sophisticated climate projections.

Energy balance calculations

Earth's climate is governed by the balance between absorbed solar radiation and emitted terrestrial
radiation. Blackbody theory provides the framework for quantifying both sides. Radiative forcing from
greenhouse gases and aerosols is calculated by determining how these constituents alter the outgoing
longwave spectrum. Climate feedback mechanisms (water vapor feedback, ice-albedo feedback, cloud
feedbacks) are all analyzed in terms of their effect on this radiative balance.

Climate modeling considerations

General circulation models (GCMs) and Earth system models incorporate blackbody radiation through
radiative transfer schemes that calculate absorption, emission, and scattering at each model layer.
Accurate representation requires:

* Spectral absorption and emission properties of atmospheric gases

+ Cloud radiative effects based on droplet/ice crystal size and optical depth
« Surface emissivity variations across land, ocean, and ice

» Parameterization of sub-grid scale radiative processes

Improving these radiative calculations is one of the main pathways to reducing uncertainty in climate
projections.
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Remote sensing principles

Remote sensing of the atmosphere relies directly on blackbody theory. By measuring radiation at specific
wavelengths and comparing it to theoretical blackbody curves, you can:

* Retrieve temperature profiles by analyzing emission at wavelengths where atmospheric gases absorb
at known rates

* Detect and quantify concentrations of greenhouse gases, ozone, and aerosols
» Characterize cloud properties (height, thickness, phase) from their radiative signatures
* Monitor the ozone layer and air quality from space

Each of these applications depends on knowing what a blackbody at a given temperature would emit and
then interpreting deviations from that expectation.

Historical development

The theory of blackbody radiation played a pivotal role in the transition from classical to modern physics.
The failure of classical theory to explain observed spectra forced physicists to rethink fundamental
assumptions about energy and matter.

Classical vs quantum explanations

Classical electromagnetic theory, combined with statistical mechanics, predicted that a blackbody should
emit increasing amounts of energy at shorter and shorter wavelengths. This prediction matched
observations at long wavelengths but diverged wildly in the ultraviolet. Planck resolved this in 1900 by
proposing that energy is emitted in discrete quanta of size E = hv, where V is the frequency. This single
assumption produced a formula that matched the observed spectrum perfectly and launched the quantum
revolution.

Ultraviolet catastrophe

The ultraviolet catastrophe is the name given to the classical prediction of infinite radiated energy at short
wavelengths. The Rayleigh-Jeans law, derived from classical equipartition of energy, gives:

BA(T) = 2T

This works well at long wavelengths but blows up as A = 0. Observed spectra, by contrast, show a clear

peak and then a decline at short wavelengths. Planck's quantization of energy naturally suppresses
high-frequency modes, eliminating the catastrophe and producing the correct spectral shape.

Contributions of key scientists

+ Gustav Kirchhoff (1860s): Formulated the concept of a perfect blackbody and established the law
relating emissivity to absorptivity

* Josef Stefan (1879) and Ludwig Boltzmann (1884): Derived the total emission law (,"* = GT4), Stefan
empirically and Boltzmann from thermodynamic arguments

» Wilhelm Wien (1893): Discovered the displacement law relating peak wavelength to temperature

* Max Planck (1900): Introduced the quantum hypothesis to explain the full blackbody spectrum
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* Albert Einstein (1905): Extended Planck's quantum ideas to explain the photoelectric effect,
reinforcing the particle nature of light

* Arthur Eddington (1920s): Applied blackbody radiation principles to model stellar atmospheres,
connecting laboratory physics to astrophysics

3.3 Solar radiation

Solar radiation is the driving force behind Earth's climate system. It powers atmospheric processes,
influences weather patterns, and sustains life on our planet. Understanding solar radiation is crucial for
predicting climate change, harnessing renewable energy, and comprehending global energy balance.

This topic covers key concepts like the solar constant, electromagnetic spectrum, and radiative transfer. It
explores how solar energy interacts with Earth's atmosphere through scattering, absorption, and reflection
processes. The notes also delve into practical applications and measurement techniques for solar
radiation.

Solar constant

* Quantifies the amount of solar energy reaching Earth's upper atmosphere per unit area and time
* Plays a crucial role in understanding Earth's energy balance and climate system

+ Serves as a fundamental parameter in atmospheric physics and climate modeling

Definition and measurement

* Defined as the total solar irradiance (TSI) at the mean Earth-Sun distance
* Measured using space-based radiometers to avoid atmospheric interference
+ Current accepted value approximately 1361 W/m? with an uncertainty of about 0.5 W/m?

* Instruments used include Total Irradiance Monitor (TIM) and Solar Radiation and Climate Experiment
(SORCE)

Variations over time
« Exhibits short-term fluctuations due to solar activity cycles (11-year sunspot cycle)
* Long-term variations influenced by changes in Earth's orbit (Milankovitch cycles)
* Solar constant varies by about 0.1% over the 11-year solar cycle
« Historical reconstructions show larger variations over geological timescales

* Impacts global climate patterns and energy distribution in the atmosphere

Electromagnetic spectrum

* Encompasses the full range of electromagnetic radiation emitted by the Sun
* Crucial for understanding energy transfer processes in the atmosphere

* Influences various atmospheric phenomena and Earth's climate system
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Solar spectrum components

« Ultraviolet (UV) radiation (100-400 nm)

» UV-A (315-400 nm): reaches Earth's surface, causes skin aging

» UV-B (280-315 nm): partially absorbed by ozone, causes sunburn
* UV-C (100-280 nm): completely absorbed by upper atmosphere

« Visible light (400-700 nm)

» Drives photosynthesis in plants

« Contributes to atmospheric heating and circulation patterns

* Infrared (IR) radiation (700 nm - 1 mm)

* Near-IR (700 nm - 1.4 ym): partially absorbed by water vapor

* Thermal IR (3-100 pm): emitted by Earth's surface and atmosphere

Atmospheric absorption bands

» Water vapor absorption bands (1.4 ym, 1.9 ym, 2.7 ym)

* Carbon dioxide absorption bands (2.7 pm, 4.3 pm, 15 pym)
» Ozone absorption bands (9.6 pm, UV region)

» Oxygen absorption bands (0.76 pm, 1.27 um)

» Methane absorption band (7.7 pm)

Radiative transfer equations

* Describe the propagation of electromagnetic radiation through the atmosphere
* Essential for modeling and understanding atmospheric energy balance

» Form the basis for remote sensing techniques and climate predictions

Beer-Lambert law

+ Describes the attenuation of radiation as it passes through a medium
« Expressed mathematically as | = lpe™ "

* |: intensity after passing through the medium

* lo: initial intensity

« 1: optical depth of the medium

* Applies to absorption by gases and aerosols in the atmosphere

* Used to calculate atmospheric transmission and absorption of solar radiation

Schwarzschild equation

+ Describes radiative transfer in a non-scattering medium
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* Accounts for both absorption and emission of radiation

- Expressed as 3* = —kul, + ji

« |_v: specific intensity at frequency v

* s: path length

* k_v: absorption coefficient

* j_v: emission coefficient

» Forms the basis for more complex radiative transfer models

* Used to study energy transfer in stellar atmospheres and planetary atmospheres

Scattering processes

* Redirect incoming solar radiation in the atmosphere
* Influence the distribution of energy and light in the Earth system

* Play a crucial role in atmospheric optics and remote sensing

Rayleigh scattering
* Occurs when particles are much smaller than the wavelength of light
* Intensity proportional to 1/A* (A wavelength)
* Responsible for the blue color of the sky and red sunsets
* Primarily affects shorter wavelengths (blue and violet light)

 Caused by air molecules (nitrogen and oxygen)

Mie scattering

* Occurs when particles are similar in size to the wavelength of light
* Less wavelength-dependent than Rayleigh scattering

» Caused by aerosols, dust particles, and water droplets

* Produces the whitish appearance of clouds and haze

* Important for understanding visibility and air quality

Absorption processes

* Remove energy from incoming solar radiation
+ Contribute to atmospheric heating and energy distribution

* Crucial for understanding greenhouse effect and climate change

Molecular absorption

» Occurs when molecules absorb specific wavelengths of radiation
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* Depends on the molecular structure and energy levels
*» Key absorbers include water vapor, carbon dioxide, and ozone
+ Creates characteristic absorption bands in the atmospheric spectrum

* Influences atmospheric temperature profiles and energy balance

Aerosol absorption

» Caused by suspended particles in the atmosphere

« Varies with aerosol composition (black carbon, mineral dust)

* Contributes to atmospheric heating and reduced surface radiation
* Impacts air quality and regional climate patterns

* Interacts with cloud formation processes (aerosol-cloud interactions)

Albedo

» Measures the reflectivity of a surface or planet
+ Crucial for understanding Earth's energy balance and climate

* Varies spatially and temporally across the Earth's surface

Surface albedo

+ Ratio of reflected to incident solar radiation at the Earth's surface

« Varies widely depending on surface type (snow, vegetation, water)
* Influences local and regional climate patterns

» Changes seasonally due to vegetation cycles and snow cover

* Affected by land use changes and urbanization

Planetary albedo

+ Overall reflectivity of the Earth as viewed from space

* Includes contributions from surface albedo and atmospheric effects
+ Approximately 0.3 (30% of incoming solar radiation reflected)

* Influenced by cloud cover, aerosols, and surface characteristics

» Key parameter in global climate models and energy balance calculations

Radiative forcing

» Measures the change in Earth's energy balance due to external factors
» Expressed in watts per square meter (W/m?)

« Critical for understanding climate change and global warming
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Greenhouse effect
* Natural process that warms Earth's surface and lower atmosphere
+ Caused by greenhouse gases (CO2z, CHa4, H20, N20)
* Traps outgoing longwave radiation, increasing surface temperature
* Enhanced by human activities (burning fossil fuels, deforestation)

* Leads to global warming and climate change

Cloud radiative effects

+ Clouds both reflect incoming solar radiation (cooling effect)
 Absorb and re-emit longwave radiation (warming effect)

* Net effect depends on cloud type, altitude, and optical properties
* Low clouds generally have a cooling effect

* High clouds generally have a warming effect

» Represent a major source of uncertainty in climate models

Solar radiation at surface

» Determines the amount of energy available at Earth's surface
* Influences surface temperature, evaporation, and plant growth

« Varies with location, time of day, season, and atmospheric conditions

Direct vs diffuse radiation

* Direct radiation reaches the surface without being scattered

« Diffuse radiation scattered by atmospheric particles and molecules

* Ratio of direct to diffuse radiation depends on atmospheric conditions
« Clear skies have higher proportion of direct radiation

* Cloudy or polluted skies have higher proportion of diffuse radiation

* Impacts solar energy applications and plant productivity

Diurnal and seasonal variations

* Diurnal variations caused by Earth's rotation

* Peak radiation at solar noon

* Zero radiation during nighttime

» Seasonal variations caused by Earth's tilt and orbit
* Longer days and higher sun angles in summer

* Shorter days and lower sun angles in winter
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« Latitude-dependent effects on radiation intensity and duration

« Influences atmospheric circulation patterns and climate zones

Atmospheric energy balance

+ Describes the flow of energy through the Earth-atmosphere system
« Critical for understanding climate stability and change

* Involves complex interactions between radiation, heat transfer, and dynamics

Earth's radiation budget
* Incoming solar radiation approximately 341 W/m? (global average)
+ Outgoing radiation balances incoming to maintain thermal equilibrium
» Components include:
* Reflected solar radiation (albedo)
+ Absorbed solar radiation
» Emitted longwave radiation
» Atmospheric window (8-14 pym)

* Imbalances lead to warming or cooling trends

Top of atmosphere fluxes
» Measured by satellite-based instruments (CERES, ERBE)
* Include incoming solar radiation, reflected shortwave, and outgoing longwave
* Net flux indicates Earth's energy imbalance
* Current imbalance approximately 0.5-1 W/m? (warming)

* Used to validate climate models and track climate change

Solar radiation measurement

« Essential for understanding Earth's energy balance and climate
* Provides data for weather forecasting and climate modeling

» Supports renewable energy applications and agriculture

Pyranometers and pyrheliometers

» Pyranometers measure global (total) solar radiation

 Use thermopile sensors to detect temperature differences
* Spectral range typically 300-2800 nm

* Pyrheliometers measure direct solar radiation

+ Use collimating tube to exclude diffuse radiation
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* Higher accuracy for direct beam measurements
* Both instruments require regular calibration and maintenance

» Network of ground-based stations (BSRN) provides global coverage

Satellite-based observations

* Provide global coverage and long-term monitoring

* Use radiometers to measure reflected and emitted radiation

+ Satellites include GOES, Meteosat, and MODIS

* Challenges include atmospheric correction and sensor degradation

» Combine with ground-based measurements for improved accuracy

Solar radiation modeling

 Simulates the transfer of solar radiation through the atmosphere

« Essential for climate prediction, weather forecasting, and solar energy applications

* Requires detailed understanding of atmospheric composition and physics

Radiative transfer models

* Solve radiative transfer equations numerically

» Account for absorption, emission, and scattering processes

* Include line-by-line models (high accuracy, computationally intensive)
» Band models (faster, less accurate) used in climate models

* Incorporate spectroscopic databases (HITRAN) for gas absorption

Clear-sky vs cloudy conditions

* Clear-sky models focus on molecular and aerosol effects

* Cloudy-sky models incorporate complex cloud-radiation interactions
+ Cloud optical properties (albedo, transmittance) crucial for accuracy
+ Challenges include representing cloud heterogeneity and 3D effects

» Parameterizations used in large-scale models to simplify calculations

Solar radiation applications

« Utilize knowledge of solar radiation for practical purposes
+ Span various fields including energy, agriculture, and climate science

« Drive technological innovations and policy decisions
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Solar energy harvesting
* Photovoltaic systems convert solar radiation to electricity
+ Solar thermal systems use radiation for heating and power generation
» Requires accurate solar resource assessment and forecasting
« Efficiency depends on panel orientation, tracking systems, and local climate

* Emerging technologies include concentrating solar power and thin-film PV

Climate change studies
« Solar radiation data crucial for understanding climate forcings
* Used to detect and attribute climate change signals
« Informs projections of future climate scenarios
» Supports development of mitigation and adaptation strategies

* Helps quantify impacts on ecosystems, agriculture, and human health

3.4 Terrestrial radiation

Terrestrial radiation, a key component of Earth's energy balance, occurs primarily in the infrared spectrum.
This process involves the emission of longwave radiation by Earth's surface and its interaction with
atmospheric gases, playing a crucial role in the greenhouse effect.

Understanding terrestrial radiation is essential for grasping climate dynamics and the impact of human
activities on global warming. It encompasses concepts like blackbody radiation, atmospheric absorption,
and radiative transfer, which form the foundation for climate modeling and predictions.

Electromagnetic spectrum basics

* Electromagnetic spectrum encompasses all types of electromagnetic radiation, crucial for
understanding atmospheric physics

* Terrestrial radiation primarily occurs in the infrared portion of the spectrum, playing a key role in
Earth's energy balance

Infrared radiation characteristics

» Wavelengths range from 700 nm to 1 mm, longer than visible light
» Emitted by objects at temperatures typical of Earth's surface and atmosphere
* Divided into near-infrared (0.75-3 pm), mid-infrared (3-50 ym), and far-infrared (50-1000 pm)

* Interacts strongly with molecular vibrations and rotations in atmospheric gases

Solar vs terrestrial radiation

* Solar radiation peaks in visible spectrum (around 500 nm), while terrestrial radiation peaks in infrared
(around 10 ym)

« Solar radiation has higher energy per photon compared to terrestrial radiation
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« Earth absorbs shortwave solar radiation and emits longwave terrestrial radiation

« Difference in spectral characteristics allows for selective absorption and emission by atmospheric
gases

Earth's surface emission

« Earth's surface acts as a primary source of terrestrial radiation in the atmosphere

« Surface emission is influenced by temperature, emissivity, and surface properties

Blackbody radiation principles

« Ideal blackbody absorbs all incident radiation and emits maximum possible radiation at a given
temperature

* Real surfaces approximate blackbody behavior to varying degrees
* Blackbody radiation spectrum depends solely on temperature

» Concept provides a theoretical framework for understanding terrestrial radiation

Stefan-Boltzmann law

* Describes total energy radiated by a blackbody per unit area per unit time
« Expressed mathematically as £ = oT*

* g represents the Stefan-Boltzmann constant (5.67 x 10*-8 W m#-2 K*-4)
* T represents absolute temperature in Kelvin

* Applies to Earth's surface emission with modifications for emissivity

Planck's law applications

+ Describes spectral distribution of electromagnetic radiation emitted by a blackbody

2
« Expressed as BA(T) = 20—

* h represents Planck's constant, c is speed of light, A is wavelength, k is Boltzmann constant

* Used to calculate spectral radiance at different wavelengths for a given temperature

* Helps determine peak emission wavelength and total energy emitted by Earth's surface
Atmospheric absorption of terrestrial radiation

» Atmosphere selectively absorbs and re-emits terrestrial radiation, altering Earth's energy balance

* Process fundamental to understanding greenhouse effect and climate dynamics
Greenhouse gases

» Atmospheric gases capable of absorbing and emitting infrared radiation
* Primary greenhouse gases include water vapor, carbon dioxide, methane, and ozone

» Each gas has unique absorption spectrum based on molecular structure
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» Concentration changes impact atmospheric radiative properties and climate

Absorption bands
« Specific wavelength ranges where greenhouse gases absorb radiation strongly
» CO2 has strong absorption bands around 15 ym and 4.3 ym
» Water vapor absorbs across broad ranges, particularly 5-8 pm and beyond 18 pm

*» Overlap of absorption bands between different gases influences overall atmospheric absorption

Atmospheric window

* Spectral regions where atmosphere is relatively transparent to infrared radiation
* Main atmospheric window occurs between 8-12 ym
* Allows some terrestrial radiation to escape directly to space

* Important for remote sensing and Earth's radiative balance

Radiative transfer in atmosphere

+ Describes propagation of radiation through atmosphere, accounting for absorption, emission, and
scattering

« Critical for understanding energy exchange between Earth's surface, atmosphere, and space

Beer-Lambert law

+ Describes attenuation of radiation as it passes through a medium
« Expressed as | = lpe™ "
* | represents transmitted intensity, 10 is initial intensity, T is optical depth

* Applies to monochromatic radiation in non-scattering medium

» Forms basis for more complex radiative transfer calculations

Optical depth concept
» Measure of opacity of atmosphere to radiation
* Defined as integral of absorption coefficient along path length
* Varies with wavelength, atmospheric composition, and path length

* Higher optical depth indicates greater attenuation of radiation

Radiative transfer equation

* Describes change in radiation intensity along a path through atmosphere
* Accounts for emission, absorption, and scattering processes
- General form: 22 = —Kala + ja

* I_Ais spectral intensity, k_A is absorption coefficient, j_A is emission coefficient
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* Solved numerically in atmospheric models to calculate radiative fluxes

Greenhouse effect mechanisms

* Natural process that warms Earth's surface and lower atmosphere
+ Crucial for maintaining habitable temperatures on Earth

» Enhanced by human activities through increased greenhouse gas emissions

Energy balance
* Equilibrium between incoming solar radiation and outgoing terrestrial radiation
- Expressed as So(l — a)/4 = 0T,
+ S0 is solar constant, a is planetary albedo, Te is effective emission temperature
» Greenhouse effect causes actual surface temperature to be higher than Te

* Imbalances in energy budget lead to climate change

Radiative forcing
» Change in net radiative flux at tropopause due to external perturbation
* Measured in W/m"2
* Positive forcing leads to warming, negative forcing to cooling
* Used to quantify impact of greenhouse gases, aerosols, and other climate drivers

» Key metric for assessing human impact on climate system

Feedback processes

» Mechanisms that amplify or dampen initial climate change

» Water vapor feedback amplifies warming through increased atmospheric water content

* Ice-albedo feedback accelerates warming in polar regions

+ Cloud feedback complex, can be positive or negative depending on cloud type and altitude

» Understanding feedbacks crucial for predicting long-term climate response
Measurement techniques

« Various methods used to quantify terrestrial radiation and its interactions with atmosphere

» Combine ground-based, airborne, and satellite measurements for comprehensive understanding
Surface-based instruments

» Pyrgeometers measure downwelling longwave radiation at surface
* Infrared thermometers determine surface temperature through emitted radiation

* Fourier Transform Infrared (FTIR) spectrometers analyze atmospheric composition
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» Radiosondes provide vertical profiles of temperature and humidity

Satellite observations

» Geostationary satellites (GOES) provide continuous monitoring of large areas
* Polar-orbiting satellites (NOAA, MetOp) offer global coverage with higher resolution
* Instruments like AIRS and IASI measure atmospheric temperature and composition

* CERES instrument measures Earth's radiation budget from space

Remote sensing methods

« Passive techniques measure naturally emitted or reflected radiation
+ Active methods (lidar) use artificial radiation source to probe atmosphere
» Hyperspectral imaging captures detailed spectral information across many wavelengths

* Interferometry techniques improve spectral resolution of measurements

Climate implications

* Terrestrial radiation plays crucial role in determining Earth's climate

» Changes in radiative processes can lead to significant climate impacts

Global energy budget

» Quantifies energy flows between Earth's surface, atmosphere, and space
* Incoming solar radiation balanced by reflected shortwave and emitted longwave radiation
» Atmospheric absorption and re-emission of terrestrial radiation key to energy distribution

» Changes in energy budget components drive climate variability and change

Radiative cooling of atmosphere

» Atmosphere cools primarily through emission of infrared radiation to space
+ Cooling rate depends on atmospheric composition, temperature structure, and cloud cover
+ Balance between radiative cooling and other heating processes determines atmospheric stability

* Important for understanding atmospheric dynamics and weather patterns

Long-term climate change

* Increased greenhouse gas concentrations enhance atmospheric absorption of terrestrial radiation
* Results in warming of lower atmosphere and Earth's surface
* Leads to changes in global temperature patterns, precipitation, and extreme weather events

» Understanding terrestrial radiation crucial for projecting future climate scenarios
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Modeling terrestrial radiation

* Numerical representation of radiative processes in atmosphere and at Earth's surface

« Essential component of weather and climate models

Radiative transfer models

+ Solve radiative transfer equation for realistic atmospheric conditions
+ Line-by-line models calculate absorption/emission for individual spectral lines
* Band models use approximations to represent groups of spectral lines

« Correlated-k distribution method balances accuracy and computational efficiency

Climate model integration

+ Radiative transfer calculations coupled with dynamics, thermodynamics, and other physical processes

» Feedback between radiation and other components (clouds, water vapor) crucial for accurate
simulations

» Parameterizations used to represent sub-grid scale radiative processes

+ Radiative forcing scenarios drive projections of future climate change

Uncertainty assessment

* Quantification of uncertainties in radiative transfer calculations and their impacts
* Sources include spectroscopic data, aerosol properties, and cloud representation
» Ensemble modeling approaches used to explore range of possible outcomes

* Continuous refinement of models and observations reduces uncertainties in climate projections

3.5 Radiative transfer

Radiative transfer is the backbone of atmospheric energy exchange. It encompasses emission, absorption,
and scattering of electromagnetic radiation as it travels through the atmosphere, shaping our
understanding of atmospheric heating and cooling processes.

This topic delves into the electromagnetic spectrum, blackbody radiation, and absorption bands of key
atmospheric gases. It explores scattering processes, the radiative transfer equation, and atmospheric
radiative balance, providing crucial insights into Earth's climate system and energy distribution.

Fundamentals of radiative transfer

* Radiative transfer forms the basis for understanding energy exchange in the atmosphere through
electromagnetic radiation

* Encompasses the processes of emission, absorption, and scattering of radiation as it travels through
the atmosphere

« Crucial for studying atmospheric heating, cooling, and overall energy balance in Atmospheric Physics
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Electromagnetic spectrum

* Ranges from short-wavelength gamma rays to long-wavelength radio waves
« Visible light occupies a small portion of the spectrum (400-700 nm)
« Infrared radiation (heat) plays a significant role in atmospheric processes

» UV radiation interacts with ozone in the stratosphere, impacting atmospheric chemistry

Blackbody radiation
* Idealized concept of a perfect emitter and absorber of radiation
« Emits radiation according to Planck's law, which relates spectral radiance to temperature
« Stefan-Boltzmann law describes total energy emitted by a blackbody: E = oT*
* 0 represents the Stefan-Boltzmann constant
T denotes the absolute temperature in Kelvin
+ Wien's displacement law determines the peak wavelength of emission: Amax = b/T

* b represents Wien's displacement constant

Absorption and emission processes

* Absorption involves the capture of photons by atoms or molecules, increasing their internal energy

» Emission occurs when excited atoms or molecules release photons, decreasing their internal energy
« Kirchhoff's law states that good absorbers are also good emitters at the same wavelength

* Spectral lines result from specific energy transitions in atoms and molecules

* Absorption lines appear as dark lines in a continuous spectrum

* Emission lines appear as bright lines against a dark background

Atmospheric absorption bands

» Atmospheric gases selectively absorb radiation at specific wavelengths, creating absorption bands
» These bands significantly influence the Earth's energy balance and atmospheric temperature structure

» Understanding absorption bands helps explain phenomena like the greenhouse effect and ozone
depletion

Water vapor absorption
* Absorbs strongly in the infrared region, particularly around 6.3 ym and 2.7 pm
* Rotational absorption bands extend into the microwave region
* Plays a crucial role in the greenhouse effect and atmospheric energy transport

+ Absorption varies greatly with altitude due to the concentration of water vapor in the lower atmosphere
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Carbon dioxide absorption

* Major absorption bands centered around 15 ym and 4.3 pym in the infrared spectrum
» The 15 pm band significantly contributes to the greenhouse effect
* Absorption in the near-infrared region (1.4 pm, 1.6 pm, 2.0 pm) affects solar radiation

* Increasing atmospheric CO2 concentrations enhance the greenhouse effect, leading to global
warming

Ozone absorption

« Strong absorption in the ultraviolet region, particularly in the Hartley band (200-300 nm)
» Weaker absorption in the visible spectrum (Chappuis band, 400-850 nm)

* Infrared absorption around 9.6 pym affects the Earth's energy balance

« Stratospheric ozone layer protects life on Earth from harmful UV radiation

» Tropospheric ozone acts as a greenhouse gas and air pollutant

Scattering processes

« Scattering redirects incoming radiation in various directions without changing its wavelength
* Affects the propagation of solar radiation through the atmosphere

* Influences atmospheric visibility, sky color, and remote sensing measurements

Rayleigh scattering
* Occurs when particles are much smaller than the wavelength of incident radiation (A/10)
* Intensity of scattered light proportional to 1/A*4 (inverse fourth power of wavelength)
* Explains the blue color of the sky and red sunsets

» Predominantly affects shorter wavelengths (blue and violet light)

Mie scattering

* Applies to particles with sizes comparable to or larger than the wavelength of incident radiation
* Occurs with aerosols, cloud droplets, and other atmospheric particles
« Scattering intensity less dependent on wavelength compared to Rayleigh scattering

* Produces a forward-peaked scattering pattern, affecting visibility and cloud appearance

Multiple scattering

» Occurs when radiation undergoes repeated scattering events before reaching an observer
« Significant in optically thick media (clouds, dense aerosol layers)
» Complicates radiative transfer calculations and remote sensing interpretations

» Enhances the diffuse component of radiation in the atmosphere
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« Affects cloud albedo and the Earth's overall energy balance

Radiative transfer equation

* Describes the change in radiation intensity as it travels through a medium
« Accounts for emission, absorption, and scattering processes

» Fundamental to understanding atmospheric radiation and remote sensing techniques

Beer-Lambert law

* Describes the attenuation of radiation as it passes through an absorbing medium
« Exponential decay of intensity: / = loe™ "
* | represents the transmitted intensity

* |_0 denotes the initial intensity

* T signifies the optical depth of the medium

* Applies to monochromatic radiation and non-scattering media

» Forms the basis for many atmospheric transmission calculations

Schwarzschild equation

* Describes radiative transfer in a non-scattering, plane-parallel atmosphere
 Accounts for both absorption and emission processes

* Expressed as: dl,/dt, = —I, + By(T)

* |_v represents the specific intensity at frequency v

* T_v denotes the optical depth at frequency v

* B_v(T) signifies the Planck function at temperature T

« Crucial for understanding atmospheric temperature profiles and radiative equilibrium

Two-stream approximation

« Simplifies the radiative transfer equation by considering only upward and downward fluxes
» Assumes isotropic scattering and divides the radiation field into two hemispheres

* Provides a computationally efficient method for calculating radiative fluxes

» Widely used in climate models and atmospheric physics simulations

* Accuracy improves with increasing optical depth of the medium

Atmospheric radiative balance

* Describes the equilibrium between incoming solar radiation and outgoing terrestrial radiation
* Crucial for understanding Earth's climate system and energy distribution

* Influences atmospheric circulation patterns and temperature structure
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Solar radiation budget

+ Incoming solar radiation averages about 1361 W/m? at the top of the atmosphere (solar constant)
* Approximately 30% of incoming radiation reflected back to space (planetary albedo)
« Absorption by atmospheric gases, clouds, and aerosols reduces surface insolation

« Spatial and temporal variations in solar radiation drive atmospheric and oceanic circulation

Terrestrial radiation budget

« Earth emits longwave radiation according to its surface and atmospheric temperatures
» Atmospheric greenhouse gases absorb and re-emit a portion of this radiation
+ Outgoing longwave radiation at the top of the atmosphere balances incoming solar radiation

« Surface energy balance includes sensible and latent heat fluxes in addition to radiative components

Greenhouse effect

 Natural process that warms Earth's surface by trapping heat in the atmosphere

» Key greenhouse gases include water vapor, carbon dioxide, methane, and ozone

* Absorption and re-emission of longwave radiation by greenhouse gases increase surface temperature
* Enhanced greenhouse effect due to anthropogenic emissions leads to global warming

» Feedback mechanisms (water vapor, ice-albedo) can amplify or dampen the greenhouse effect

Radiative forcing

* Measures the change in Earth's energy balance due to a perturbation in the climate system
» Expressed in watts per square meter (W/m?)
* Positive forcing leads to warming, while negative forcing results in cooling

* Crucial for understanding climate change and predicting future climate scenarios

Definition and mechanisms

+ Defined as the change in net irradiance at the tropopause after allowing stratospheric temperatures to
readjust

 Can result from changes in greenhouse gas concentrations, aerosols, solar output, or surface albedo
+ Direct forcing affects radiation directly (greenhouse gases)

« Indirect forcing involves feedbacks or secondary effects (aerosol-cloud interactions)

Natural vs anthropogenic forcing

* Natural forcing includes variations in solar output, volcanic eruptions, and orbital changes

» Anthropogenic forcing stems from human activities (greenhouse gas emissions, land-use changes)
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* Recent climate change primarily attributed to anthropogenic forcing, particularly greenhouse gas

emissions

» Understanding the relative contributions helps in climate change attribution and mitigation strategies

Climate sensitivity

* Measures the response of global mean surface temperature to a doubling of CO2 concentration

+ Equilibrium climate sensitivity considers long-term response after reaching equilibrium
* Transient climate response describes short-term warming before equilibrium

* Uncertainty in climate sensitivity affects projections of future warming

+ Constraints from paleoclimate data and modern observations help refine sensitivity estimates

Radiative transfer models

+ Simulate the propagation of radiation through the atmosphere
« Essential for climate modeling, remote sensing, and understanding atmospheric processes

» Range from simple approximations to highly detailed, computationally intensive models

Line-by-line models

* Calculate absorption and emission for individual spectral lines

+ Highest accuracy but computationally expensive

* Use spectroscopic databases (HITRAN) for line parameters

* Employed as references for developing faster, approximate models

« Critical for interpreting high-resolution spectroscopic measurements

Band models

« Simplify calculations by grouping spectral lines into bands

« Balance accuracy and computational efficiency

* Include regular band models, statistical band models, and exponential sum fitting
» Widely used in climate models and radiative transfer applications

* Accuracy depends on the chosen band structure and parameterization

Correlated-k distribution

» Rearranges absorption coefficients within a spectral interval

* Transforms integration over wavelength to integration over a cumulative probability function
» Maintains accuracy of line-by-line calculations with significantly reduced computational cost
+ Allows for efficient treatment of overlapping absorption by multiple gases

» Widely adopted in atmospheric radiative transfer calculations and climate models
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Remote sensing applications

« Utilizes radiative transfer principles to retrieve atmospheric and surface properties
+ Enables global monitoring of atmospheric composition, temperature, and cloud properties

+ Crucial for weather forecasting, climate studies, and environmental monitoring

Satellite radiometry

» Measures radiation emitted or reflected by the Earth and atmosphere

* Includes visible, infrared, and microwave wavelengths

« Passive sensors detect naturally emitted or reflected radiation

* Active sensors (radar, lidar) emit radiation and measure the returned signal

* Retrieval algorithms use radiative transfer models to infer atmospheric properties

Lidar measurements

* Uses laser pulses to measure atmospheric properties with high vertical resolution

* Applications include aerosol profiling, cloud detection, and wind measurements

« Differential absorption lidar (DIAL) measures specific gas concentrations

* Raman lidar detects inelastic scattering to measure water vapor and temperature profiles

» Combines principles of radiative transfer and laser physics

Atmospheric sounding techniques

* Retrieve vertical profiles of atmospheric properties (temperature, humidity, trace gases)
* Infrared sounders measure emission from different atmospheric layers

» Microwave sounders penetrate clouds, providing all-weather capabilities

» Radio occultation uses GPS signals to probe the atmosphere

* Inversion techniques apply radiative transfer models to retrieve atmospheric state from measured
radiances

Radiative transfer in climate models

* Represents the exchange of radiation between the atmosphere, surface, and space
» Critical for simulating Earth's energy balance and climate response to forcings

+ Balances accuracy with computational efficiency to enable long-term climate simulations

Parameterization schemes

« Simplify complex radiative processes for efficient computation in climate models
* Include treatments for gases, aerosols, clouds, and surface properties

* Correlated-k method often used for gas absorption
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» Two-stream approximation commonly employed for radiative flux calculations

+ Continually updated based on improved understanding and observational constraints

Radiative-convective equilibrium

* Describes the balance between radiative and convective heat transfer in the atmosphere

» Fundamental concept in understanding atmospheric temperature structure

» Simple models of radiative-convective equilibrium provide insights into climate sensitivity

» More complex treatments in climate models account for large-scale dynamics and feedbacks

* Important for studying tropical atmosphere and climate change impacts

Cloud-radiation interactions

* Represent one of the largest sources of uncertainty in climate models

* Include effects on both shortwave (albedo) and longwave (greenhouse) radiation
+ Cloud microphysics and macrophysics influence radiative properties

» Feedbacks between clouds and radiation affect climate sensitivity

» Parameterizations must account for subgrid-scale cloud processes and their radiative effects

3.6 Greenhouse effect

The greenhouse effect is a fundamental concept in atmospheric physics, shaping Earth's climate.
Greenhouse gases like CO2, methane, and water vapor trap heat, warming the planet. Understanding their
sources, concentrations, and impacts is crucial for climate science.

Radiative forcing quantifies how greenhouse gases affect Earth's energy balance. By absorbing and
emitting radiation at specific wavelengths, these gases alter the atmosphere's heat retention. This process
is key to grasping climate change and its future implications.

Greenhouse gases

» Greenhouse gases play a crucial role in regulating Earth's temperature by absorbing and emitting
infrared radiation

» Understanding greenhouse gases is fundamental to atmospheric physics as they directly influence the
planet's energy balance and climate system

Common greenhouse gases

« Carbon dioxide (CO2) serves as the primary greenhouse gas due to its abundance and long
atmospheric lifetime

» Methane (CH4) exhibits a stronger warming effect per molecule than CO2 but has a shorter
atmospheric lifetime

* Nitrous oxide (N20) possesses a high global warming potential and remains in the atmosphere for
extended periods
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» Water vapor acts as the most abundant greenhouse gas, creating a positive feedback loop as
temperatures rise

Sources of greenhouse gases

* Fossil fuel combustion releases significant amounts of CO2 into the atmosphere through power
generation and transportation

« Agricultural practices contribute to methane emissions through livestock farming and rice cultivation

* Industrial processes produce various greenhouse gases, including hydrofluorocarbons (HFCs) used in
refrigeration

* Deforestation reduces the Earth's capacity to absorb CO2, exacerbating the greenhouse effect

Atmospheric concentration trends

» CO2 concentrations have increased from pre-industrial levels of ~280 ppm to over 410 ppm in recent
years

* Methane concentrations have more than doubled since pre-industrial times, with rapid growth
observed in the past decade

+ Nitrous oxide levels continue to rise steadily, primarily due to agricultural activities and industrial
processes

* Chlorofluorocarbons (CFCs) show declining trends due to international regulations, but their long
atmospheric lifetimes maintain their impact

Radiative forcing

+ Radiative forcing quantifies the change in Earth's energy balance due to various factors, including
greenhouse gases

* This concept is essential in atmospheric physics for understanding how different components affect
the climate system

Absorption and emission spectra

» Greenhouse gases absorb and emit radiation at specific wavelengths, creating distinct spectral
fingerprints

» CO2 primarily absorbs in the 15-uym band, corresponding to the peak of Earth's thermal emission
spectrum

» Water vapor absorbs across a wide range of infrared wavelengths, contributing significantly to the
greenhouse effect

* Methane absorbs strongly in the 7.7-um band, enhancing its warming potential
Positive vs negative forcing

* Positive radiative forcing warms the Earth's surface by increasing the net energy input to the climate
system

» Greenhouse gases and black carbon aerosols contribute to positive forcing
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* Negative radiative forcing cools the Earth's surface by decreasing the net energy input
+ Sulfate aerosols and increased surface albedo from land-use changes can lead to negative forcing

* The net radiative forcing determines the overall warming or cooling effect on the climate system

Energy balance

« Earth's energy balance describes the equilibrium between incoming solar radiation and outgoing
terrestrial radiation

* This balance is fundamental to understanding climate stability and changes in the Earth system

Earth's radiation budget

* Incoming solar radiation averages about 340 W/m? at the top of the atmosphere

» Approximately 30% of incoming solar radiation gets reflected back to space by clouds, aerosols, and
the Earth's surface

» The remaining 70% is absorbed by the atmosphere and the Earth's surface, driving the climate system

+ Outgoing longwave radiation balances the absorbed solar energy, maintaining the planet's energy
equilibrium

Albedo and surface reflectivity

» Albedo measures the fraction of incoming solar radiation reflected by a surface
» Snow and ice have high albedo values (0.6-0.9), reflecting a large portion of incoming solar radiation
* Forests typically have lower albedo (0.1-0.2) than open land, absorbing more solar energy

» Changes in surface albedo due to land-use modifications or melting ice can significantly impact the
local and global energy balance

Greenhouse effect mechanism

» The greenhouse effect describes how atmospheric gases trap heat and warm the Earth's surface

* This process is crucial for maintaining habitable temperatures on Earth and is a key focus in
atmospheric physics

Trapping of infrared radiation

» Greenhouse gases allow shortwave solar radiation to pass through the atmosphere relatively
unimpeded

 The Earth's surface absorbs this energy and re-emits it as longwave infrared radiation
» Greenhouse gases in the atmosphere absorb and re-emit this infrared radiation in all directions

» Some of the re-emitted radiation returns to the surface, causing additional warming

Atmospheric window

» The atmospheric window refers to wavelengths where the atmosphere is relatively transparent to
infrared radiation
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* This window primarily exists in the 8-12 pm range of the electromagnetic spectrum

» Greenhouse gases with absorption bands outside this window can effectively trap heat in the
atmosphere

» Changes in the atmospheric composition can alter the size and effectiveness of this window,
impacting the greenhouse effect

Climate sensitivity

« Climate sensitivity quantifies how much the Earth's temperature changes in response to a given
forcing

* This concept is crucial for predicting future climate changes and understanding past climate variations

Feedback mechanisms

* Positive feedbacks amplify the initial warming or cooling effect

» Water vapor feedback increases atmospheric water content as temperatures rise, enhancing the
greenhouse effect

* Ice-albedo feedback occurs when melting ice exposes darker surfaces, absorbing more solar radiation
* Negative feedbacks dampen the initial temperature change
* Increased cloud cover can reflect more sunlight, potentially cooling the surface

* Enhanced plant growth may absorb more CO2, reducing the greenhouse effect

Equilibrium vs transient response

* Equilibrium climate sensitivity represents the long-term temperature change after all feedbacks have
fully adjusted

* Transient climate response describes the short-term temperature change before the climate system
reaches equilibrium

* The transient response is typically lower than the equilibrium sensitivity due to the thermal inertia of
oceans

» Understanding both responses helps in interpreting climate model projections and observed
temperature changes

Historical greenhouse effect
* The historical greenhouse effect encompasses both natural and human-induced changes over time
« Studying past climate variations provides context for current and future climate change

Natural vs anthropogenic influences

* Natural factors influencing the greenhouse effect include volcanic eruptions and solar variations
» Milankovitch cycles drive long-term climate oscillations through changes in Earth's orbit and axial tilt

+ Anthropogenic influences began with the Industrial Revolution and accelerated in the 20th century
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* Human activities have significantly increased atmospheric greenhouse gas concentrations, enhancing
the natural greenhouse effect

Paleoclimate evidence

* Ice cores provide records of past atmospheric composition and temperature going back hundreds of
thousands of years

* Tree rings offer insights into climate variations over the past few millennia

» Sediment cores from ocean floors and lakes reveal long-term climate patterns and changes in ocean
circulation

* Fossil records help reconstruct past ecosystems and their responses to climate change

Measurement techniques

» Accurate measurement of greenhouse gases and their effects is crucial for understanding and
predicting climate change

* Various techniques are employed to monitor atmospheric composition and energy fluxes

Satellite observations

« Satellites measure global distributions of greenhouse gases using spectroscopic techniques

* The Orbiting Carbon Observatory (OCO) series specifically targets CO2 concentrations with high
precision

* Infrared sounders on weather satellites provide vertical profiles of temperature and water vapor

« Satellite-based radiometers measure the Earth's radiation budget, tracking changes in energy balance

Ground-based monitoring

» Networks of ground-based stations (NOAA's Global Monitoring Laboratory) continuously measure
greenhouse gas concentrations

* Fourier Transform Infrared (FTIR) spectrometers analyze the composition of the atmosphere at
specific locations

» Eddy covariance towers measure local fluxes of CO2, water vapor, and energy between the surface
and atmosphere

« Balloon-borne instruments (radiosondes) provide vertical profiles of temperature, humidity, and wind
Global warming potential

+ Global warming potential (GWP) compares the warming effect of different greenhouse gases relative
to CO2

* This metric helps in assessing the impact of various emissions and guiding climate policy decisions
CO2 equivalence

» CO2 equivalence expresses the warming effect of a greenhouse gas in terms of the amount of CO2
that would cause the same effect
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* Methane has a GWP of 28-36 over 100 years, meaning it's 28-36 times more potent than CO2 per unit
mass

* Nitrous oxide has a GWP of 265-298, indicating its strong warming effect despite lower concentrations

* HFCs and other synthetic gases can have GWPs in the thousands or tens of thousands

Time horizons for comparison
* GWP values are typically calculated for 20, 100, and 500-year time horizons
+ Short-lived gases like methane have higher GWPs over shorter time horizons

* The choice of time horizon can significantly affect the relative importance of different greenhouse
gases

* Policy decisions often use the 100-year GWP, balancing short-term and long-term climate impacts

Greenhouse effect models

* Models are essential tools for understanding and predicting the complex interactions in the climate
system

» They range from simple energy balance models to sophisticated Earth system models

Radiative transfer equations

» Radiative transfer equations describe the propagation of radiation through the atmosphere
» These equations account for absorption, emission, and scattering processes by gases and particles
* The correlated k-distribution method efficiently calculates radiative fluxes in climate models

* Line-by-line calculations provide highly accurate results but are computationally intensive

General circulation models

* General Circulation Models (GCMs) simulate the full three-dimensional structure of the atmosphere
and oceans

» These models divide the Earth into a grid and solve equations of fluid dynamics and thermodynamics

* GCMs incorporate various physical processes, including radiative transfer, cloud formation, and
surface interactions

» Coupled models link atmospheric, oceanic, and land surface components to simulate the entire Earth
system

Mitigation strategies

+ Mitigation strategies aim to reduce greenhouse gas emissions and enhance carbon sinks

» These approaches are crucial for limiting future climate change and its impacts

Emissions reduction

« Transitioning to renewable energy sources (solar, wind, hydroelectric) reduces CO2 emissions from
power generation
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* Improving energy efficiency in buildings, transportation, and industry lowers overall energy demand

* Implementing carbon pricing mechanisms (carbon taxes, cap-and-trade systems) incentivizes
emissions reductions

» Promoting sustainable agriculture and dietary changes can reduce methane and nitrous oxide
emissions

Carbon sequestration techniques

« Afforestation and reforestation increase natural carbon sinks by expanding forest cover
« Soil carbon sequestration enhances the carbon storage capacity of agricultural and degraded lands

* Bioenergy with carbon capture and storage (BECCS) combines biomass energy with geological CO2
storage

* Direct air capture technologies remove CO2 directly from the atmosphere for storage or utilization

Future projections
+ Climate projections help anticipate future changes and inform adaptation and mitigation strategies

* These projections consider various scenarios of greenhouse gas emissions and socioeconomic
development

Climate change scenarios

» Representative Concentration Pathways (RCPs) provide standardized emissions scenarios for climate
modeling

* RCP2.6 represents a low-emissions scenario aiming to limit warming to below 2°C above
pre-industrial levels

» RCP8.5 describes a high-emissions scenario with continued reliance on fossil fuels

» Shared Socioeconomic Pathways (SSPs) complement RCPs by considering different socioeconomic
developments

Tipping points and thresholds

« Tipping points represent critical thresholds beyond which major and potentially irreversible changes
occur

» The melting of the Greenland ice sheet could lead to several meters of sea-level rise over centuries

+ Dieback of the Amazon rainforest could release large amounts of stored carbon and alter regional
climate

+ Shutdown of the Atlantic Meridional Overturning Circulation would significantly impact global heat
distribution

» Understanding and identifying these tipping points is crucial for assessing long-term climate risks
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3.7 Earth's energy budget

Earth's energy budget is the balance between incoming and outgoing energy in our planet's atmosphere.
It's crucial for understanding climate dynamics and predicting weather patterns. Solar radiation, albedo,
and atmospheric absorption are key components.

The greenhouse effect, heat transport, and various factors like clouds and land use changes influence this
delicate balance. Measuring and observing these processes helps scientists track climate trends and
develop strategies to address global warming.

Components of Earth's energy budget

« Earth's energy budget describes the balance between incoming and outgoing energy in the
Earth-atmosphere system

» Understanding this balance provides crucial insights into atmospheric physics and climate dynamics

* Accurate quantification of energy budget components enables better prediction of climate patterns
and changes

Solar radiation input

* Incoming solar radiation (insolation) drives Earth's energy budget

« Solar constant measures the average solar energy flux at top of atmosphere, approximately 1361
Wim?

* Varies with Earth's orbital parameters (eccentricity, obliquity, precession)
« Spectral distribution of solar radiation peaks in visible light wavelengths

« Ultraviolet (UV) and infrared (IR) portions play significant roles in atmospheric processes

Albedo and reflection

« Albedo represents the fraction of incoming solar radiation reflected back to space

* Global average albedo approximately 0.3, meaning 30% of incoming radiation reflected
* Varies significantly by surface type (snow, ice, water, vegetation, urban areas)

+ Clouds contribute significantly to planetary albedo

» Changes in albedo can lead to feedback mechanisms in climate system

* Ice-albedo feedback: melting ice reduces albedo, leading to more absorption and further warming

Atmospheric absorption

» Atmosphere absorbs about 23% of incoming solar radiation

* Primary absorbers include water vapor, ozone, and aerosols

» Ozone absorbs harmful UV radiation in stratosphere

» Water vapor absorption bands primarily in near-infrared region

» Atmospheric absorption varies with altitude, latitude, and atmospheric composition
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Surface absorption

« Earth's surface absorbs approximately 47% of incoming solar radiation

+ Absorption varies by surface type and properties (land, ocean, vegetation)

» Oceans absorb more radiation than land due to lower albedo and higher heat capacity
« Surface absorption drives various processes (evaporation, photosynthesis, heating)

» Absorbed energy redistributed through various heat transfer mechanisms

Greenhouse effect

+ Natural greenhouse effect warms Earth's surface by about 33°C

» Greenhouse gases (GHGs) absorb and re-emit longwave radiation

* Primary GHGs include water vapor, carbon dioxide, methane, and nitrous oxide
» Greenhouse effect crucial for maintaining habitable temperatures on Earth

» Enhanced greenhouse effect due to anthropogenic emissions leads to global warming

Energy balance processes

» Energy balance processes maintain equilibrium between incoming and outgoing radiation
» These processes are fundamental to understanding atmospheric physics and climate dynamics

« Disruptions in energy balance can lead to significant climate changes over time

Radiative equilibrium
* Theoretical state where incoming and outgoing radiation are balanced
« Earth system constantly adjusts to maintain approximate radiative equilibrium
* Net radiation at top of atmosphere should be close to zero in equilibrium state
* Deviations from equilibrium lead to warming or cooling trends

+ Radiative forcing quantifies changes in Earth's energy balance due to various factors

Heat transport mechanisms

» Atmospheric and oceanic circulation redistribute heat globally

* Hadley, Ferrel, and polar cells drive atmospheric heat transport

* Ocean currents (Gulf Stream, Kuroshio Current) play crucial role in heat redistribution
« Convection transfers heat vertically in atmosphere and oceans

+ Advection moves heat horizontally through fluid motion

Latent heat transfer

* Involves energy transfer through phase changes of water
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 Evaporation absorbs energy from surface, cooling it
» Condensation releases energy in atmosphere, warming it
* Plays crucial role in atmospheric energetics and weather patterns

« Latent heat flux significant component of surface energy budget, especially over oceans

Sensible heat transfer

* Direct transfer of heat through conduction and convection

* Occurs between surface and atmosphere or within atmosphere
* Driven by temperature gradients

* Sensible heat flux varies diurnally and seasonally

* Important for local and regional climate patterns (sea breezes, urban heat islands)

Factors affecting energy budget

* Multiple factors influence Earth's energy budget on various timescales
» Understanding these factors crucial for predicting climate change and variability

* Interactions between factors can lead to complex feedback mechanisms

Clouds and aerosols

* Clouds both reflect incoming solar radiation and trap outgoing longwave radiation
* Net effect of clouds depends on type, altitude, and optical properties

* Low clouds generally have cooling effect, high clouds warming effect

* Aerosols can scatter or absorb radiation, depending on composition

* Indirect effects of aerosols on cloud formation and properties significant for climate

Land use changes

* Alters surface albedo, evapotranspiration, and carbon storage

+ Deforestation reduces carbon sinks and increases surface albedo

* Urbanization creates heat islands and changes local energy balance
« Agricultural practices affect soil moisture and surface energy fluxes

» Changes in vegetation cover impact regional climate patterns

Greenhouse gas concentrations

* Increasing GHG concentrations enhance greenhouse effect
* Carbon dioxide (CO2) levels risen from ~280 ppm pre-industrial to over 410 ppm today
* Methane (CH4) and nitrous oxide (N20) also significant contributors

* Anthropogenic emissions primary driver of recent GHG increases
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* Positive feedback mechanisms (permafrost thaw, ocean acidification) can amplify GHG effects

Solar variability

« Solar output varies on different timescales (11-year sunspot cycle, longer-term cycles)
* Total solar irradiance (TSI) fluctuations typically less than 0.1% over solar cycle

* Spectral variations more significant, especially in UV region

« Solar variability can influence stratospheric ozone and atmospheric circulation patterns

* Long-term solar changes may play role in past climate variations (Maunder Minimum)

Measurement and observation

 Accurate measurement of Earth's energy budget crucial for understanding climate system
» Combination of satellite, ground-based, and model-based approaches provides comprehensive view

» Ongoing improvements in measurement techniques enhance our ability to detect small changes

Satellite-based measurements

« Earth Radiation Budget Experiment (ERBE) pioneered satellite measurements of energy budget
+ Clouds and the Earth's Radiant Energy System (CERES) provides ongoing observations

« Satellites measure both shortwave (reflected solar) and longwave (emitted thermal) radiation

* Allows global coverage and monitoring of spatial and temporal variations

+ Challenges include instrument calibration and accounting for orbital drift

Ground-based measurements

« Surface radiation networks (BSRN, ARM) provide high-quality, continuous measurements
» Radiometers measure incoming and outgoing radiation at surface

* Flux towers quantify sensible and latent heat fluxes

» Weather balloons (radiosondes) measure vertical profiles of temperature and humidity

» Ground-based measurements crucial for validating satellite observations and models

Energy budget models
* General Circulation Models (GCMs) simulate global energy budget and climate system
 Radiative transfer models calculate absorption, emission, and scattering of radiation
+ Energy balance models simplify system to study key processes and feedbacks
» Reanalysis products combine observations and models to create consistent datasets

* Model intercomparison projects (CMIP) assess uncertainties and improve projections
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Climate implications

« Earth's energy budget directly impacts global climate patterns
+ Understanding energy balance crucial for predicting future climate changes

« Climate system responds to energy imbalances through various mechanisms

Global temperature trends

* Global mean surface temperature increased by ~1°C since pre-industrial times

» Warming trend closely linked to changes in Earth's energy balance

» Ocean heat content provides measure of long-term energy accumulation in climate system
» Temperature changes not uniform globally (polar amplification, land-sea contrast)

* Paleoclimate records provide context for current warming trends

Radiative forcing

* Measures change in Earth's energy balance due to specific factor

» Expressed in watts per square meter (W/m?)

« Positive forcing leads to warming, negative to cooling

» Anthropogenic forcings (GHGs, aerosols) dominate recent changes

« Natural forcings (solar variability, volcanic eruptions) also contribute to climate variability

Climate sensitivity

+ Describes temperature response to doubling of atmospheric CO2 concentration

+ Equilibrium Climate Sensitivity (ECS) considers long-term response including slow feedbacks
* Transient Climate Response (TCR) measures shorter-term response

* Current estimates of ECS range from 2.5°C to 4°C

+ Understanding climate sensitivity crucial for projecting future warming

Feedback mechanisms

» Amplify or dampen initial climate perturbations

» Water vapor feedback strongest positive feedback in climate system

* Ice-albedo feedback significant in polar regions

+ Cloud feedbacks complex and major source of uncertainty in climate projections

« Carbon cycle feedbacks (ocean and terrestrial carbon sinks) affect long-term climate response

Energy budget perturbations

» Changes in Earth's energy budget can arise from various sources
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» Understanding perturbations crucial for attributing observed climate changes

« Timescales of perturbations range from days to millennia

Natural vs anthropogenic factors

* Natural factors include volcanic eruptions, solar variability, orbital changes

» Anthropogenic factors primarily greenhouse gas emissions and land use changes

* Recent warming trend primarily attributed to anthropogenic factors

* Natural variability can mask or enhance anthropogenic signal on shorter timescales

« Attribution studies use statistical methods to separate natural and anthropogenic influences

Short-term vs long-term changes

« Short-term changes (El Nifio, volcanic eruptions) affect energy budget on timescales of months to
years

+ Long-term changes (GHG increases, orbital variations) operate over decades to millennia
* Ocean heat uptake buffers short-term variations in energy balance
» Thermal inertia of climate system leads to delayed response to long-term perturbations

» Understanding different timescales crucial for interpreting observed climate trends

Regional variations

» Energy budget perturbations not uniform globally

* Arctic amplification leads to greater warming at high latitudes

 Land areas generally warm faster than oceans due to lower heat capacity

» Changes in atmospheric circulation patterns affect regional energy balance

» Regional variations in aerosol emissions and land use changes impact local energy budgets

Energy budget and climate change

» Changes in Earth's energy budget drive ongoing climate change
» Understanding these changes crucial for predicting future climate impacts

* Mitigation strategies aim to restore balance in Earth's energy budget

Enhanced greenhouse effect

» Anthropogenic GHG emissions intensify natural greenhouse effect

» CO2 concentration increased from ~280 ppm to over 410 ppm since industrial revolution
» Other GHGs (methane, nitrous oxide, CFCs) also contribute to enhanced effect

+ Leads to trapping of more outgoing longwave radiation in lower atmosphere

* Results in net positive radiative forcing, driving global warming trend

Fiveable archived study guides Page 136



Radiative imbalance

+ Current imbalance estimated at ~0.5-1 W/m? (more energy incoming than outgoing)

» Majority of excess energy absorbed by oceans, leading to ocean heat content increase

* Imbalance causes continued warming even if GHG concentrations stabilize

» Measuring imbalance challenging due to small magnitude compared to total energy fluxes

* Reducing imbalance key goal of climate change mitigation efforts

Climate system response

» Warming of atmosphere, land, and oceans

+ Sea level rise due to thermal expansion and ice melt

» Changes in precipitation patterns and extreme weather events
« Shifts in ecosystems and biodiversity

» Complex feedbacks (permafrost thaw, forest dieback) can amplify initial changes

Mitigation strategies

* Reduce GHG emissions through transition to renewable energy sources

» Enhance carbon sinks through reforestation and improved land management

* Develop negative emission technologies (direct air capture, bioenergy with carbon capture)
* Increase energy efficiency to reduce overall energy demand

+ Implement policies (carbon pricing, regulations) to incentivize low-carbon practices
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Unit 4 — Cloud Physics and Precipitation

4.1 Cloud formation processes

Cloud formation is a complex process involving atmospheric moisture, nucleation, and thermodynamics.
Water vapor condenses on tiny particles called aerosols, forming cloud droplets. This process is influenced
by factors like temperature, humidity, and air movement.

Understanding cloud formation is crucial for weather prediction and climate studies. Different types of
clouds form under various atmospheric conditions, impacting precipitation, radiation balance, and overall
weather patterns. Cloud microphysics plays a key role in these processes.

Atmospheric moisture

» Atmospheric moisture plays a crucial role in cloud formation processes and weather patterns

* Understanding atmospheric moisture is fundamental to studying cloud physics and precipitation in
Atmospheric Physics

» Water vapor, the gaseous form of water, is a key component of atmospheric composition and energy
transfer

Water vapor in atmosphere
» Water vapor constitutes approximately 0-4% of the atmosphere by volume
» Unevenly distributed both vertically and horizontally in the atmosphere
* Serves as the primary source for cloud formation and precipitation
+ Plays a significant role in atmospheric energy balance and heat transfer
* Absorbs and emits infrared radiation

* Releases latent heat during condensation processes

Humidity measurements

* Relative humidity measures the amount of water vapor in the air compared to the maximum amount
possible at a given temperature

* Specific humidity represents the mass of water vapor per unit mass of air

* Dew point temperature indicates the temperature at which air becomes saturated with water vapor
+ Mixing ratio defines the mass of water vapor per unit mass of dry air

* Instruments used for humidity measurements

» Hygrometers (electronic and mechanical)

* Psychrometers (wet and dry bulb thermometers)

Saturation vapor pressure

» Maximum amount of water vapor that can be held in the air at a given temperature
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* Increases exponentially with temperature according to the Clausius-Clapeyron equation
« Saturation vapor pressure over water differs from that over ice at the same temperature
* Relative humidity reaches 100% when actual vapor pressure equals saturation vapor pressure

+ Supersaturation occurs when relative humidity exceeds 100%, often leading to cloud formation

Cloud nucleation

* Cloud nucleation marks the initial stage of cloud formation in the atmosphere
* This process involves the condensation of water vapor around tiny particles suspended in the air

» Understanding cloud nucleation is essential for predicting cloud formation and studying their effects on
climate and weather

Aerosols as cloud condensation nuclei

* Aerosols serve as surfaces for water vapor condensation in the atmosphere

» Natural sources include sea spray, dust, and volcanic emissions

» Anthropogenic sources encompass industrial emissions and biomass burning

« Size and chemical composition of aerosols affect their efficiency as cloud condensation nuclei (CCN)
* Hygroscopic particles (salt, sulfates) make particularly effective CCN

 Concentration and type of aerosols influence cloud droplet size and number

Homogeneous vs heterogeneous nucleation

* Homogeneous nucleation occurs when water vapor molecules cluster together without a surface
* Requires extremely high supersaturation levels (>400%) rarely found in the atmosphere

» Heterogeneous nucleation involves water vapor condensing on aerosol particles

» Dominates cloud formation processes in the atmosphere due to lower energy barrier

* Occurs at much lower supersaturation levels compared to homogeneous nucleation

* Aerosol properties significantly influence the efficiency of heterogeneous nucleation

Kohler theory
» Describes the equilibrium vapor pressure over a solution droplet
» Combines the effects of surface curvature (Kelvin effect) and solute (Raoult's law)
» Kdhler curve shows the relationship between droplet size and supersaturation
» Critical supersaturation represents the peak of the Kéhler curve
+ Determines the activation of cloud condensation nuclei
* Varies with aerosol size and composition

« Activation diameter defines the size at which a particle becomes a cloud droplet
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* Provides a theoretical framework for understanding cloud droplet formation and growth

Condensation and evaporation

» Condensation and evaporation processes drive the formation, growth, and dissipation of clouds
» These phase changes play a crucial role in atmospheric energy transfer and water cycle

» Understanding these processes is fundamental to predicting cloud behavior and precipitation

Latent heat release

« Latent heat represents the energy absorbed or released during phase changes of water
» Condensation releases latent heat, warming the surrounding air

+ Contributes to atmospheric instability and convection

* Fuels the development of thunderstorms and tropical cyclones

» Evaporation absorbs latent heat, cooling the surrounding environment

* Influences surface temperature and atmospheric boundary layer dynamics

* Plays a role in the formation of sea breezes and cold pools

« Latent heat flux significantly impacts global energy balance and atmospheric circulation patterns

Droplet growth mechanisms

« Diffusion growth occurs through the direct condensation of water vapor onto droplets

» Dominates initial stages of cloud droplet formation

» Rate depends on supersaturation and droplet size

* Collision-coalescence involves larger droplets colliding and merging with smaller ones

* Becomes important for droplets larger than about 20 micrometers in radius

* Leads to the formation of precipitation-sized droplets in warm clouds

* Bergeron process describes ice crystal growth at the expense of supercooled water droplets
* Operates in mixed-phase clouds (containing both liquid water and ice)

* Crucial for precipitation formation in many mid-latitude and high-latitude clouds

Evaporation processes

» Occurs when the environment is subsaturated with respect to the droplet's surface
+ Rate of evaporation depends on relative humidity, temperature, and air movement
* Plays a crucial role in cloud dissipation and precipitation

« Virga forms when precipitation evaporates before reaching the ground

« Evaporative cooling can lead to downdrafts and gust fronts in thunderstorms

« Influences cloud lifetime and extent
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 Entrainment of dry air can lead to partial or complete cloud evaporation

« Shapes the vertical structure of clouds through differential evaporation rates

Cloud microphysics

+ Cloud microphysics focuses on the small-scale processes within clouds
* This field examines the formation, growth, and interactions of cloud particles

» Understanding cloud microphysics is crucial for accurate weather prediction and climate modeling

Droplet size distribution

+ Describes the range and frequency of droplet sizes within a cloud

* Typically follows a gamma or lognormal distribution

* Influenced by factors such as

* Aerosol concentration and composition

+ Updraft velocity and supersaturation

* Cloud age and type

* Impacts cloud optical properties and precipitation efficiency

* Measured using instruments like cloud droplet probes and disdrometers

« Evolution of size distribution over time provides insights into cloud processes

Collision and coalescence

* Primary mechanism for raindrop formation in warm clouds

* Collision efficiency depends on droplet sizes and relative velocities

 Coalescence efficiency influenced by surface tension and electrical charges

« Gravitational settling leads to differential fall speeds, promoting collisions

* Turbulence enhances collision rates, especially for smaller droplets

* Collision-coalescence becomes significant for droplets larger than 20 micrometers

* Leads to the broadening of the droplet size distribution over time

Ice crystal formation

+ Occurs through various nucleation processes in clouds colder than 0°C

» Homogeneous freezing of pure water droplets requires temperatures below -38°C
» Heterogeneous ice nucleation involves ice nucleating particles (INPs)

* Deposition nucleation: direct deposition of water vapor onto INPs

 Immersion freezing: freezing of a droplet containing an immersed INP

+ Contact freezing: freezing initiated by an INP contacting a supercooled droplet
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* Ice crystal habits (shapes) depend on temperature and supersaturation
* Includes plates, columns, dendrites, and needles

» Secondary ice production mechanisms

* Rime splintering (Hallett-Mossop process)

* Fragmentation during collisions

* Droplet shattering during freezing

Cloud types and classification

* Cloud classification systems help meteorologists and atmospheric scientists describe and analyze
cloud formations

» Understanding different cloud types aids in weather forecasting and climate studies

* Cloud types reflect atmospheric conditions, stability, and ongoing physical processes

Low vs middle vs high clouds

* Low clouds form below 2 km (6,500 ft) altitude

« Stratus: flat, featureless layers often producing drizzle

« Stratocumulus: patches or rolls of clouds with some vertical development

» Cumulus: puffy, cotton-like clouds with flat bases and rounded tops
 Middle clouds occur between 2-7 km (6,500-23,000 ft)

« Altostratus: gray or bluish cloud sheets, often thin enough to reveal the sun
+ Altocumulus: white or gray patches, often in rows or waves

» Nimbostratus: thick, dark gray cloud layers associated with continuous precipitation
* High clouds form above 7 km (23,000 ft)

« Cirrus: thin, wispy clouds composed of ice crystals

« Cirrostratus: transparent veil-like clouds often producing halos

* Cirrocumulus: small, round white puffs arranged in patterns

Stratiform vs cumuliform clouds

« Stratiform clouds develop horizontally in stable atmospheric conditions
 Characterized by uniform appearance and extensive coverage

* Typically produce light, steady precipitation (stratus, altostratus)

» Form through large-scale lifting or radiative cooling

» Cumuliform clouds grow vertically in unstable atmospheric conditions

« Exhibit distinct, often towering shapes with sharp outlines
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« Associated with convection and localized, intense precipitation (cumulus, cumulonimbus)

+ Develop due to surface heating, frontal lifting, or orographic effects

Special cloud formations

* Lenticular clouds: lens-shaped clouds formed in stable air over mountains

* Mammatus clouds: pouch-like structures hanging beneath the base of a cloud
+ Often associated with severe thunderstorms

* Noctilucent clouds: high-altitude clouds visible in twilight at polar latitudes

+ Kelvin-Helmholtz clouds: wave-like formations caused by wind shear

* Pyrocumulus: formed by intense heat from wildfires or volcanic eruptions

* Contrails: linear clouds produced by aircraft exhaust in the upper troposphere

Atmospheric stability
» Atmospheric stability determines the potential for vertical motion and cloud development
* Plays a crucial role in weather forecasting and understanding atmospheric dynamics

« Stability conditions influence cloud types, precipitation patterns, and severe weather potential

Dry vs moist adiabatic lapse rates

* Dry adiabatic lapse rate (DALR) describes temperature change of unsaturated air parcels
» Approximately 9.8°C per kilometer of vertical displacement

* Remains constant regardless of temperature or pressure

* Moist adiabatic lapse rate (MALR) applies to saturated air parcels

* Variable, typically ranging from 4-9°C per kilometer

» Depends on temperature and pressure due to latent heat release

* Generally less steep than DALR, leading to potential instability

* Environmental lapse rate (ELR) represents the actual vertical temperature profile

» Comparison with DALR and MALR determines atmospheric stability

Stability criteria for cloud formation
* Absolute stability occurs when ELR < MALR
* Inhibits vertical motion and cloud development
+ Often associated with stratiform clouds or clear conditions
+ Conditional instability exists when MALR < ELR < DALR
« Stable for unsaturated air, but potentially unstable if saturation occurs

+ Can lead to cumulus cloud formation if lifting mechanism present
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* Absolute instability happens when ELR > DALR

» Promotes strong vertical motion and convective cloud development

+ Often results in cumulonimbus clouds and severe weather

* Potential instability involves a decrease in equivalent potential temperature with height
» Can lead to instability if the entire layer is lifted

* Important for assessing severe weather potential

Convective available potential energy

+ Convective Available Potential Energy (CAPE) quantifies atmospheric instability

* Represents the amount of energy available for convection

* Calculated as the area between the environmental temperature profile and the parcel's path
* Higher CAPE values indicate greater potential for strong updrafts and severe weather
* 0-1000 J/kg: weak instability

+ 1000-2500 J/kg: moderate instability

+ 2500 J/kg: strong instability

* Influenced by factors such as

* Surface temperature and moisture

* Mid-level temperatures

* Presence of capping inversions

+ Used in conjunction with other parameters for severe weather forecasting

Orographic cloud formation

+ Orographic clouds form due to the interaction between air flow and topography
» Understanding these processes is crucial for local weather forecasting in mountainous regions

* Orographic effects significantly influence precipitation patterns and regional climate

Mountain wave clouds

» Form in the lee of mountains when stable air flows over a topographic barrier
« Characterized by stationary, lens-shaped clouds (lenticular clouds)

* Occur in a series of waves downwind of the mountain

» Formation process

« Air is forced upward on the windward side, cooling adiabatically

* As air descends on the lee side, it warms and clouds evaporate

* Oscillations continue downwind, creating a wave pattern
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* Associated with turbulence, important for aviation safety

+ Can lead to localized areas of precipitation enhancement or suppression

Fohn effect

» Warm, dry wind occurring on the lee side of a mountain range

* Known by various names in different regions (Chinook, Santa Ana winds)

» Formation process

* Moist air is forced upward on the windward side, cooling and condensing

* Precipitation occurs on the windward slope, releasing latent heat

« Air descends on the lee side, warming at the dry adiabatic lapse rate

« Results in warmer, drier conditions on the lee side

* Impacts local climate and can lead to rapid temperature increases

+ Associated with increased fire danger and potential health effects
Upslope fog

» Forms when moist air is forced up a topographic slope

» Common in coastal areas where moist air moves inland over rising terrain

» Formation process

* Air cools adiabatically as it rises along the slope

* Cooling leads to condensation if the air reaches its dew point

 Fog forms near the ground, often extending up the slope

« Can persist for extended periods if wind direction remains constant

« Impacts visibility, affecting transportation and local activities

» May lead to drizzle or light precipitation in some cases

Cloud dynamics

* Cloud dynamics encompasses the physical processes governing cloud formation, evolution, and
dissipation

» Understanding these processes is crucial for accurate weather prediction and climate modeling

* Cloud dynamics plays a key role in atmospheric energy transfer and precipitation formation

Entrainment and mixing

+ Entrainment involves the incorporation of environmental air into a cloud
* Occurs at cloud edges and top due to turbulent motions

« Affects cloud properties and evolution
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* Dilutes cloud water content and temperature

+ Can lead to evaporation and cloud dissipation

* Influences cloud droplet size distribution

* Mixing processes within clouds

* Homogeneous mixing: rapid and complete mixing of entrained air

» Inhomogeneous mixing: patchy mixing leading to diverse droplet populations
» Entrainment rates vary with cloud type and environmental conditions

» Cumulus clouds experience more entrainment due to their turbulent nature

« Stratiform clouds have lower entrainment rates

Updrafts and downdrafts
+ Updrafts represent rising air motions within clouds
* Drive cloud growth and development
* Influenced by buoyancy, convergence, and orographic lifting
« Strongest in convective clouds (cumulus, cumulonimbus)
* Transport moisture, heat, and momentum vertically
» Downdrafts involve sinking air motions
» Can be caused by precipitation loading and evaporative cooling
* Important in mature and dissipating stages of convective clouds
« Contribute to gust fronts and microbursts in severe thunderstorms
* Interaction between updrafts and downdrafts
* Creates complex circulation patterns within clouds
* Influences cloud lifetime and precipitation efficiency

* Plays a role in the development of severe weather phenomena

Cloud lifecycle

» Cumulus stage: initial development characterized by rising air parcels

* Dominated by updrafts

* Cloud droplets grow primarily through condensation

» Mature stage: peak development with both updrafts and downdrafts present
* Precipitation begins to fall

» Maximum cloud height and horizontal extent reached

* Dissipating stage: weakening of convection and cloud breakup
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* Downdrafts become more prevalent

 Evaporation leads to cloud erosion and eventual dissipation
+ Factors influencing cloud lifecycle

» Environmental stability and moisture content

* Presence of wind shear or capping inversions

+ Diurnal heating cycle and surface conditions

» Understanding cloud lifecycle crucial for

* Short-term weather forecasting

* Predicting severe weather development

« Estimating precipitation amounts and duration

Precipitation processes

* Precipitation processes involve the formation and growth of water droplets or ice particles to sizes
large enough to fall from clouds

+ Understanding these processes is crucial for accurate weather forecasting and water resource
management

* Precipitation formation mechanisms vary depending on cloud type and temperature

Warm rain formation

* Occurs in clouds with temperatures above freezing throughout

» Common in tropical and subtropical regions

* Collision-coalescence process

« Larger cloud droplets fall faster than smaller ones, colliding and merging
« Initial size differences arise from variations in condensation nuclei

* Process accelerates as droplets grow, leading to rapid raindrop formation
* Factors influencing warm rain efficiency

* Cloud thickness and liquid water content

* Droplet size distribution

* Updraft strength and duration

» Warm rain process can produce precipitation in as little as 15-20 minutes

* Typically results in light to moderate rainfall intensities

Cold cloud processes

* Involve ice particles and occur in clouds with temperatures below freezing

» Dominant precipitation formation mechanism in mid-latitudes and polar regions
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* Ice crystal growth mechanisms

* Deposition: direct vapor deposition onto ice crystals

* Riming: supercooled water droplets freezing upon contact with ice crystals
» Aggregation: ice crystals colliding and sticking together

* Factors affecting cold cloud precipitation

» Temperature and humidity profiles within the cloud
 Concentration and types of ice nuclei

* Presence and amount of supercooled liquid water

» Can produce a variety of precipitation types

» Snow: when the entire atmospheric column is below freezing
+ Sleet: when ice pellets partially melt and refreeze

* Freezing rain: when supercooled raindrops freeze on contact with surfaces

Bergeron process

* Also known as the ice crystal process or cold rain process

* Occurs in mixed-phase clouds containing both supercooled water droplets and ice crystals
+ Based on the difference in saturation vapor pressure over ice and water

* Ice has a lower saturation vapor pressure than water at the same temperature

* Creates a vapor pressure gradient, causing water vapor to deposit on ice crystals
* Process steps

* Ice crystals grow at the expense of surrounding water droplets

* As ice crystals become larger, they begin to fall

* May melt into raindrops if they pass through warmer layers

» Enhances precipitation efficiency in mid-latitude clouds

* Plays a crucial role in the formation of snow and other types of frozen precipitation
* Influenced by factors such as

* Cloud temperature profile

+ Availability of ice nuclei

* Updraft strength and cloud dynamics

Cloud radiative effects

« Cloud radiative effects describe how clouds interact with both solar and terrestrial radiation

* These interactions play a crucial role in Earth's energy balance and climate system
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» Understanding cloud radiative effects is essential for accurate climate modeling and predictions

Albedo and cloud reflectivity

+ Cloud albedo refers to the fraction of incoming solar radiation reflected back to space
» Varies depending on cloud properties

* Optical thickness: thicker clouds generally have higher albedo

* Droplet size distribution: smaller droplets increase reflectivity

+ Cloud height: higher clouds tend to be more reflective

* Low, thick clouds (stratus) have high albedo, cooling Earth's surface

« Thin, high clouds (cirrus) have lower albedo but trap outgoing longwave radiation

* Global cloud albedo effect estimated to cool Earth by about 50 W/m?

+ Aerosol-cloud interactions can modify cloud albedo (first indirect effect)

* Increased aerosols lead to more numerous, smaller cloud droplets

* Results in higher albedo for the same liquid water content

Greenhouse effect of clouds

* Clouds absorb and re-emit longwave radiation, contributing to the greenhouse effect
* Trapping of outgoing terrestrial radiation warms the surface and lower atmosphere

« Effectiveness depends on cloud properties

* Height: higher clouds have a stronger greenhouse effect

* Optical thickness: thicker clouds trap more radiation

» Temperature: colder cloud tops are more effective greenhouse agents

* Low clouds have a weak greenhouse effect due to their warm temperatures

* High clouds (cirrus) have a strong greenhouse effect, warming Earth's surface

* Net effect of clouds on Earth's energy budget

+ Cooling effect from albedo generally outweighs warming from greenhouse effect

* Global average net cooling effect estimated at about 20 W/m?

Cloud feedback mechanisms

* Describe how clouds respond to and influence climate change

* Represent a major source of uncertainty in climate projections

« Positive feedbacks amplify warming, negative feedbacks dampen it
* Types of cloud feedbacks

* Cloud amount feedback: changes in total cloud cover
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* Cloud altitude feedback: shifts in cloud height distribution

+ Cloud optical depth feedback: changes in cloud thickness or water content
* Low cloud amount feedback

* Decrease in low cloud cover with warming (positive feedback)

* Driven by increased surface evaporation and atmospheric stability

+ High cloud altitude feedback

* Rising of high clouds with warming (positive feedback)

* Related to the rise in tropopause height

* Phase change feedback

« Transition from ice to liquid in mixed-phase clouds (positive feedback)
* Liquid clouds have higher albedo but persist longer

* Current understanding suggests an overall positive cloud feedback

* Magnifies global warming by about 0.4-1.2°C for doubled CO2

* Largest contribution from low cloud amount feedback

» Ongoing research focuses on reducing uncertainties in cloud feedback estimates

4.2 Cloud classification

Clouds are atmospheric marvels that shape our weather and climate. From fluffy cumulus to wispy cirrus,
they come in various forms, each with unique characteristics and impacts on Earth's energy balance.

Understanding cloud types helps meteorologists predict weather patterns and assess atmospheric
conditions. This topic explores cloud classification, formation processes, and their crucial role in
atmospheric physics, connecting the dots between cloud properties and their broader environmental
effects.

Types of clouds

* Clouds play a crucial role in atmospheric physics by influencing Earth's energy balance, precipitation
patterns, and overall climate

» Understanding cloud types helps meteorologists predict weather patterns and assess atmospheric
conditions

« Cloud classification is based on their appearance, altitude, and formation processes

Low-level clouds

» Form below 6,500 feet (2,000 meters) in the troposphere
* Consist primarily of water droplets due to warmer temperatures at lower altitudes
* Include stratus, stratocumulus, and nimbostratus cloud types

« Often appear as flat, layered, or lumpy sheets covering large areas of the sky
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* Influence local weather conditions by producing light precipitation or fog

Mid-level clouds
* Develop between 6,500 and 20,000 feet (2,000 to 6,000 meters)
» Composed of water droplets, ice crystals, or a mixture of both depending on temperature
* Encompass altocumulus and altostratus cloud formations
* Typically appear as parallel bands or rounded masses in the sky

« Can indicate approaching weather systems or atmospheric instability

High-level clouds
» Form above 20,000 feet (6,000 meters) in the upper troposphere
* Consist entirely of ice crystals due to extremely cold temperatures at high altitudes
* Include cirrus, cirrostratus, and cirrocumulus cloud types
* Appear thin, wispy, or veil-like, often creating halos around the sun or moon

+ Serve as indicators of upper-level atmospheric conditions and approaching weather fronts

Vertical development clouds

» Extend through multiple levels of the troposphere, sometimes reaching the tropopause
* Develop due to strong convection currents and atmospheric instability

» Comprise cumulus and cumulonimbus cloud formations

 Characterized by their towering, cauliflower-like appearance

+ Associated with intense precipitation, thunderstorms, and severe weather events

Cloud formation processes

* Cloud formation involves complex interactions between atmospheric dynamics, thermodynamics, and
microphysics

» Understanding these processes is essential for accurate weather forecasting and climate modeling

* Cloud formation mechanisms vary depending on local conditions and large-scale atmospheric
circulation patterns

Lifting mechanisms

» Convection causes air parcels to rise due to surface heating or instability

« Frontal lifting occurs when warm air masses are forced to rise over cooler, denser air

+ Orographic lift results from air being forced up and over topographic barriers (mountains)
 Convergence lifting happens when air masses collide and are forced upward

* Mechanical turbulence can cause localized lifting due to surface roughness or obstacles
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Condensation nuclei

* Microscopic particles suspended in the atmosphere (dust, salt, smoke)

* Provide surfaces for water vapor to condense upon, facilitating cloud droplet formation
» Vary in size, composition, and hygroscopic properties

* Influence cloud droplet size distribution and cloud optical properties

* Play a crucial role in determining cloud lifetime and precipitation efficiency

Adiabatic cooling
+ Occurs when rising air parcels expand and cool without exchanging heat with the environment
* Follows the dry adiabatic lapse rate of approximately 9.8°C per kilometer of ascent
* Continues until the air parcel reaches its dew point temperature
+ Initiates condensation and cloud formation when relative humidity reaches 100%

* Transitions to the moist adiabatic lapse rate once condensation begins

Cloud characteristics

* Cloud properties significantly influence atmospheric radiation balance and hydrological cycle

« Studying cloud characteristics helps improve our understanding of atmospheric processes and climate
dynamics

* Cloud features can vary greatly depending on environmental conditions and formation mechanisms

Altitude

» Determines cloud classification into low, middle, and high levels

* Influences cloud composition (water droplets, ice crystals, or mixed-phase)

« Affects cloud optical properties and interaction with solar and terrestrial radiation
+ Impacts cloud lifetime and precipitation potential

« Varies with latitude, season, and local atmospheric conditions

Composition

» Water clouds consist of liquid water droplets with diameters typically ranging from 1 to 100
micrometers

* Ice clouds contain ice crystals with various shapes (plates, columns, dendrites)
» Mixed-phase clouds include both supercooled water droplets and ice crystals
+ Cloud particle size distribution affects cloud radiative properties and precipitation efficiency

» Chemical composition can be influenced by aerosol particles acting as cloud condensation nuclei
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Appearance

* Determined by cloud particle size, density, and arrangement

« Stratus clouds appear as uniform, featureless layers

» Cumulus clouds exhibit distinct, puffy shapes with flat bases and rounded tops

* Cirrus clouds have a wispy, fibrous appearance due to ice crystal composition

* Cloud color varies based on lighting conditions and particle scattering properties

+ Unusual cloud formations (lenticular, mammatus) result from specific atmospheric conditions

Density
* Refers to the concentration of water droplets or ice crystals within the cloud
* Affects cloud opacity and ability to transmit or reflect solar radiation
* Influences cloud buoyancy and vertical development potential
* Varies widely between different cloud types and within individual clouds

+ Impacts precipitation formation processes and cloud electrification

World Meteorological Organization classification

* Provides a standardized system for identifying and describing clouds globally
* Facilitates communication among meteorologists and atmospheric scientists
* Helps in weather forecasting, climate studies, and aviation meteorology

» Based on visual appearance, altitude, and formation processes of clouds

* Continuously updated to incorporate new understanding of cloud physics and dynamics

Ten basic cloud types

« Cirrus (Ci): thin, wispy clouds composed of ice crystals

+ Cirrocumulus (Cc): small, round white patches arranged in a regular pattern

« Cirrostratus (Cs): thin, veil-like clouds that often produce halos

* Altocumulus (Ac): white or gray patches with a rolled appearance

* Altostratus (As): grayish or bluish cloud sheets or layers

» Nimbostratus (Ns): dark, low-level clouds associated with continuous precipitation
« Stratocumulus (Sc): low-level clouds arranged in a honeycomb pattern

« Stratus (St): uniform, gray cloud layer often producing drizzle

* Cumulus (Cu): puffy clouds with flat bases and rounded tops

» Cumulonimbus (Cb): towering clouds associated with thunderstorms and severe weather
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Supplementary features

* Incus: anvil-shaped top of a mature cumulonimbus cloud

« Mamma: pouch-like protrusions on the underside of a cloud

« VVirga: precipitation that evaporates before reaching the ground

* Arcus: low, horizontal cloud formation associated with a gust front

* Tuba: cloud column or funnel extending from the cloud base (may develop into a tornado)

Accessory clouds

* Pileus: small, smooth cloud cap that appears above a cumulus or cumulonimbus

* Velum: thin, veil-like cloud attached to the upper part of a cumulus or cumulonimbus
» Pannus: ragged cloud fragments below the main cloud base

* Flumen: bands of low clouds associated with severe thunderstorms (beaver's tail)

» Supplementary clouds provide additional information about atmospheric conditions and storm
dynamics

Cloud identification techniques

* Accurate cloud identification is crucial for weather forecasting, aviation safety, and climate studies
» Multiple methods are employed to ensure comprehensive cloud observation and analysis

» Combining different techniques provides a more complete picture of cloud distribution and properties

Visual observation

* Involves trained observers identifying cloud types based on WMO classification
« Utilizes cloud atlases and reference materials for consistent identification

» Requires knowledge of local weather patterns and atmospheric conditions

* Provides real-time, ground-based observations of cloud characteristics

« Limited by observer subjectivity and visibility restrictions

Satellite imagery

« Offers a broad view of cloud systems and their movement over large areas

« Utilizes visible, infrared, and water vapor channels for comprehensive cloud analysis
+ Allows for tracking of cloud development and dissipation over time

* Provides information on cloud top temperatures and heights

» Enables detection of cloud patterns associated with specific weather phenomena (comma clouds)

Radar detection

* Uses electromagnetic waves to detect precipitation within clouds
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* Provides information on cloud structure, intensity, and movement
+ Allows for identification of potentially severe weather systems
» Doppler radar can measure wind speeds within clouds and precipitation

+ Dual-polarization radar improves precipitation type identification and estimation

Cloud impacts on climate

* Clouds play a crucial role in Earth's energy balance and hydrological cycle
» Understanding cloud-climate interactions is essential for accurate climate modeling and prediction

+ Cloud feedbacks represent a significant source of uncertainty in climate change projections

Albedo effect

* Clouds reflect incoming solar radiation back to space, cooling Earth's surface

* Low, thick clouds have a higher albedo than thin, high clouds

+ Global cloud cover influences planetary albedo and energy balance

» Changes in cloud properties due to climate change can amplify or dampen warming

* Cloud albedo effect varies with cloud type, thickness, and geographical location

Greenhouse effect

* Clouds absorb and re-emit longwave radiation from Earth's surface

« High, thin clouds (cirrus) have a stronger greenhouse effect than low clouds

* Cloud greenhouse effect depends on cloud altitude, temperature, and composition
* Nighttime cloud cover can lead to warmer surface temperatures

« Interactions between cloud greenhouse and albedo effects determine net climate impact

Precipitation processes

+ Clouds are essential for the formation and distribution of precipitation

+ Cloud microphysics influence precipitation efficiency and intensity

» Changes in cloud properties can affect global and regional precipitation patterns
* Cloud-aerosol interactions impact precipitation formation and distribution

 Extreme precipitation events are often associated with specific cloud types and structures

Cloud microphysics

+» Focuses on the microscale processes within clouds that govern their formation, evolution, and
dissipation

« Essential for understanding precipitation formation and cloud-radiation interactions

* Involves complex interactions between water vapor, liquid water, and ice particles
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* Influences cloud lifetime, optical properties, and precipitation efficiency

* Crucial for improving parameterizations in weather and climate models

Droplet formation

» Occurs when water vapor condenses on cloud condensation nuclei (CCN)

* Requires supersaturation of water vapor relative to a flat water surface

* Follows Kohler theory, which describes the equilibrium vapor pressure over a curved droplet surface
« Initial droplet growth occurs through diffusion of water vapor

* Droplet size distribution affects cloud optical properties and collision-coalescence efficiency

Ice crystal formation

* Involves heterogeneous or homogeneous nucleation processes

* Heterogeneous nucleation requires ice nuclei (IN) and occurs at warmer temperatures
» Homogeneous nucleation occurs at very low temperatures (below -38°C) without IN

* Ice crystal shape depends on temperature and supersaturation conditions

» Wegener-Bergeron-Findeisen process describes ice crystal growth at the expense of liquid droplets

Collision-coalescence process

* Primary mechanism for raindrop formation in warm clouds

* Involves collisions between cloud droplets of different sizes and fall speeds

« Coalescence efficiency depends on droplet sizes, surface tension, and electrical charges
* Gravitational settling and turbulence enhance collision rates

* Leads to the formation of precipitation-sized drops when droplets reach a critical size

Special cloud types
* Unique cloud formations that occur under specific atmospheric conditions
* Often associated with unusual weather phenomena or atmospheric processes
* Provide valuable information about local and upper-level atmospheric dynamics
» Can be visually striking and of interest to both scientists and the general public

+ Studying these clouds helps improve our understanding of atmospheric physics

Noctilucent clouds

* Form in the mesosphere at altitudes of 76 to 85 km
» Composed of tiny ice crystals and visible only during twilight conditions
* Appear as silvery-blue, wave-like structures against the dark sky

* Occur primarily at high latitudes during summer months
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* May be indicators of climate change in the upper atmosphere

Mammatus clouds

+ Characterized by pouch-like protrusions on the underside of clouds

+ Often associated with severe thunderstorms and cumulonimbus clouds
» Form due to sinking air and temperature inversions

« Can appear in various cloud types, including cirrus and altocumulus

* Do not directly produce severe weather but indicate atmospheric instability

Lenticular clouds

« Stationary, lens-shaped clouds that form in the lee of mountains or hills
* Result from orographic lifting and wave motions in the atmosphere

+ Often mistaken for UFOs due to their smooth, saucer-like appearance
* Indicate strong, stable airflow over topographic barriers

« Can persist for hours as long as atmospheric conditions remain stable

Cloud cover measurement

+ Quantifies the fraction of the sky obscured by clouds

 Important for weather forecasting, climate studies, and solar energy applications
« Utilizes various methods to provide accurate and consistent measurements

* Helps in understanding the spatial and temporal variability of cloud cover

* Crucial for validating satellite observations and atmospheric models

Oktas scale

* Traditional method for reporting cloud cover used by human observers
+ Divides the sky into eight sections (oktas)

» Ranges from 0 oktas (clear sky) to 8 oktas (completely overcast)

* Provides a quick, visual estimate of cloud cover

* Subject to observer bias and limited to the visible sky dome

Automated systems

* Use ground-based instruments to measure cloud cover continuously
* Include ceilometers, sky cameras, and radiometers

* Provide objective measurements with high temporal resolution

» Can detect cloud base height and multiple cloud layers

* Improve consistency and availability of cloud cover data
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Satellite-based estimation

« Utilizes visible and infrared satellite imagery to estimate cloud cover globally
* Provides large-scale coverage and regular observations

» Employs various algorithms to distinguish clouds from the surface

+ Challenges include detecting thin cirrus clouds and low clouds over snow/ice

» Combines data from multiple satellites for improved accuracy and coverage

Clouds in atmospheric models

* Representation of clouds is crucial for accurate weather and climate predictions
* Involves complex interactions between dynamics, thermodynamics, and microphysics
* Challenges arise due to the wide range of spatial and temporal scales involved
» Ongoing research focuses on improving cloud parameterizations and resolution

« Accurate cloud modeling is essential for understanding climate sensitivity and feedbacks

Parameterization schemes

* Represent sub-grid scale cloud processes in large-scale atmospheric models

* Include schemes for convection, cloud microphysics, and radiation

» Aim to capture the bulk effects of clouds on resolved-scale variables

* Vary in complexity from simple diagnostic schemes to sophisticated prognostic approaches

« Continuously updated based on observational data and process studies

Cloud resolving models

« Simulate individual clouds and their interactions explicitly

* Operate at high spatial resolutions (typically < 1 km)

* Provide detailed information on cloud dynamics and microphysics

* Used for process studies and to inform parameterizations in larger-scale models

» Computationally intensive, limiting their application to small domains or short time periods

Uncertainty in cloud representation

* Remains a significant source of uncertainty in climate projections
» Stems from incomplete understanding of cloud-aerosol interactions
+ Challenges in representing cloud feedback mechanisms accurately
« Difficulties in simulating cloud-radiation interactions across scales

» Ongoing research aims to reduce these uncertainties through improved observations and modeling
techniques

Fiveable archived study guides Page 158



Cloud-aerosol interactions

* Describe the complex relationships between atmospheric particles and cloud formation
« Significantly influence cloud properties, lifetime, and precipitation efficiency

* Play a crucial role in Earth's radiation budget and climate system

* Represent a major source of uncertainty in climate models and projections

* Involve various physical and chemical processes across multiple scales

Direct effects

* Aerosols scatter and absorb solar radiation, altering the atmospheric energy balance
» Absorption by aerosols can lead to local heating and atmospheric stabilization

« Scattering aerosols increase the Earth's albedo, potentially cooling the surface

* Impact visibility and air quality, especially in polluted regions

* Vary depending on aerosol composition, size distribution, and optical properties

Indirect effects

* Aerosols act as cloud condensation nuclei (CCN), influencing cloud droplet number and size

* First indirect effect (Twomey effect) increases cloud albedo by creating more numerous, smaller
droplets

» Second indirect effect (Albrecht effect) increases cloud lifetime by suppressing precipitation
» Can lead to changes in cloud cover, thickness, and precipitation patterns

» Impacts depend on aerosol type, concentration, and background conditions

Semi-direct effects

» Occur when absorbing aerosols (black carbon) heat the surrounding air

* Can lead to cloud evaporation and reduced cloud cover

» May alter atmospheric stability and convection patterns

* Interact with direct and indirect effects, complicating overall aerosol impact

* Vary regionally and depend on the vertical distribution of aerosols relative to clouds

Cloud electrification

* Involves the generation and separation of electric charges within clouds
* Plays a crucial role in the formation of lightning and thunderstorms

* Influences atmospheric chemistry and the global electric circuit

* Provides insights into cloud dynamics and microphysical processes

+ Has implications for aviation safety and lightning protection strategies
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Charge separation mechanisms

» Non-inductive charging occurs through collisions between ice particles and graupel

* Inductive charging involves the polarization of cloud particles in the Earth's electric field

+ Convective charging results from the vertical transport of charged particles

» Charge separation efficiency depends on cloud dynamics, temperature, and particle properties

* Creates regions of positive and negative charge within the cloud

Lightning formation

+ Occurs when the electric field strength exceeds the breakdown voltage of air

* Intracloud lightning is most common, occurring between charge regions within a cloud
* Cloud-to-ground lightning transfers charge between the cloud and Earth's surface

« Stepped leader process creates an ionized channel for the main lightning stroke

* Return stroke produces the visible flash and thunder through rapid heating and expansion of air

Thunder production

+ Results from the rapid heating and expansion of air along the lightning channel

* Creates a shock wave that propagates outward as a sound wave

* Thunder can be heard up to 10-15 miles away from the lightning strike

 Time delay between lightning and thunder can be used to estimate distance to the storm

» Rumbling sound is caused by different parts of the lightning channel at varying distances

Clouds on other planets

« Studying extraterrestrial clouds provides insights into planetary atmospheres and climate

» Composition and structure of clouds vary greatly among different planets

+ Observations of planetary clouds help validate atmospheric models and theories

* Understanding cloud formation on other planets informs our knowledge of Earth's atmosphere

* Planetary cloud studies contribute to the search for potentially habitable exoplanets

Venus vs Earth clouds

* Venus has a thick, continuous cloud layer composed primarily of sulfuric acid droplets
« Earth's clouds consist mainly of water droplets and ice crystals

* Venusian clouds contribute to a runaway greenhouse effect, trapping heat

« Earth's clouds play a complex role in regulating global temperature

* Venus cloud deck is much higher in the atmosphere compared to Earth's tropospheric clouds
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Mars dust clouds

» Martian atmosphere experiences global and regional dust storms

« Dust particles act as nuclei for water-ice cloud formation in the thin Martian atmosphere
+ Carbon dioxide ice clouds form in the polar regions during winter

» Martian dust storms can significantly alter the planet's climate and surface features

« Studying Martian clouds helps understand the planet's water cycle and atmospheric dynamics

Gas giant cloud layers

« Jupiter and Saturn have multiple cloud layers composed of ammonia, ammonium hydrosulfide, and
water

» Uranus and Neptune have methane clouds in their upper atmospheres
+ Cloud bands and zones on gas giants reflect complex atmospheric circulation patterns
+ Storms and vortices (Great Red Spot) form within the cloud layers of gas giants

« Studying gas giant clouds provides insights into atmospheric dynamics on massive planets

4.3 Precipitation mechanisms

Precipitation mechanisms are the heart of atmospheric water cycling. From rain to snow, sleet to hail,
these processes shape our weather and climate. Understanding how droplets form, grow, and fall is crucial
for forecasting and modeling Earth's complex atmospheric systems.

Different mechanisms drive precipitation in various regions and conditions. Warm rain processes dominate
in the tropics, while cold rain processes involving ice are more common in mid-latitudes. Orographic,
convective, and frontal precipitation each play unique roles in global water distribution.

Types of precipitation
* Precipitation forms a crucial component of the hydrologic cycle in atmospheric physics

« Different types of precipitation result from varying atmospheric conditions and temperatures

» Understanding precipitation types aids in weather forecasting and climate modeling

Rain vs snow

» Rain forms when water droplets fall as liquid through air above 0°C

* Snow develops when water vapor sublimates directly into ice crystals in subfreezing air
» The melting layer determines whether precipitation reaches the ground as rain or snow
* Factors influencing rain vs snow include:

* Surface temperature

» Atmospheric temperature profile

* Humidity levels
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Sleet and freezing rain

* Sleet consists of ice pellets formed by partially melted snow refreezing
* Freezing rain occurs when supercooled water droplets freeze on contact with surfaces
* Both result from temperature inversions in the atmosphere

* Sleet and freezing rain can cause hazardous conditions (icy roads, downed power lines)

Hail formation

* Hail forms in strong updrafts within cumulonimbus clouds

* Process involves repeated lifting of water droplets above the freezing level
+ Hailstones grow by colliding with supercooled water droplets

* Size of hailstones depends on:

* Updraft strength

» Amount of supercooled water

» Time spent in the growth region

Cloud microphysics

+ Cloud microphysics studies the processes that lead to cloud and precipitation formation
* Understanding these processes is essential for accurate weather prediction models

« Cloud microphysics bridges the gap between molecular-scale interactions and large-scale
atmospheric phenomena

Droplet nucleation

* Droplet nucleation initiates cloud formation

* Requires the presence of cloud condensation nuclei (CCN)

* Occurs when relative humidity exceeds 100% (supersaturation)

» Kdhler theory describes the equilibrium vapor pressure over a curved droplet surface
* Factors affecting nucleation:

* CCN concentration and composition

* Supersaturation levels

» Temperature

Ice crystal formation

* Ice crystals form through homogeneous or heterogeneous nucleation
» Homogeneous nucleation requires temperatures below -40°C

» Heterogeneous nucleation occurs at warmer temperatures with ice nuclei (IN)
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* Crystal habits (shapes) depend on temperature and supersaturation
* Includes:

* Plates

» Columns

» Dendrites

Collision-coalescence process

« Collision-coalescence leads to the growth of cloud droplets

* Occurs when larger droplets collide and merge with smaller ones
« Efficiency depends on:

* Droplet size distribution

¢ Turbulence in the cloud

+ Electric fields

* Plays a crucial role in warm rain formation in tropical regions

Warm rain process

» Warm rain process occurs entirely at temperatures above 0°C
» Predominant in tropical and subtropical regions

* Does not involve the ice phase of water

Condensation and growth

« Initial cloud droplets form through condensation on CCN

* Droplets grow by vapor diffusion in supersaturated environments
 Growth rate depends on:

* Supersaturation levels

* Droplet size

* Curvature effect (Kelvin effect)

» Condensation alone cannot produce raindrops efficiently

Collision and coalescence

* Larger droplets fall faster than smaller ones, leading to collisions
« Coalescence efficiency increases with droplet size difference

* Turbulence enhances collision rates

« Electric charges can influence coalescence efficiency

* Process accelerates as droplets grow larger
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Raindrop formation

* Raindrops form when cloud droplets grow to about 0.1 mm in diameter
* Further growth occurs through continued collision-coalescence

» Terminal velocity increases with raindrop size

* Large raindrops can break up due to aerodynamic forces

 Raindrop size distribution follows the Marshall-Palmer distribution

Cold rain process

+ Cold rain process involves the ice phase of water
* Occurs in mid-latitude and polar regions

* More efficient than warm rain process in producing precipitation

Ice nucleation

* Ice nucleation initiates the cold rain process

» Heterogeneous nucleation dominates in most atmospheric conditions
« Common ice nuclei include:

* Mineral dust

* Biological particles

* Soot

* Ice nucleation modes:

* Deposition

» Condensation freezing

+ Contact freezing

Bergeron process

* Bergeron process (ice crystal process) drives mixed-phase cloud precipitation
» Based on the difference in saturation vapor pressure over ice and water

* Ice crystals grow at the expense of supercooled water droplets

* Process efficiency depends on:

» Temperature

* Ice crystal concentration

* Supercooled liquid water content
Riming and aggregation

* Riming occurs when supercooled water droplets freeze upon contact with ice crystals
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* Leads to the formation of graupel and eventually hail

« Aggregation involves the collision and sticking of ice crystals
» Forms larger snowflakes

* Factors influencing riming and aggregation:

» Temperature

* Relative humidity

* Crystal size and shape
Orographic precipitation
* Orographic precipitation results from forced lifting of air over topographic barriers

* Plays a significant role in local and regional climate patterns

+ Understanding orographic effects is crucial for weather forecasting in mountainous regions
Upslope lifting

« Air forced to rise as it encounters a mountain barrier

+ Adiabatic cooling leads to condensation and cloud formation

* Precipitation intensity depends on:

» Wind speed and direction

» Atmospheric stability

* Moisture content of the air

» Can result in persistent precipitation on windward slopes

Mountain barrier effects

» Mountains act as barriers to air flow, creating distinct climate regions
» Windward sides receive more precipitation than leeward sides

* Blocking of low-level flow can lead to:

+ Cold air damming

* Barrier jets

* Féhn winds

* Terrain-induced convergence can enhance precipitation

Rain shadow phenomenon

* Rain shadow forms on the leeward side of mountain ranges
* Results from the depletion of moisture on the windward side

+ Characterized by:
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* Lower precipitation amounts
* Higher temperatures
* Lower relative humidity

* Creates arid regions (Great Basin of North America)

Convective precipitation

» Convective precipitation results from strong vertical motions in the atmosphere
+ Associated with intense, short-duration rainfall events

 Understanding convective processes is crucial for severe weather forecasting

Thunderstorm development

» Thunderstorms develop in unstable atmospheric conditions

* Three main stages:

» Cumulus stage (rising air parcels, cloud formation)

» Mature stage (precipitation, updrafts, and downdrafts)

* Dissipating stage (downdrafts dominate, precipitation weakens)
* Requires:

* Moisture

* Instability

* Lifting mechanism

Updrafts and downdrafts
* Updrafts transport warm, moist air upward in the storm
» Downdrafts bring cooler, drier air downward
* Updraft strength influences:
* Storm intensity
* Precipitation rate
+ Hail formation potential
» Downdrafts can produce:
* Gust fronts
* Microbursts

* Cold pool formation

Severe weather formation

» Severe weather develops in strong convective storms
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* Includes:

» Tornadoes

* Large hail

» Damaging winds

* Supercell thunderstorms are most likely to produce severe weather
* Factors contributing to severe weather:

* Wind shear

* Instability

* Lifting mechanisms (fronts, drylines)

Frontal precipitation

* Frontal precipitation occurs along boundaries between air masses
+ Understanding frontal dynamics is crucial for synoptic-scale weather forecasting

« Different types of fronts produce distinct precipitation patterns

Warm front precipitation

* Warm front precipitation forms as warm air rises over cooler air
+ Characterized by:

» Widespread, steady precipitation

» Gradual onset and long duration

« Stratiform cloud types (stratus, nimbostratus)

* Precipitation area extends far ahead of the surface front

Cold front precipitation

« Cold front precipitation results from cold air undercutting warm air
* Features:

» Narrow band of intense precipitation

» Rapid onset and shorter duration

» Cumuliform cloud types (cumulus, cumulonimbus)

» Can produce severe weather (squall lines, thunderstorms)

Occluded front effects

* Occluded fronts form when cold fronts overtake warm fronts
* Precipitation patterns depend on the type of occlusion:

« Cold occlusion: heaviest precipitation behind the surface front
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» Warm occlusion: heaviest precipitation ahead of the surface front

» Generally associated with mature extratropical cyclones

Precipitation efficiency

* Precipitation efficiency measures the ratio of precipitation to available moisture
* Important for understanding water budgets and hydrological cycles

« Varies significantly between different precipitation types and atmospheric conditions

Factors affecting efficiency

« Cloud microphysical processes (droplet size distribution, ice crystal formation)

» Atmospheric stability and vertical motion

* Environmental relative humidity

* Cloud depth and temperature profile

* Presence of pollution or aerosols

* Factors can interact in complex ways, affecting overall efficiency
Precipitation yield

* Precipitation yield quantifies the amount of water reaching the surface

* Influenced by:

+ Cloud water content

* Precipitation efficiency

 Evaporation below cloud base

« Varies widely between different precipitation types (convective vs stratiform)

« Important for hydrological modeling and water resource management

Evaporation and sublimation

» Evaporation and sublimation can reduce precipitation reaching the ground
* Occurs below cloud base in unsaturated air

* Affects:

* Precipitation intensity

* Surface temperature (evaporative cooling)

» Atmospheric moisture content

» More significant in arid regions or with convective precipitation

Global precipitation patterns

* Global precipitation patterns reflect large-scale atmospheric circulation
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» Understanding these patterns is crucial for climate studies and long-term forecasting

« Patterns exhibit significant spatial and temporal variability

Hadley cell influence

» Hadley cells drive global precipitation distribution

* Creates distinct precipitation zones:

* Intertropical Convergence Zone (ITCZ) with heavy rainfall

« Subtropical high-pressure regions with minimal precipitation

+ Seasonal shifts in Hadley circulation affect regional precipitation patterns

* Influences monsoon systems and tropical rainforest climates

Monsoon systems

* Monsoons are seasonal reversals in wind patterns and precipitation
» Major monsoon systems:

* Asian monsoon

+ African monsoon

* North American monsoon

« Driven by land-sea temperature contrasts

* Crucial for agriculture and water resources in affected regions

 Can lead to extreme precipitation events and flooding

El Nino vs La Nina effects

* El Nifo-Southern Oscillation (ENSO) significantly impacts global precipitation patterns
« El Nifo typically causes:

* Increased precipitation in the eastern Pacific

* Drought conditions in Southeast Asia and Australia

* La Nifa generally results in:

» Enhanced precipitation in Southeast Asia and Australia

* Drier conditions in the eastern Pacific

* ENSO affects global atmospheric circulation, influencing precipitation worldwide

Measurement techniques

* Accurate precipitation measurement is crucial for meteorology, hydrology, and climate studies
« Various techniques are employed to capture precipitation at different spatial and temporal scales

» Each method has its strengths and limitations
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Rain gauges
* Rain gauges provide direct measurements of liquid precipitation
* Types include:
« Standard rain gauge
* Tipping bucket gauge
* Weighing gauge
» Advantages:
« High accuracy for point measurements
* Long-term historical records
* Limitations:
* Sparse spatial coverage
* Wind-induced undercatch

« Difficulty measuring solid precipitation
Weather radar

» Weather radar detects precipitation by emitting electromagnetic waves
* Provides high spatial and temporal resolution data

» Dual-polarization radar improves:

* Precipitation type identification

+ Rainfall rate estimation

+ Hail detection

* Limitations include:

» Beam blockage by terrain

* Range-dependent errors

« Difficulty distinguishing between rain and snow

Satellite precipitation estimates

« Satellites provide global coverage of precipitation patterns
* Methods include:

* Infrared-based estimates

+ Passive microwave sensing

« Active radar (Global Precipitation Measurement mission)

» Advantages:
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* Global coverage, including over oceans

* High temporal resolution

* Limitations:

* Lower accuracy compared to ground-based methods

« Difficulty in estimating light precipitation and snowfall

Climate change impacts

« Climate change alters global and regional precipitation patterns
» Understanding these changes is crucial for adaptation and mitigation strategies

* Impacts vary significantly across different regions and seasons

Precipitation intensity changes

+ Climate change leads to increased precipitation intensity in many regions
+ Caused by:

* Higher atmospheric moisture content in a warmer climate

» Changes in atmospheric circulation patterns

* Results in:

» More frequent heavy rainfall events

* Increased risk of flash flooding

* Challenges for urban drainage systems and agriculture

Frequency of extreme events
« Climate change affects the frequency and magnitude of extreme precipitation events
* Includes:
* More intense hurricanes and tropical cyclones
* Increased frequency of heavy snowfall in some regions
* Longer and more severe droughts in others
» Changes in extremes often outpace changes in mean precipitation

* Poses significant challenges for infrastructure and disaster preparedness

Regional precipitation shifts

« Climate change causes shifts in regional precipitation patterns
* General trends include:
» Wetter conditions in high latitudes and equatorial regions

* Drier conditions in subtropical regions
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» Changes in atmospheric circulation (Hadley cell expansion)
* Alterations to monsoon systems and storm tracks

* Impacts on water resources, agriculture, and ecosystems vary by region

4.4 Types of precipitation

Precipitation is a key player in the atmospheric physics game. From rain to snow, hail to sleet, these water
droplets shape our weather and climate. Understanding how they form and fall helps us predict storms and
track long-term climate trends.

Different types of precipitation form in warm and cold clouds through various processes. Measuring and
classifying these water particles gives us crucial data for weather forecasting, climate modeling, and
understanding the water cycle's impact on our planet.

Types of precipitation
* Precipitation forms a crucial component of the hydrological cycle in atmospheric physics
» Understanding different types of precipitation aids in weather forecasting and climate modeling

* Precipitation types vary based on temperature, humidity, and atmospheric conditions

Liquid precipitation forms
* Rain constitutes the most common liquid precipitation type
* Drizzle consists of smaller water droplets with diameters less than 0.5 mm
* Virga describes precipitation that evaporates before reaching the ground

* Freezing rain occurs when liquid droplets freeze upon contact with surfaces

Frozen precipitation forms

» Snow forms when water vapor condenses directly into ice crystals
+ Sleet results from partially melted snow refreezing before reaching the ground
* Graupel or soft hail develops when supercooled water droplets freeze onto falling snowflakes

* Hail forms in strong updrafts within thunderstorms, creating layered ice structures

Formation mechanisms

* Precipitation formation involves complex processes in cloud microphysics
» Understanding these mechanisms helps explain precipitation variability and intensity

« Different formation processes occur in warm and cold clouds, affecting precipitation characteristics

Warm rain process

* Occurs in clouds with temperatures above freezing throughout
+ Collision-coalescence drives droplet growth

+ Cloud condensation nuclei (CCN) initiate droplet formation
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* Droplets grow by colliding and merging with other droplets

* Process typically produces lighter rainfall intensities

Cold rain process
* Takes place in clouds with temperatures below freezing
* Ice crystals play a crucial role in precipitation formation
* Involves both liquid and solid water phases

* Produces a wider variety of precipitation types (rain, snow, mixed)

Bergeron process
* Also known as the ice crystal process or cold cloud process
* Occurs in mixed-phase clouds containing both supercooled water droplets and ice crystals
* Exploits the difference in saturation vapor pressure over ice and water
* Ice crystals grow at the expense of water droplets due to vapor pressure differences

* Produces larger precipitation particles more efficiently than warm rain process

Precipitation characteristics
* Precipitation characteristics significantly influence weather patterns and climate
» Understanding these properties aids in accurate measurement and forecasting

+ Characteristics vary based on precipitation type and formation mechanism

Size distribution
+ Raindrop sizes typically range from 0.1 mm to 6 mm in diameter
* Marshall-Palmer distribution describes the size distribution of raindrops
* Snowflake sizes can vary greatly, from less than 1 mm to over 10 mm

+ Hailstones range from pea-sized (5 mm) to grapefruit-sized (over 100 mm)
Fall velocity

» Terminal velocity depends on particle size, shape, and atmospheric conditions

+ Raindrops reach terminal velocities between 2 m/s and 9 m/s

» Snowflakes fall more slowly, typically between 0.5 m/s and 1.5 m/s

+ Hailstones can achieve higher velocities, sometimes exceeding 30 m/s
Shape variations

» Raindrops are not tear-shaped but tend to be spherical or oblate

» Snowflakes exhibit diverse crystal structures (dendrites, plates, columns)
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* Graupel particles are typically cone-shaped or spherical

+ Hailstones often have irregular shapes with layered structures

Measurement techniques
» Accurate precipitation measurement plays a vital role in atmospheric physics research
* Various methods provide complementary data on precipitation characteristics

» Combining multiple techniques enhances overall measurement accuracy
Rain gauges
« Tipping bucket rain gauges measure rainfall amount and intensity
» Weighing rain gauges provide continuous measurement of accumulated precipitation
+ Optical rain gauges use infrared technology to detect falling drops

« Standard rain gauges require manual reading and are prone to wind-induced errors

Disdrometers

» Measure size distribution and fall velocity of precipitation particles
* Optical disdrometers use laser technology to detect individual particles
* Impact disdrometers measure the momentum of falling drops

* Provide detailed information on precipitation microstructure

Radar observations
» Weather radars detect precipitation over large areas in real-time
* Doppler radars measure both intensity and motion of precipitation
+ Dual-polarization radars improve precipitation type identification

» Radar reflectivity correlates with precipitation intensity and type

Global precipitation patterns

* Global precipitation patterns significantly influence climate and ecosystems
* Understanding these patterns aids in climate modeling and weather prediction

« Patterns vary based on latitude, topography, and atmospheric circulation

Tropical vs mid-latitude

* Tropical regions experience more frequent and intense precipitation
« Intertropical Convergence Zone (ITCZ) creates a band of heavy rainfall near the equator
 Mid-latitudes have more variable precipitation patterns influenced by frontal systems

* Monsoon systems affect precipitation in tropical and subtropical regions
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Orographic effects

* Mountains and other topographic features influence precipitation patterns
» Windward slopes receive more precipitation due to forced air uplift
» Rain shadow effect creates drier conditions on leeward slopes

* Orographic lifting can enhance existing precipitation systems

Seasonal variations

* Precipitation patterns change throughout the year in many regions
* Monsoon seasons bring dramatic shifts in rainfall to parts of Asia and Africa
+ Mid-latitude regions often experience wetter winters and drier summers

« El Nino and La Nina cycles influence global precipitation patterns

Precipitation intensity scales

* Intensity scales help categorize and communicate precipitation severity
« Different scales exist for various precipitation types and regions

» Understanding intensity scales aids in weather forecasting and hazard assessment

Light vs moderate vs heavy

* Light rain typically falls at rates less than 2.5 mm per hour
* Moderate rain ranges from 2.5 to 7.6 mm per hour
* Heavy rain exceeds 7.6 mm per hour

» Snow intensity scales consider both accumulation rate and visibility reduction

Extreme precipitation events
* Defined as precipitation amounts significantly above normal for a given location
« Often associated with severe weather systems (hurricanes, thunderstorms)
+ Can lead to flooding, landslides, and other hazards
« Climate change may increase the frequency and intensity of extreme events

Precipitation impacts

* Precipitation significantly influences various Earth systems and human activities
» Understanding these impacts aids in resource management and hazard mitigation

* Precipitation effects vary based on intensity, duration, and local conditions

Hydrological cycle

* Precipitation replenishes surface water and groundwater resources
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* Influences river flow rates and reservoir levels
« Affects water availability for ecosystems and human use

* Plays a crucial role in maintaining global water balance

Soil erosion

» Heavy rainfall can lead to increased soil erosion rates
* Splash erosion occurs when raindrops impact bare soil
+ Sheet erosion removes thin layers of soil over large areas

* Gully erosion forms deep channels in susceptible soils

Agricultural implications

* Precipitation timing and amount critically affect crop yields
* Drought conditions can lead to crop failure and reduced agricultural productivity
* Excessive rainfall may cause waterlogging and increase plant disease risk

» Understanding precipitation patterns aids in crop selection and irrigation planning

Climate change effects

« Climate change alters global and regional precipitation patterns
» These changes have significant implications for ecosystems and human societies

 Understanding precipitation changes aids in climate adaptation and mitigation strategies

Precipitation frequency changes

» Some regions experience more frequent precipitation events
 Other areas may see longer dry spells between precipitation events
» Changes in frequency affect water resource management and ecosystem stability

« Altered precipitation frequency influences flood and drought risk

Intensity shifts

* Many regions observe an increase in extreme precipitation events
» Some areas experience a decrease in light to moderate rainfall events
* Intensity shifts impact infrastructure design and flood management

» Changes in precipitation intensity affect soil erosion rates and agricultural practices
Regional variability

+ Climate change impacts on precipitation vary significantly by region

» Some areas become wetter while others become drier
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« Shifts in atmospheric circulation patterns influence regional precipitation

» Understanding regional variability aids in local climate adaptation planning

Precipitation forecasting

* Accurate precipitation forecasting plays a crucial role in weather prediction
* Forecasting methods combine observational data with numerical models

* Improving forecast accuracy helps mitigate weather-related risks

Numerical weather prediction

» Uses complex mathematical models to simulate atmospheric processes
* Incorporates data from various sources (satellites, weather stations, radars)
» Ensemble forecasting runs multiple model simulations to assess uncertainty

* High-resolution models improve local precipitation forecasts

Short-term vs long-term forecasts

« Short-term forecasts (0-7 days) focus on specific precipitation events
» Medium-range forecasts (1-2 weeks) predict general precipitation patterns
* Long-term forecasts (months to seasons) estimate overall precipitation trends

* Forecast accuracy generally decreases with increasing time scale

Precipitation classification systems

« Classification systems help standardize precipitation reporting and analysis
« Different systems exist for various purposes and regions

» Understanding classification systems aids in data interpretation and comparison

World Meteorological Organization standards

* Provides globally recognized definitions for precipitation types
« Establishes standard measurement techniques and reporting formats
* Includes classifications for both liquid and solid precipitation forms

* Aids in international weather data exchange and climate monitoring

Regional classification variations

* Some regions use modified classification systems to suit local conditions
« Arctic and Antarctic regions have specific classifications for frozen precipitation
* Tropical regions may have more detailed classifications for convective rainfall

» Regional variations account for local climate and weather patterns
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4.5 Microphysics of clouds

Cloud microphysics explores the intricate processes of cloud formation and evolution. It delves into
nucleation, droplet growth, and ice crystal formation, providing crucial insights into precipitation patterns
and atmospheric energy balance.

Understanding cloud particle size distributions and microphysical processes is key to predicting weather
and climate. From collision-coalescence to riming and evaporation, these mechanisms shape cloud
structures and precipitation formation, influencing global climate dynamics.

Cloud formation processes

» Atmospheric Physics explores the intricate processes of cloud formation, a fundamental aspect of
weather and climate systems

+ Understanding cloud formation mechanisms provides insights into precipitation patterns, atmospheric
energy balance, and global climate dynamics

Nucleation and condensation

* Nucleation initiates cloud droplet formation when water vapor condenses on tiny particles (aerosols)
» Heterogeneous nucleation occurs on aerosol particles (cloud condensation nuclei)

* Homogeneous nucleation happens in pure water vapor without a surface, requiring higher
supersaturation

» Condensation continues as water vapor adheres to newly formed droplets, causing growth
Droplet growth mechanisms

« Diffusion growth involves water vapor molecules adhering to droplet surfaces
+ Collision-coalescence occurs when larger droplets collide and merge with smaller ones
+ Bergeron process facilitates droplet growth in mixed-phase clouds through vapor pressure differences

* Droplet size increases until reaching a critical radius, after which growth accelerates

Ice crystal formation

* Homogeneous freezing of pure water droplets occurs at temperatures below -38°C
» Heterogeneous ice nucleation involves ice-nucleating particles (INPs) at higher temperatures
* Ice crystal habits (shapes) depend on temperature and supersaturation conditions

» Secondary ice production mechanisms include rime splintering and collisional fragmentation

Cloud particle size distributions

Droplet size spectra

* Cloud droplet sizes typically range from 1 to 100 micrometers in diameter

« Size distributions often follow a gamma or lognormal function
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* Droplet concentration varies widely, from tens per cubic centimeter in maritime clouds to thousands in
continental clouds

* Drizzle drops (>50 micrometers) mark the transition to precipitation-sized particles

Ice crystal size spectra

* Ice crystal sizes span from a few micrometers to several millimeters
» Size distributions depend on temperature, supersaturation, and available ice nuclei
* Pristine ice crystals exhibit various habits (plates, columns, dendrites) based on growth conditions

» Aggregates and rimed particles contribute to larger sizes in the spectrum

Measurement techniques

* In-situ measurements utilize airborne instruments like cloud droplet probes and ice crystal imagers
» Ground-based instruments include fog monitors and precipitation disdrometers
* Remote sensing techniques employ radar and lidar to infer particle size distributions

« Satellite observations provide global coverage of cloud properties and particle size information

Cloud microphysical processes

Collision and coalescence

* Gravitational settling causes larger droplets to fall faster and collide with smaller ones
+ Collision efficiency depends on droplet sizes, with larger size differences increasing efficiency
+ Coalescence occurs when colliding droplets merge to form a single larger droplet

* This process is crucial for warm rain formation in clouds with temperatures above freezing
Riming and aggregation

* Riming involves supercooled water droplets freezing upon contact with ice particles

« Aggregation occurs when ice crystals collide and stick together, forming larger snowflakes

* Both processes contribute to the growth of precipitation-sized particles in mixed-phase clouds

» The degree of riming affects particle density and fall speed, influencing precipitation intensity

Evaporation and sublimation

» Evaporation reduces droplet size when relative humidity is below 100%
+ Sublimation converts ice directly to water vapor, often occurring at cloud edges or in descending air
» These processes affect cloud lifetime, precipitation efficiency, and atmospheric moisture distribution

 Evaporative cooling can influence local temperature profiles and atmospheric stability
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Cloud types and structures

Warm vs cold clouds

» Warm clouds consist entirely of liquid water droplets, with cloud tops below the freezing level
+ Cold clouds contain ice crystals or a mixture of ice and supercooled water droplets
» Warm clouds typically produce precipitation through collision-coalescence processes

+ Cold clouds often involve more complex microphysical processes, including the Bergeron process

Convective vs stratiform clouds

 Convective clouds form through strong vertical air motions, often associated with instability
« Stratiform clouds develop in stable atmospheric conditions with gentle lifting over large areas
« Convective clouds (cumulonimbus) can produce intense, localized precipitation

« Stratiform clouds (altostratus, nimbostratus) generate widespread, longer-duration precipitation

Mixed-phase clouds

« Contain both liquid water droplets and ice crystals, typically between 0°C and -40°C

» The Wegener-Bergeron-Findeisen process facilitates rapid ice crystal growth at the expense of
droplets

» Complex interactions between liquid and ice phases influence precipitation formation and cloud
electrification

» Mixed-phase clouds play a crucial role in global precipitation and radiative balance

Precipitation formation

Warm rain processes

* Occurs in clouds with temperatures above 0°C throughout their vertical extent
+ Collision-coalescence dominates droplet growth, leading to raindrop formation
* Requires sufficient cloud depth and liquid water content for efficient droplet growth

« Common in tropical and subtropical regions, producing gentle to moderate rainfall

Cold rain processes

* Involves ice-phase particles in clouds extending above the freezing level
» The Bergeron process initiates ice crystal growth through vapor deposition
* Riming and aggregation contribute to the formation of larger precipitation particles

* Melting of ice particles below the freezing level produces cold rain
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Graupel and hail formation

* Graupel forms when supercooled droplets freeze onto falling ice crystals or snow
+ Hail develops through multiple cycles of riming and wet growth in strong updrafts
» Size and density of graupel and hail depend on available supercooled water and updraft strength

* These particles can cause significant damage and are associated with severe thunderstorms

Cloud electrification

Charge separation mechanisms

» Non-inductive charging involves collisions between ice particles in the presence of supercooled water
+ Inductive charging occurs when polarized particles collide in an existing electric field
» Convective charging results from the vertical transport of charged particles in updrafts and downdrafts

» The magnitude and polarity of charge transfer depend on temperature, liquid water content, and
particle sizes

Lightning formation

» Charge accumulation within clouds creates strong electric fields
* When the electric field exceeds the breakdown threshold, an initial lightning leader forms
« Stepped leaders propagate in a branching pattern, seeking opposite charges in the cloud or ground

+ Return strokes produce the visible flash and thunder, neutralizing the charge difference

Cloud-aerosol interactions

Aerosol effects on cloud droplets

* Aerosols serve as cloud condensation nuclei (CCN), influencing droplet number and size
* Higher aerosol concentrations generally lead to more numerous, smaller cloud droplets
* This can affect cloud albedo, lifetime, and precipitation efficiency (first and second indirect effects)

* Absorbing aerosols (black carbon) can alter atmospheric stability and cloud formation processes

Cloud condensation nuclei

* CCN are particles on which water vapor can condense to form cloud droplets
» Common CCN include sea salt, sulfates, nitrates, and organic compounds
» CCN activation depends on particle size, chemical composition, and ambient supersaturation

» The CCN spectrum describes the relationship between supersaturation and activated particle
concentration
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Ice nuclei

* Ice nuclei (IN) are particles that facilitate ice crystal formation in clouds
« Effective IN include mineral dust, biological particles, and some anthropogenic aerosols
* IN activity varies with temperature, supersaturation, and particle properties

* The scarcity of effective IN at warmer subzero temperatures influences mixed-phase cloud processes

Microphysical parameterizations

Bulk vs bin schemes

* Bulk schemes represent cloud particles using moments of the size distribution (mass, number
concentration)

* Bin schemes explicitly resolve the particle size distribution into discrete size categories
* Bulk schemes are computationally efficient but may oversimplify microphysical processes

+ Bin schemes provide detailed microphysical information but are computationally expensive

Autoconversion processes

* Represent the transition of cloud droplets to rain drops in numerical models
» Parameterizations typically depend on cloud water content and droplet number concentration
* Threshold-based schemes initiate autoconversion when cloud water exceeds a critical value

+ Continuous schemes allow gradual conversion based on collision-coalescence efficiency

Sedimentation and fallout

+ Describe the gravitational settling of cloud and precipitation particles
* Fall speeds depend on particle size, shape, and density
» Parameterizations often use power-law relationships between particle size and fall speed

* Accurate representation of sedimentation is crucial for predicting precipitation timing and intensity

Observational techniques

In-situ measurements
+ Aircraft-mounted instruments directly sample cloud particles and atmospheric conditions
* Cloud particle imagers capture high-resolution images of ice crystals and droplets
» Hot-wire probes measure liquid water content in clouds
+ Counterflow virtual impactors separate cloud particles for chemical analysis

Remote sensing methods

* Passive remote sensing uses naturally emitted or reflected radiation to infer cloud properties
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* Active remote sensing (radar, lidar) emits signals and analyzes returns to characterize clouds
» Multispectral satellite observations provide global coverage of cloud properties

» Ground-based remote sensing networks offer continuous monitoring of local cloud conditions

Radar and lidar applications

» Weather radars detect precipitation particles and provide information on storm structure
* Cloud radars use shorter wavelengths to detect smaller cloud particles
* Doppler capabilities measure particle velocities, providing insights into cloud dynamics

+ Lidars offer high-resolution vertical profiles of cloud boundaries and aerosol distributions

Modeling cloud microphysics

Numerical representation

* Eulerian approaches simulate cloud processes on a fixed grid
« Lagrangian methods track individual particles or air parcels
* Spectral bin models resolve detailed size distributions but are computationally intensive

+ Bulk microphysics schemes use simplified representations for computational efficiency

Microphysics in climate models

» Parameterizations represent sub-grid scale cloud processes in global climate models
* Cloud fraction schemes determine the spatial extent of clouds within model grid cells
+ Aerosol-cloud interactions are increasingly incorporated to improve climate projections

» Convection parameterizations represent the effects of unresolved convective clouds

Uncertainty and sensitivity analysis

* Ensemble simulations explore the range of possible outcomes given parameter uncertainties

* Perturbed physics experiments assess the sensitivity of model results to specific microphysical
processes

» Observational constraints help refine parameterizations and reduce model uncertainties

* Intercomparison projects evaluate the performance of different microphysics schemes across models

4.6 Cloud seeding

Cloud seeding is a fascinating technique in atmospheric physics that aims to increase precipitation or
reduce hail. By introducing particles into clouds, scientists can alter their properties and potentially boost
rainfall, addressing water scarcity in drought-prone areas.

The process involves various methods, from aircraft-based seeding to ground generators, using materials
like silver iodide. While its effectiveness is debated, cloud seeding raises important questions about
weather modification, environmental impacts, and ethical considerations in managing our atmosphere.
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Principles of cloud seeding

* Cloud seeding plays a crucial role in atmospheric physics by manipulating cloud properties to enhance
precipitation

* This technique involves introducing substances into clouds to alter their microphysical processes and
potentially increase rainfall

+ Understanding cloud seeding principles requires knowledge of cloud physics, atmospheric dynamics,
and precipitation formation mechanisms

Definition and purpose

« Artificial weather modification technique aims to increase precipitation or reduce hail in a target area
* Involves introducing particles (cloud condensation nuclei) into clouds to stimulate rainfall formation

» Addresses water scarcity issues in drought-prone regions by potentially increasing local precipitation

Historical development
« Originated in 1940s with discovery of supercooled water droplets in clouds by Vincent Schaefer
« Early experiments conducted by General Electric Research Laboratory using dry ice as seeding agent

+ Evolved from military applications to civilian use for weather modification and water resource
management

Types of cloud seeding
» Hygroscopic seeding targets warm clouds using salt-based particles to enhance coalescence
* Glaciogenic seeding focuses on cold clouds, introducing ice nuclei to promote ice crystal formation
« Static seeding involves releasing agents directly into cloud base

» Dynamic seeding targets updrafts to maximize particle dispersal throughout the cloud
Cloud seeding materials

Silver iodide particles
* Most commonly used seeding agent due to its ice-nucleating properties
« Crystalline structure similar to ice, facilitating ice crystal formation at higher temperatures
* Typically dispersed as smoke or flares, with particle sizes ranging from 0.1 to 1 micrometer

« Effectiveness depends on concentration and distribution within the cloud
Dry ice vs liquid nitrogen
* Dry ice (solid CO2) creates localized supercooling, promoting ice nucleation

« Liquid nitrogen provides intense cooling effect, suitable for warm cloud seeding

* Dry ice pellets sublimate rapidly, creating numerous ice crystals
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« Liquid nitrogen vaporizes instantly, producing a large volume of supercooled droplets

Other seeding agents
+ Potassium iodide and sodium chloride used in hygroscopic seeding
* Propane expansion cooling employed in fog dissipation operations
« Calcium chloride explored as an alternative to silver iodide in some regions

* Biodegradable materials (plant-based polymers) investigated for environmentally friendly seeding

Cloud seeding techniques

Aircraft-based seeding
* Involves flying into or above target clouds to release seeding agents
* Allows precise targeting of specific cloud regions or storm systems
« Utilizes wing-mounted flares or onboard dispensers for agent release

* Requires skilled pilots and meteorologists for optimal timing and placement

Ground-based generators

« Stationary or mobile units release seeding agents from the surface
+ Rely on natural updrafts or orographic lifting to carry particles into clouds
* Provide continuous seeding over extended periods, suitable for widespread cloud systems

 Often used in conjunction with weather radar for targeting specific storm cells

Rocket-delivered seeding

» Employs small rockets to deliver seeding agents directly into cloud formations
+ Allows targeting of high-altitude clouds or those inaccessible by aircraft
* Provides rapid deployment and precise placement of seeding materials

« Limited by payload capacity and regulatory restrictions in some regions

Meteorological conditions

Suitable cloud types
+ Supercooled water clouds (temperatures between 0°C and -20°C) ideal for glaciogenic seeding
» Warm cumulus clouds with sufficient vertical development suitable for hygroscopic seeding
* Orographic clouds formed by air lifting over mountains often targeted for seeding operations
« Stratiform clouds with embedded convection can be seeded to enhance precipitation efficiency
Temperature requirements

+ Glaciogenic seeding most effective in cloud temperatures between -5°C and -25°C
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« Silver iodide activation temperature typically around -5°C, varying with particle size and composition
* Hygroscopic seeding can occur in warmer clouds, even above freezing temperatures

» Temperature inversions may limit vertical mixing of seeding agents, reducing effectiveness

Moisture content thresholds

+ Relative humidity should exceed 75% for effective cloud seeding
+ Liquid water content of at least 0.5 g/m? required for significant precipitation enhancement
* Presence of supercooled liquid water essential for ice crystal growth in cold cloud seeding

» Moisture advection and convergence patterns influence seeding potential and timing

Physical processes

Nucleation mechanisms

» Heterogeneous nucleation occurs when seeding particles act as nuclei for water droplet or ice crystal
formation

» Homogeneous nucleation happens spontaneously in highly supercooled conditions without foreign
particles

+ Contact nucleation involves collision of supercooled droplets with ice nuclei

» Immersion freezing occurs when an ice nucleus becomes embedded within a supercooled droplet

Ice crystal formation

* Bergeron process drives ice crystal growth at the expense of surrounding water droplets
« Diffusional growth occurs as water vapor deposits directly onto ice crystal surfaces
* Riming involves supercooled droplets freezing upon contact with existing ice crystals

» Aggregation of ice crystals leads to the formation of larger snowflakes

Precipitation enhancement

* Collision-coalescence process dominates in warm clouds, leading to raindrop formation
+ Ice multiplication through splintering and fragmentation increases ice particle concentrations
+ Seeding-induced changes in cloud dynamics can enhance updrafts and moisture inflow

* Precipitation efficiency improves as a result of altered microphysical processes and cloud structure

Effectiveness and evaluation

Statistical analysis methods

* Randomized experiments compare seeded and unseeded clouds under similar conditions

* Double-blind studies eliminate potential bias in data collection and analysis
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* Time series analysis examines long-term trends in precipitation patterns before and after seeding
programs

+ Spatial analysis techniques assess downwind effects and broader regional impacts

Case studies and results

* Project Skywater in the United States demonstrated 10-30% increases in snowpack in some areas
* Israeli experiments showed 13-15% enhancement in annual rainfall over northern and central regions
» Wyoming Weather Modification Pilot Project reported 5-15% increases in seasonal snowfall

* Australian experiments yielded mixed results, with some studies showing positive effects and others
inconclusive

Challenges in assessment

* Natural variability in weather patterns complicates isolation of seeding effects
* Limited sample sizes and short study durations may not capture long-term impacts
« Contamination from nearby seeding operations can affect control areas

« Difficulty in establishing a proper baseline for comparison due to climate variability and change

Environmental impacts

Ecological considerations

* Potential alterations in local precipitation patterns may affect plant and animal communities
« Silver accumulation in soil and water bodies from long-term seeding operations
» Changes in snow cover duration and melt timing can impact mountain ecosystems

* Possible effects on migratory patterns of birds and insects due to modified weather conditions

Downwind effects

* Precipitation enhancement or suppression in areas beyond the target region
* Alteration of storm tracks and intensity due to modified cloud dynamics
* Potential impacts on water availability in neighboring watersheds or countries

» Changes in local climate patterns affecting agriculture and water resource management

Long-term consequences

» Cumulative effects of repeated seeding on regional climate and water cycles
* Potential shifts in vegetation types and distribution due to altered precipitation regimes
* Impacts on groundwater recharge rates and aquifer sustainability

+ Possible influence on long-term weather patterns and climate variability
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Ethical and legal issues

Water rights disputes
» Concerns over artificial manipulation of natural water resources and distribution
* Conflicts between upstream and downstream users in shared river basins
* Legal challenges regarding ownership of artificially induced precipitation

» Debates over compensation for unintended impacts on water availability

Cross-border implications

* International tensions arising from cloud seeding activities near national borders
* Lack of global regulatory framework for transboundary weather modification
+ Potential for diplomatic conflicts over perceived weather "theft" or manipulation

* Need for international cooperation and agreements on cloud seeding practices

Regulatory frameworks

* Varying levels of regulation and oversight across different countries and regions
« Licensing requirements for cloud seeding operations and equipment
» Environmental impact assessment protocols for large-scale weather modification projects

* Reporting and monitoring standards to ensure transparency and accountability

Applications and uses

Drought mitigation
* Targeted seeding of rain-bearing clouds to increase precipitation in water-stressed areas
» Augmentation of snowpack in mountainous regions to enhance spring runoff and water supply
* Seeding of convective clouds during monsoon seasons to boost rainfall in arid regions

* Integration with water conservation strategies and drought management plans

Hail suppression

« Early seeding of potentially severe thunderstorms to reduce hailstone size
+ Overseeding techniques aim to increase competition for available moisture, limiting hail growth
* Protection of agricultural crops, property, and infrastructure from hail damage

* Challenges in timing and targeting due to rapid storm development and movement
Fog dissipation
» Seeding of supercooled fog layers to induce ice crystal formation and settling

+ Use of hygroscopic materials to enhance droplet growth and precipitation in warm fog
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* Applications in improving visibility at airports and reducing transportation hazards

» Localized techniques for clearing fog from specific areas (sports stadiums, highways)

Limitations and controversies

Scientific skepticism
» Ongoing debates over the efficacy and reproducibility of cloud seeding results
* Challenges in distinguishing seeding effects from natural variability in precipitation
» Concerns about the extrapolation of small-scale experiments to large-scale operations

+ Disagreements on the interpretation of statistical analyses and their significance

Unintended consequences

* Potential disruption of natural precipitation patterns in target and surrounding areas
* Risk of excessive snowfall or rainfall leading to flooding or avalanches
* Possible impacts on ecosystems and biodiversity due to altered weather patterns

» Concerns about long-term effects on climate systems and atmospheric chemistry

Cost-benefit analysis

« High operational costs of cloud seeding programs versus uncertain water yield increases
« Difficulty in quantifying economic benefits of enhanced precipitation or hail suppression
» Comparison with alternative water management strategies (desalination, conservation)

« Consideration of indirect benefits (hydropower generation, agricultural productivity)

Future developments

Emerging technologies

» Nanotechnology applications in developing more efficient and environmentally friendly seeding agents

» Advanced weather radar and satellite systems for improved cloud targeting and monitoring
* Unmanned aerial vehicles (UAVs) for precise and cost-effective seeding operations

« Artificial intelligence and machine learning algorithms for optimizing seeding strategies

Climate change implications

« Potential role of cloud seeding in mitigating regional impacts of climate change
» Adaptation of seeding techniques to changing atmospheric conditions and cloud characteristics
* Considerations of cloud seeding as a tool for local climate engineering or geoengineering

+ Ethical debates surrounding artificial weather modification in the context of global climate change
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Research directions

* Investigation of new seeding materials with enhanced ice nucleation properties
« Studies on the long-term ecological impacts of cloud seeding operations
+» Development of improved numerical models for simulating cloud seeding effects

+ Exploration of combined approaches integrating cloud seeding with other weather modification
techniques
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Unit 5 — Atmospheric Dynamics and
Circulation

5.1 Equations of motion

Atmospheric motion equations are the backbone of understanding weather and climate. They describe
how air moves, considering forces like pressure gradients and the Coriolis effect. These equations help us
predict everything from local breezes to global circulation patterns.

Mastering these concepts is crucial for atmospheric scientists. By applying Newton's laws to air parcels
and using different coordinate systems, we can model complex atmospheric phenomena. This knowledge
forms the foundation for weather forecasting and climate studies.

Fundamental equations of motion

» Atmospheric Physics relies heavily on equations of motion to describe air movement and dynamics

» These fundamental equations form the basis for understanding atmospheric circulation patterns and
weather systems

» Mastering these concepts is crucial for predicting and analyzing atmospheric phenomena

Newton's laws in atmosphere
* First law governs inertia of air parcels maintains constant velocity without external forces
« Second law relates force to acceleration F = ma applies to air masses
« Third law explains action-reaction pairs crucial in understanding wind patterns
» Atmospheric applications include:
* Pressure gradients driving wind flow

* Coriolis effect influencing large-scale circulation

Eulerian vs Lagrangian perspectives
« Eulerian perspective observes fluid properties at fixed points in space
* Lagrangian approach follows individual fluid parcels as they move
* Eulerian used in weather station measurements (temperature, pressure at specific locations)
* Lagrangian applied in tracking air pollution dispersion or balloon trajectories

* Relationship between perspectives expressed through material derivative: D% = a% +u-Vv

Conservation of mass

* Fundamental principle states mass cannot be created or destroyed in atmospheric system
» Expressed mathematically as continuity equation: ‘;—f +V-(pou)=0

* Applies to air parcels moving through atmosphere
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* Important in understanding:
» Formation and dissipation of clouds

* Transport of atmospheric constituents (water vapor, pollutants)

Forces in atmospheric motion

+ Understanding forces acting on air parcels is essential for predicting atmospheric behavior
* These forces collectively drive global circulation patterns and local weather phenomena

+ Balancing and interactions between forces explain various atmospheric motions

Pressure gradient force

* Arises from differences in atmospheric pressure between two points
* Drives air movement from high to low pressure areas

* Mathematically expressed as: Fpo= —%VP

» Responsible for:

» Formation of wind patterns

» Development of storm systems

Coriolis force

» Apparent force due to Earth's rotation affects moving objects in rotating reference frame
* Deflects air motion to right in Northern Hemisphere, left in Southern Hemisphere

« Magnitude depends on latitude and wind speed: f= 2Qsin(¢)

* Influences:

* Large-scale atmospheric circulation (trade winds, jet streams)

» Formation of cyclones and anticyclones

Gravity and buoyancy

« Gravity acts downward on air parcels Fg = 09

* Buoyancy force opposes gravity when air parcel density differs from surroundings
« Net buoyancy force: Fo = (Denvironment — Pparce)d

* Crucial in:

* Vertical motion of air (convection, cloud formation)

» Atmospheric stability and instability

Friction and turbulence

* Friction opposes motion of air near Earth's surface
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* Turbulence causes mixing and energy dissipation in atmosphere
« Effects most pronounced in planetary boundary layer

» Modifies wind speed and direction near surface

* Influences:

* Development of weather fronts

+ Dispersion of pollutants in lower atmosphere

Coordinate systems

« Different coordinate systems used to describe atmospheric motion and properties
* Choice of system depends on specific problem or application in Atmospheric Physics

* Understanding various coordinate systems aids in interpreting meteorological data and models

Cartesian coordinates

* Uses three perpendicular axes (x, y, z) to represent position in space
« Simplifies equations for small-scale atmospheric phenomena

» Commonly used in:

* Local weather predictions

* Turbulence studies

« Limitations arise when dealing with large-scale motions on curved Earth surface

Spherical coordinates

* Employs latitude (@), longitude (A), and radial distance (r) to describe positions
» Well-suited for global atmospheric studies and planetary-scale phenomena

+ Accounts for Earth's curvature in large-scale circulation patterns

* Used in:

* Global climate models

« Satellite data interpretation

Pressure coordinates

« Utilizes pressure as vertical coordinate instead of height

+ Simplifies thermodynamic equations in atmospheric models

* Pressure surfaces approximately follow constant height surfaces in lower atmosphere
» Advantages include:

« Elimination of topography-related computational issues

« Easier representation of isobaric surfaces
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Primitive equations
» Fundamental set of equations describing atmospheric motion and thermodynamics
» Form the basis for numerical weather prediction and climate modeling

+ Derived from basic physical principles and conservation laws

Momentum equations

* Describe changes in wind velocity components over time
* Include effects of pressure gradient, Coriolis force, and friction

i i LDu— _ 19 4 f,4 F Dv —
* Horizontal momentum equations (u and v components): B¢ oax T IV Fx 5

+ Vertical momentum equation often simplified to hydrostatic balance

Continuity equation
» Expresses conservation of mass in fluid motion
* Links changes in density to divergence of mass flux
« In compressible form: 2 + V- (ou) =0

« Often simplified for incompressible flow or using pressure coordinates

Thermodynamic energy equation

* Describes changes in temperature of air parcels

+ Accounts for adiabatic expansion/compression and diabatic heating/cooling
- General form: 3f = —%% + ,_!—p
* Crucial for understanding:

» Temperature changes in rising/sinking air

« Effects of radiation and latent heat release

Geostrophic balance

* Describes equilibrium between pressure gradient force and Coriolis force
» Approximates large-scale atmospheric flow away from surface and equator

* Important concept for understanding mid-latitude weather patterns

Geostrophic wind

* Theoretical wind resulting from perfect geostrophic balance

* Flows parallel to isobars with low pressure to left in Northern Hemisphere

la_ =
Foyr Vo

—n|=
%3

« Calculated using: Ug = —

* Provides good approximation for actual wind in upper atmosphere

Fiveable archived study guides

_19p
b3y

Page 194



Thermal wind relationship

* Relates vertical shear of geostrophic wind to horizontal temperature gradients

« Explains increase of wind speed with height in baroclinic atmospheres

. . OUg _ _ROT Vg _ RaT
« Thermal wind equations: 5m5 = ~75y  3np = 79x

* Important for understanding:
« Jet streams

» Frontogenesis processes

Vorticity and circulation

* Vorticity describes rotation of fluid elements in atmosphere
« Circulation measures rotation of larger-scale atmospheric motions

* Both concepts crucial for understanding development and evolution of weather systems

Absolute vs relative vorticity

* Relative vorticity () measures rotation relative to Earth's surface
* Absolute vorticity (n) includes contribution from Earth's rotation
* Relationship: n = ¢ + f, where f is Coriolis parameter

« Vorticity equation describes evolution of vorticity in atmosphere: % =—-nNV-u+k-VxF

Potential vorticity

 Conserved quantity in adiabatic, frictionless flow
» Combines effects of vorticity and static stability
« Ertel's potential vorticity: PV = —gn - V6

* Used in:

» Tracing air mass origins

* Analyzing stratospheric dynamics

Circulation theorems

« Kelvin's circulation theorem states circulation conserved in barotropic, inviscid flow
» Bjerknes' circulation theorem extends to baroclinic atmospheres

* Applications include:

» Understanding development of cyclones

 Analyzing large-scale atmospheric circulation patterns
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Scale analysis

* Technique to identify dominant terms in equations of motion for different atmospheric phenomena
* Helps simplify complex equations by neglecting less important terms

* Crucial for developing appropriate approximations and parameterizations in atmospheric models

Rossby number
» Dimensionless number comparing inertial to Coriolis forces
- Defined as: Ro =¥
» Small Rossby numbers (<<1) indicate geostrophic balance dominates
* Large Rossby numbers (>>1) suggest ageostrophic motions important

* Used to determine applicability of geostrophic approximation

Froude number
* Relates flow speed to wave propagation speed in stratified fluids
- Defined as: Fr = 15
* N is Brunt-Vaisala frequency, H is vertical scale
» Determines importance of stratification in atmospheric flows
* Critical in understanding:
* Mountain wave formation
+ Gravity wave propagation
Richardson number
* Measures ratio of buoyancy to shear effects in atmosphere
- Defined as: Ri = ﬁ
* Indicates stability of stratified shear flows
« Critical value (Ri = 0.25) determines onset of turbulence
* Important for:
+ Assessing atmospheric stability

» Parameterizing turbulent mixing in models

Numerical methods

» Techniques used to solve complex atmospheric equations computationally
« Essential for weather forecasting and climate modeling

* Involve discretizing continuous equations in space and time
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Finite difference schemes

» Approximate derivatives using differences between grid points
« Various schemes (forward, backward, centered) offer different accuracy and stability
» Example: centered difference for of/ox: 3—; = W

* Widely used in atmospheric models due to simplicity and efficiency

Spectral methods

* Represent atmospheric variables as sum of basis functions (often spherical harmonics)
+ Highly accurate for smooth fields on sphere

» Advantages include:

* Global representation of fields

+ Accurate calculation of horizontal derivatives

« Commonly used in global climate models

Time integration techniques
» Methods for advancing atmospheric state forward in time
* Include explicit schemes (forward Euler, Runge-Kutta) and implicit schemes
« Example: leapfrog scheme: f"*1=f""1 + 2At§n
* Choice depends on:
« Stability requirements
» Computational efficiency

* Accuracy needs

Atmospheric waves

* Oscillations in atmospheric variables propagating through fluid medium
* Play crucial role in transferring energy and momentum in atmosphere

» Understanding wave dynamics essential for predicting weather patterns and climate variability

Gravity waves

* Oscillations with buoyancy as restoring force

* Occur in stably stratified atmospheres

kZ
k? + m?

« Dispersion relation: w? =N?
* Important for:

* Vertical transport of momentum
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* Generation of turbulence in upper atmosphere

Rossby waves

» Large-scale waves in atmosphere and oceans

* Restoring force provided by latitudinal variation of Coriolis parameter

, , . = Bk
+ Dispersion relation: W = =55 770,

* Key features:
» Westward propagation relative to mean flow

* Influence on jet stream patterns and weather systems

Kelvin waves

 Equatorially trapped waves in atmosphere and oceans

* Propagate eastward along equator

« Structure described by: v =0, u = upe " ?°cos(kx — wt)

* Important in:
* El Niflo-Southern Oscillation dynamics

* Tropical atmosphere-ocean interactions

Boundary layer dynamics

« Study of atmospheric layer directly influenced by Earth's surface
* Crucial for understanding surface-atmosphere interactions and local weather phenomena

» Characterized by strong turbulence and rapid vertical mixing

Ekman layer

« Layer where wind direction changes with height due to balance between pressure gradient, Coriolis,

and frictional forces

» Ekman spiral describes wind vector rotation with height

+ Surface wind direction approximately 45° from geostrophic wind

» Ekman transport important for:

* Ocean upwelling processes

* Boundary layer pumping in cyclones
Surface friction effects

» Modifies wind speed and direction near Earth's surface

* Creates vertical wind shear and generates turbulence

« Logarithmic wind profile in neutral conditions: 4(2) = %-In (£)
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* Influences:
* Momentum and heat fluxes between surface and atmosphere

+ Dispersion of pollutants in urban areas

Energy considerations

* Analysis of energy transformations and transfers in atmosphere
* Fundamental for understanding atmospheric circulation and climate dynamics

* Involves various forms of energy and their conversions

Kinetic energy
+ Energy associated with motion of air parcels
- Expressed as: KE = 3p(u? + v + w?)
* Important in:
* Wind power assessments

+ Studying atmospheric turbulence

Available potential energy

« Portion of potential energy available for conversion to kinetic energy
» Concept introduced by Lorenz to explain atmospheric energetics

* Defined relative to reference state of minimum potential energy

* Key in understanding:

* Baroclinic instability

 Energy cycle of general circulation

Energy conversions
« Transformations between different forms of atmospheric energy
* Include:
« Baroclinic conversion (APE to KE)
« Barotropic conversion (KE between different scales)
* Energy cycle diagrams illustrate global energy flow in atmosphere
* Essential for:
* Analyzing storm development

 Understanding climate system energetics
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Applications in weather prediction

* Practical use of atmospheric physics principles in forecasting
» Combines theoretical understanding with observational data and computational techniques

+ Continuous improvement driven by advances in physics, observations, and computing power

Initialization techniques

» Methods to create initial conditions for numerical weather prediction models
* Include:

+ Objective analysis (interpolating observations to model grid)

+ Variational methods (3D-Var, 4D-Var) minimizing cost function

* Crucial for:

* Reducing initial forecast errors

+ Balancing model fields to avoid spurious waves

Data assimilation

* Process of combining observations with model forecasts
* Methods include:

* Optimal interpolation

+ Kalman filtering

* Ensemble-based techniques

* Improves:

* Accuracy of initial conditions

« Consistency between model state and observations

Model parameterizations

» Techniques to represent sub-grid scale processes in atmospheric models
* Examples include schemes for:

» Convection

+ Cloud microphysics

* Radiation

* Boundary layer turbulence

* Critical for:

* Improving model accuracy

* Representing complex physical processes in coarse-resolution models
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5.2 Geostrophic balance

Geostrophic balance describes the equilibrium between the pressure gradient force and the Coriolis force
that governs large-scale atmospheric motions. Understanding this balance is essential for explaining why
winds flow parallel to isobars rather than directly from high to low pressure, and it forms the backbone of
weather forecasting and global circulation theory.

This concept applies primarily to synoptic-scale motions in the mid-latitudes, with important limitations near
the equator and within the boundary layer. The geostrophic wind equations, pressure system dynamics,
and deviations from geostrophy covered here provide the foundation for more advanced topics in
atmospheric dynamics.

Geostrophic balance concept

At large scales, two forces dominate horizontal air motion: the pressure gradient force (PGF) pushing air
from high to low pressure, and the Coriolis force deflecting that moving air due to Earth's rotation. When
these two forces reach exact equilibrium, the result is geostrophic balance, and the air flows parallel to
isobars rather than across them.

This balance is idealized. It assumes no friction, no acceleration, and straight-line flow. Real winds rarely
satisfy all these conditions perfectly, but geostrophic balance captures the dominant physics of
synoptic-scale (roughly 1000 km) atmospheric motions remarkably well.

Definition of geostrophic balance

Geostrophic balance is the state where the pressure gradient force and the Coriolis force are equal in
magnitude and opposite in direction. The net force on an air parcel is zero, so it moves at constant velocity
along isobars (lines of constant pressure).

» The wind blows perpendicular to the pressure gradient, not along it
* No friction or acceleration is assumed

* This is an idealization, but it's a powerful starting point for analyzing large-scale flow

Forces in geostrophic balance

The pressure gradient force acts from high pressure toward low pressure, perpendicular to isobars. Its
strength depends on how tightly packed the isobars are.

The Coriolis force deflects moving air to the right in the Northern Hemisphere and to the left in the Southern
Hemisphere. It acts perpendicular to the wind direction and is proportional to wind speed.

In geostrophic balance, these two forces are exactly equal and opposite. The air parcel experiences zero
net force and maintains constant velocity parallel to the isobars.

Coriolis effect role

The Coriolis effect is an apparent force arising from Earth's rotation. It doesn't change wind speed, only
wind direction.

* Its magnitude is proportional to the sine of latitude: maximum at the poles, zero at the equator

« The Coriolis parameter is defined as f= 2Qsin @ where Q is Earth's angular velocity and ¢ is
latitude
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» Without the Coriolis effect, air would simply flow directly from high to low pressure

« This force is responsible for the large-scale circulation cells (Hadley, Ferrel, Polar) and the general
westerly flow in mid-latitudes

Geostrophic wind

The geostrophic wind is the theoretical wind that results from perfect geostrophic balance. It flows parallel
to straight isobars at a constant speed determined by the pressure gradient and the Coriolis parameter.

While no real wind is perfectly geostrophic, upper-level winds (above the boundary layer, roughly above
1-2 km altitude) often come close. The geostrophic wind serves as a reference against which actual winds
are compared, and it provides the basis for more complex wind models.

Geostrophic wind equation

The geostrophic wind speed is given by:
Vg = _%g_ﬁ
where:
* Vg is the geostrophic wind speed
- f is the Coriolis parameter (22sin @)
+ P is air density
. 3—’,‘,’ is the pressure gradient in the direction normal to the isobars
In component form for a Cartesian coordinate system:

19p —19p

Ug = —mayr Vo= fpax

The key takeaway: tighter isobar spacing (stronger pressure gradient) means faster geostrophic wind.
Lower latitude (smaller f) also means faster geostrophic wind for the same pressure gradient, which is one
reason the approximation breaks down near the equator.

Pressure gradient force

The pressure gradient force per unit mass is:

PGF = —%Vp
* It points from high to low pressure, perpendicular to isobars
* On a weather map, closely spaced isobars indicate a strong PGF and therefore strong winds
* Widely spaced isobars indicate a weak PGF and light winds

This force is what initiates air motion. The Coriolis force then deflects that motion until balance is reached.

Geostrophic approximation limitations

The geostrophic approximation is powerful but has clear boundaries:

- Near the equator (within about +5° latitude): f approaches zero, so the equation predicts unrealistically
large winds. The balance simply doesn't hold here.
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« Strongly curved flow: Around tight low-pressure centers or intense cyclones, centripetal acceleration
becomes significant and the geostrophic approximation underestimates or overestimates the actual
wind. The gradient wind balance is more appropriate.

» Boundary layer: Surface friction disrupts the balance, causing wind to cross isobars toward low
pressure.

» Small scales and rapid changes: Mesoscale phenomena (thunderstorms, sea breezes) have Rossby
numbers too large for the geostrophic assumption.

Pressure systems and geostrophy

Pressure systems are the large-scale features that organize atmospheric circulation. Geostrophic balance
determines how winds circulate around these systems, and understanding this relationship is central to
interpreting weather maps.

High pressure systems

Anticyclones feature descending air and divergent surface winds. In geostrophic balance:
» Northern Hemisphere: winds circulate clockwise around the high
» Southern Hemisphere: winds circulate counterclockwise
+ Associated with clear skies, stable conditions, and generally fair weather

» Tend to be more persistent and slower-moving than low pressure systems

Low pressure systems

Cyclones feature rising air and convergent surface winds. In geostrophic balance:
* Northern Hemisphere: winds circulate counterclockwise around the low
» Southern Hemisphere: winds circulate clockwise
+ Associated with clouds, precipitation, and frontal systems

* Often produce more dynamic and severe weather

Isobar patterns

Isobars on a weather map tell you both the direction and speed of the geostrophic wind:
* Closely spaced isobars — strong pressure gradient — fast geostrophic winds
» Widely spaced isobars — weak pressure gradient — light geostrophic winds
« Circular isobars around a center indicate a well-developed high or low pressure system

« Straight, parallel isobars indicate uniform zonal (west-to-east) flow

Geostrophic balance in the atmosphere

The quality of the geostrophic approximation varies with altitude, latitude, and season. Knowing where it
works well and where it doesn't is important for applying it correctly.
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Troposphere vs stratosphere

 The troposphere shows more deviations from geostrophy because of surface friction, convection, and
turbulent mixing

* The stratosphere is stably stratified with minimal convection, so geostrophic balance holds more
tightly there

» The upper troposphere (near the jet stream level, around 200-300 hPa) is where the geostrophic
approximation works best in the troposphere

» The tropopause acts as a transition zone between these regimes

Latitude dependence

» Mid-latitudes (roughly 30°-60°): geostrophic balance is strongest and most useful here. The Coriolis
parameter is significant, and synoptic-scale weather systems dominate.

« Tropics (within ~5° of equator): f = 0, so geostrophic balance breaks down. Tropical meteorology
relies on different balance relationships.

- Polar regions: f is large, but complex topography (especially Antarctica) and strong temperature
inversions introduce complications.

Seasonal variations

» Winter: stronger equator-to-pole temperature gradients produce stronger pressure gradients and more
intense geostrophic winds. The jet stream is stronger and displaced equatorward.

« Summer: weaker thermal gradients lead to weaker geostrophic winds and a poleward-shifted, weaker
jet stream.

* Monsoon regions: seasonal heating reversals cause large shifts in the pressure field and
corresponding changes in geostrophic flow patterns.

Measurement and observation

Verifying geostrophic balance and measuring deviations from it requires a combination of observing
platforms. These measurements feed into weather models and help forecasters assess real atmospheric
conditions.

Weather balloons and radiosondes

* Launched twice daily (00Z and 12Z) from hundreds of stations worldwide

» Measure vertical profiles of temperature, pressure, humidity, and wind as they ascend through the
atmosphere

+ Allow direct comparison between observed winds and calculated geostrophic winds

« Data are used to construct upper-air charts (e.g., 500 hPa height maps) and initialize numerical
models
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Satellite observations

* Provide global coverage, filling gaps over oceans, deserts, and polar regions where ground stations
are sparse

» Atmospheric sounders measure temperature and moisture profiles remotely
* Cloud-tracking algorithms and scatterometers infer wind speed and direction at various levels

» Geostationary and polar-orbiting satellites complement each other in temporal and spatial coverage

Surface pressure measurements

* A global network of weather stations, ocean buoys, and ships records surface pressure continuously
» These data are used to construct surface analysis maps showing isobars and pressure systems

* Pressure tendency (the rate of pressure change over time) helps track system movement and
intensification

* Surface pressure alone isn't sufficient for geostrophic wind calculations aloft, but it anchors the lower
boundary of the analysis

Geostrophic balance applications

Geostrophic balance isn't just a theoretical concept. It's a practical tool used across atmospheric and
oceanic sciences to simplify complex dynamics into tractable problems.

Weather forecasting

 Upper-level geostrophic wind analysis helps identify the position and strength of jet streams, troughs,
and ridges

+ Forecasters use geostrophic wind as a first estimate of actual wind, then account for ageostrophic
effects

* Numerical weather prediction models use geostrophic balance in data assimilation to produce
dynamically consistent initial conditions

* Related balance concepts (gradient wind, thermal wind) extend the geostrophic framework to more
realistic situations

Climate modeling

* Large-scale circulation in climate models is fundamentally governed by geostrophic balance

» Changes in temperature gradients under climate change scenarios alter geostrophic wind patterns,
affecting storm tracks and jet stream position

 Coarse-resolution models rely on geostrophic relationships to parameterize sub-grid processes

* The thermal wind relationship (connecting vertical wind shear to horizontal temperature gradients) is a
direct extension of geostrophic balance used extensively in climate diagnostics
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Oceanic currents

Geostrophic balance applies to the ocean as well as the atmosphere. Large-scale ocean currents are
largely geostrophic:

« Satellite altimetry measures sea surface height, and geostrophic equations convert height gradients
into current velocities

» Ocean gyres (large circular current systems) are maintained by geostrophic balance between
pressure gradients and Coriolis force

» Western intensification (why the Gulf Stream and Kuroshio Current are narrow and fast on the western
sides of ocean basins) can be understood through geostrophic and vorticity arguments

» Ocean geostrophic currents are critical for global heat transport

Deviations from geostrophy

Real atmospheric flow frequently departs from perfect geostrophic balance. These departures are often
where the most interesting and impactful weather occurs.

Cyclostrophic flow

When flow curvature is extremely tight and the scale is small enough that the Coriolis force is negligible,
the balance is between the pressure gradient force and the centrifugal force. This is cyclostrophic balance.

* Applies to tornadoes, dust devils, and waterspouts
» Winds can rotate in either direction (Coriolis doesn't select the rotation sense at these scales)

* The cyclostrophic wind equation is: v = ;g‘z—f where I is the radius of curvature

Gradient wind balance

The gradient wind adds centrifugal acceleration to the geostrophic balance, making it a three-way force
balance: PGF, Coriolis, and centrifugal force.

» More accurate than geostrophic wind for curved flow around highs and lows

 Around low pressure centers: the centrifugal force supplements the Coriolis force, so less PGF is
needed. The actual wind is sub-geostrophic (slower than geostrophic).

* Around high pressure centers: the centrifugal force opposes the Coriolis force, requiring more PGF.
The actual wind is super-geostrophic (faster than geostrophic).

* This distinction matters for tropical cyclones and intense extratropical systems

Friction effects

Within the atmospheric boundary layer (roughly the lowest 1-2 km), friction with Earth's surface disrupts
geostrophic balance:

* Friction slows the wind, reducing the Coriolis force (which depends on wind speed)

» The PGF is no longer fully balanced, so wind crosses isobars at an angle toward low pressure
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* This cross-isobar flow creates convergence into lows (fueling uplift and clouds) and divergence out of
highs (maintaining subsidence and clear skies)

» The Ekman spiral describes how wind direction rotates with height from the surface (where friction is
strongest) up to the free atmosphere (where geostrophic balance holds)

Mathematical representations

The quantitative framework behind geostrophic balance connects to the full equations of atmospheric
motion. Understanding where the geostrophic equations come from helps you know when to trust them.

Equations of motion

The starting point is the primitive equations: the Navier-Stokes equations adapted for a rotating, stratified
fluid on a sphere.

* The horizontal momentum equations contain terms for acceleration, PGF, Coriolis force, and friction

*» Geostrophic balance emerges when you drop the acceleration and friction terms, leaving only PGF
and Coriolis

* The vertical momentum equation, under the same large-scale assumptions, reduces to hydrostatic
balance: ‘;—'; =—-pg

* The continuity equation ensures mass conservation and connects horizontal divergence to vertical
motion

Scale analysis

Scale analysis is the technique that justifies the geostrophic approximation. You assign typical magnitudes
to each term in the equations of motion and compare them:

1. Estimate characteristic values for velocity (U ~ 10 m/s), length scale (L ~ 108 m), time scale (
T ~ 107 s), and Coriolis parameter (f~ 10~% s~1)

2. Calculate the magnitude of each term in the momentum equation
3. The PGF and Coriolis terms are both ~ 1073 m/s2, while the acceleration term is ~ 10~% m/s2

4. Since the acceleration is an order of magnitude smaller, dropping it gives geostrophic balance as the
leading-order balance

This procedure reveals exactly when the approximation is valid and when other terms become important.

Dimensionless parameters

Several dimensionless numbers quantify how well geostrophic balance applies:

+ Rossby number Ro = %: the ratio of acceleration to Coriolis force. Geostrophic balance requires
Ro « 1. For synoptic-scale flow, Ro ~ 0.1, which is small enough. For tornadoes or thunderstorms,
Ro > 1, and geostrophy fails.

—_u
« Froude number FI'= JVgH - relates flow speed to gravity wave speed

* Burger number Bu = (’1—“)2: compares the Rossby radius of deformation to the horizontal scale of the

disturbance, indicating whether rotation or stratification dominates the dynamics
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Geostrophic adjustment

When the atmosphere is disturbed from balance (say, by sudden heating or a pressure perturbation), it
doesn't stay unbalanced. It adjusts back toward geostrophic equilibrium through a process called
geostrophic adjustment.

Adjustment process

1. An initial perturbation creates an imbalance between the mass (pressure) field and the wind field
2. The imbalance generates inertia-gravity waves that radiate energy away from the disturbance

3. As these waves propagate outward, they carry away the unbalanced component of the flow

4. The remaining flow settles into a new geostrophically balanced state

5. The final balanced state is determined by conservation of potential vorticity, not simply by the initial
pressure or wind field alone

Whether the mass field adjusts to the wind or the wind adjusts to the mass depends on the scale of the
disturbance relative to the Rossby radius of deformation.

Rossby radius of deformation

The Rossby radius of deformation (LRr) is the characteristic length scale over which geostrophic adjustment
occurs:

VoH

Lp =2

where 9 is gravitational acceleration, H is the fluid depth (or equivalent depth for a stratified atmosphere),
and f is the Coriolis parameter.

» For disturbances much larger than Lr: the wind field adjusts to match the pressure field
« For disturbances much smaller than Lg: the pressure field adjusts to match the wind field

* In the mid-latitude troposphere, Lr ~ 1000 km, which is comparable to synoptic-scale weather
systems

» Lr decreases with increasing latitude (larger f) and decreases with decreasing stability (smaller
equivalent H)

Time scales
« The inertial period Ti = 22 sets the fundamental time scale. At 45° latitude, T/ = 17 hours.
» Geostrophic adjustment typically completes over a few inertial periods
« At higher latitudes, f is larger, so the inertial period is shorter and adjustment is faster

« In the stratosphere, greater stability means larger Lr and generally slower adjustment for a given
disturbance scale

Geostrophic balance in models

Geostrophic balance is embedded in atmospheric models at multiple levels, from the simplest conceptual
models to the most sophisticated operational forecasting systems.
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Numerical weather prediction

* Model initialization requires dynamically balanced fields. If the initial wind and pressure fields aren't
close to geostrophic balance, the model generates spurious gravity waves that contaminate the
forecast.

+ Data assimilation systems use geostrophic relationships as constraints when combining observations
with model background fields

* Forecast diagnostics often compare model winds to geostrophic winds to identify regions of strong
ageostrophic flow (which may indicate jet streaks, frontogenesis, or other dynamically active features)

Quasi-geostrophic theory

Quasi-geostrophic (QG) theory assumes the flow is close to geostrophic but allows small departures that
drive weather system development:

« It filters out fast-moving gravity waves and retains only the slower, synoptic-scale Rossby wave
dynamics

» The QG omega equation diagnoses vertical motion from the geostrophic flow, connecting upper-level
dynamics to surface weather

* QG potential vorticity is conserved following the geostrophic flow in adiabatic, frictionless conditions,
making it a powerful diagnostic tool

* QG theory explains baroclinic instability, the mechanism by which mid-latitude cyclones grow

Primitive equation models

Modern operational models solve the full primitive equations without imposing geostrophic balance:
» These models allow ageostrophic motions, gravity waves, and other non-geostrophic phenomena
» Geostrophic balance emerges naturally in the large-scale flow as the dominant balance
« Careful initialization is still needed to avoid exciting unrealistic gravity wave activity

* The fact that geostrophic balance arises spontaneously in these models confirms its fundamental role
in atmospheric dynamics

5.3 Pressure gradient force

The pressure gradient force is a key driver of atmospheric motion, causing air to flow from high to low
pressure areas. This fundamental concept explains large-scale circulation patterns and local weather
phenomena, making it crucial for understanding atmospheric dynamics.

Pressure gradients arise from variations in air density, temperature, and altitude. The force's strength
depends on how rapidly pressure changes over distance. By studying pressure gradient forces,
meteorologists can predict wind patterns, storm development, and overall weather conditions.

Definition of pressure gradient force

« Fundamental concept in atmospheric physics driving air movement and weather patterns

 Explains the force that causes air to flow from areas of high pressure to areas of low pressure
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« Critical for understanding large-scale atmospheric circulation and local weather phenomena

Concept of pressure gradient

» Measure of the rate of change of pressure over distance
» Represents the spatial variation of atmospheric pressure in a given direction
« Steeper gradients indicate more rapid pressure changes over shorter distances

* Typically expressed in units of pressure per unit distance (hPa/km or mb/100km)

Relationship to atmospheric pressure

« Directly linked to differences in atmospheric pressure between two points
* Pressure differences arise from variations in air density, temperature, and altitude
* Higher pressure areas contain more air molecules than lower pressure areas

* Force always acts perpendicular to isobars (lines of constant pressure) on weather maps

Mathematical expression

Equation for pressure gradient force

« Expressed mathematically as PGF = —1Vp

* p represents air density
 Vp denotes the gradient of pressure
* Negative sign indicates force acts from high to low pressure

* Vector quantity with both magnitude and direction

Units and dimensions

* Typically measured in newtons per kilogram (N/kg) or meters per second squared (m/s?)

+ Dimensional analysis: [PGF] = % = % = [L/T?]

» Consistent with acceleration units, as PGF represents a force per unit mass

» Can be converted to pressure per unit distance for practical applications (hPa/100km)

Factors affecting pressure gradient force

Temperature influence

» Temperature differences create pressure variations through air density changes
» Warmer air expands and rises, creating areas of lower pressure
« Cooler air contracts and sinks, forming areas of higher pressure

» Thermal gradients contribute to pressure gradients (land-sea breezes, monsoons)
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Altitude effects

* Pressure decreases exponentially with increasing altitude
* Rate of pressure decrease varies with temperature and humidity
« Standard lapse rate approximately 1 hPa per 8 meters of elevation gain

* Pressure gradient force generally stronger near the surface due to higher air density

Density variations

« Air density affects the magnitude of pressure gradient force
+ Denser air requires larger pressure differences to produce the same acceleration
» Variations in humidity impact air density and consequently pressure gradients

* Density differences contribute to phenomena like sea breezes and mountain-valley winds

Pressure gradient force in weather systems

High vs low pressure systems

* High pressure systems (anticyclones) have outward-flowing winds at surface level
* Low pressure systems (cyclones) have inward-flowing winds at surface level
* Pressure gradient force stronger in low pressure systems due to tighter isobar spacing

* Interaction between systems creates complex wind patterns and weather fronts

Role in wind generation

* Primary driver of wind, initiating air movement from high to low pressure
» Wind speed proportional to pressure gradient strength
* Interacts with Coriolis force and friction to determine actual wind direction

* Responsible for global wind patterns (trade winds, westerlies, polar easterlies)

Vertical pressure gradient

Hydrostatic equilibrium

+ Balance between vertical pressure gradient force and gravitational force

» Maintains stable vertical structure of atmosphere
* Expressed mathematically as ‘j’,—‘; =—-pg

* Deviations from hydrostatic equilibrium lead to vertical air motions

Vertical motion in atmosphere

» Upward vertical pressure gradient force opposes gravity

» Non-hydrostatic conditions lead to vertical accelerations
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» Convection occurs when buoyancy overcomes vertical pressure gradient

« Important for cloud formation, precipitation, and severe weather development

Horizontal pressure gradient

Geostrophic balance

+ Equilibrium between pressure gradient force and Coriolis force
* Results in geostrophic wind parallel to isobars
» Approximates actual wind flow in upper atmosphere away from surface friction

+ Geostrophic wind speed calculated using Vg = %S—ﬁ

Pressure gradient on weather maps

* Represented by isobars (lines of constant pressure)
* Closely spaced isobars indicate strong pressure gradients and high winds
» Widely spaced isobars suggest weak pressure gradients and light winds

» Shape and orientation of isobars reveal atmospheric circulation patterns

Pressure gradient force in atmospheric dynamics

Influence on atmospheric circulation

* Drives global circulation patterns (Hadley, Ferrel, and Polar cells)
* Contributes to formation and movement of jet streams
« Affects development and propagation of weather systems

* Plays crucial role in heat and moisture transport across latitudes

Interaction with Coriolis effect

» Combined effect produces geostrophic and gradient winds
* Leads to cyclonic (counterclockwise) rotation around low pressure in Northern Hemisphere
* Results in anticyclonic (clockwise) rotation around high pressure in Northern Hemisphere

* Opposite rotations occur in Southern Hemisphere due to reversed Coriolis effect

Measurement and observation

Barometric pressure instruments
» Mercury barometers measure pressure by height of mercury column
* Aneroid barometers use mechanical deformation of an evacuated metal cell
« Digital barometers employ electronic pressure sensors

» Radiosondes measure vertical pressure profiles in upper atmosphere
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Satellite observations of pressure fields

* Infrared and microwave sensors detect temperature profiles
» Temperature data used to derive pressure information through hydrostatic equation
+ Scatterometers measure ocean surface winds to infer pressure patterns

» Advanced sounders provide high-resolution 3D pressure field observations

Applications in meteorology

Weather forecasting

* Pressure gradient analysis essential for predicting wind patterns
« Identification of pressure systems crucial for short-term weather predictions
* Pressure tendency (rate of pressure change) indicates approaching weather systems

» Numerical weather prediction models rely heavily on accurate pressure field data

Storm prediction

» Rapid pressure drops often precede severe storms and hurricanes
« Tight pressure gradients associated with intense cyclones and frontal systems
* Pressure patterns help identify favorable conditions for thunderstorm development

* Hurricane intensity often correlated with central pressure depth

Pressure gradient force in climate models

Representation in numerical models

* Discretized pressure fields on 3D grids or spectral representations
+ Subgrid-scale parameterizations account for small-scale pressure variations
» Coupled with other physical processes (radiation, convection, boundary layer dynamics)

» Temporal evolution of pressure fields simulated through numerical integration

Importance for climate predictions

* Accurate representation crucial for simulating global circulation patterns
« Influences distribution of temperature, precipitation, and extreme weather events
+ Plays role in modeling climate phenomena (EI Nifio, monsoons, polar vortex)

« Essential for projecting future climate scenarios and assessing climate change impacts
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5.4 Coriolis effect

Fundamentals of the Coriolis Effect

The Coriolis effect describes why objects moving freely across Earth's surface appear to curve rather than
travel in straight lines. This apparent deflection, caused by Earth's rotation, is what organizes global wind
patterns, ocean currents, and storm systems into the large-scale structures we observe.

Definition and Origin

The Coriolis effect is the apparent deflection of a moving object when viewed from a rotating reference
frame. It's named after Gaspard-Gustave de Coriolis, who described it mathematically in 1835.

The physical basis comes from conservation of angular momentum. A parcel of air sitting at the equator
moves eastward with Earth's surface at roughly 1670 km/h. If that parcel moves toward a pole, it retains its
original eastward momentum, but the ground beneath it is moving eastward more slowly (since the
circumference of latitude circles shrinks toward the poles). The parcel therefore drifts eastward relative to
the surface. This is the deflection we call the Coriolis effect.

It affects any object moving freely over long distances on Earth's surface: air masses, ocean currents, and
long-range projectiles.

Earth's Rotation and the Coriolis Effect

Earth completes one rotation in approximately 24 hours, giving it an angular velocity of about
Q=7.292 x 107> rad/s. Several key relationships follow:

 The tangential speed of Earth's surface is fastest at the equator (~1670 km/h) and drops to zero at the
poles

« The Coriolis force magnitude scales with Sin @ (where @ is latitude), so it's zero at the equator and
maximum at the poles

* This latitude dependence is why tropical and polar atmospheric dynamics behave so differently
Apparent vs. True Motion

The Coriolis effect produces an apparent deflection, not a real force pushing the object sideways. In an
inertial (non-rotating) reference frame, the object's path is straight. But because we observe from Earth's
rotating surface, we perceive a curved trajectory.

* In the Northern Hemisphere, moving objects are deflected to the right of their direction of travel
* In the Southern Hemisphere, deflection is to the left
» The magnitude of deflection depends on both the object's speed and its latitude

Mathematical Description

The math behind the Coriolis effect is what makes quantitative weather prediction and climate modeling
possible. Without these equations, you can't predict wind fields, storm tracks, or ocean circulation.

Coriolis Force Equation

The Coriolis force on a moving object is:
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Fe=—2m(Q x V)

where:

. F; is the Coriolis force vector

* M is the mass of the moving object

- Qs Earth's angular velocity vector (points along the rotation axis, toward the North Pole)
» v is the object's velocity relative to Earth's surface

The cross product means the Coriolis force is always perpendicular to the object's velocity. It deflects the
object's direction without changing its speed, similar to how a magnetic force acts on a charged particle.

Angular Velocity Components

To apply the equation at a specific latitude ?, you decompose Q into local components:
« Vertical component (perpendicular to Earth's surface): Qsin ¢
* Horizontal component (parallel to Earth's surface, pointing poleward): Qcos ¢

The vertical component is responsible for the horizontal deflection of winds and currents, which dominates
most atmospheric processes. The horizontal component produces a small vertical deflection, which is
usually negligible compared to gravity.

The quantity f= 2Qsin ¢ is called the Coriolis parameter and appears throughout atmospheric dynamics.
At45°N, f=1.03x 1074 s L.

Coordinate Systems

« Spherical coordinates are used for global atmospheric calculations where Earth's curvature matters
+ Cartesian coordinates work well for local or regional analysis

» The beta-plane approximation linearizes the variation of f with latitude (f= fo + [3}’), simplifying
calculations in mid-latitude regions while still capturing the essential latitude dependence

* Transforming between coordinate systems is a routine but necessary step in comprehensive
atmospheric modeling

Coriolis Effect in the Atmosphere

Influence on Wind Patterns

The Coriolis effect deflects winds to the right in the Northern Hemisphere and to the left in the Southern
Hemisphere. This deflection shapes the entire global circulation:

« Air flowing from the subtropical high toward the equator gets deflected, producing the trade winds
(northeasterly in the NH, southeasterly in the SH)

« Air flowing poleward from the subtropics gets deflected eastward, creating the westerlies at
mid-latitudes

* The three-cell structure of atmospheric circulation (Hadley, Ferrel, and polar cells) depends on Coriolis
deflection to establish these zonal wind patterns

« Storm systems and fronts follow curved paths shaped by Coriolis deflection
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Geostrophic Wind Balance

In the upper atmosphere (above the boundary layer), winds tend toward geostrophic balance: the pressure
gradient force pushing air from high to low pressure is balanced by the Coriolis force deflecting the moving
air.

The result is that geostrophic wind flows parallel to isobars rather than across them. This is why
upper-level weather maps show winds following the contour lines rather than cutting across them.

The geostrophic wind speed is:
—19p
Vg = ofan

where P is air density, f is the Coriolis parameter, and Z—’; is the pressure gradient perpendicular to the flow.

Deviations from geostrophic balance (called ageostrophic components) are small but dynamically
important because they drive vertical motions and convergence/divergence.

Rossby Waves and Circulation

Rossby waves are large-scale meanders in the jet stream caused by the variation of the Coriolis parameter
with latitude (the beta effect).

» These waves have wavelengths of thousands of kilometers and propagate westward relative to the
mean flow

* They transport heat and momentum between the tropics and poles
* Their configuration determines whether a region experiences warm or cold weather for days to weeks

* Rossby wave interactions produce blocking patterns and teleconnections (like the North Atlantic
Oscillation) that drive long-term weather variability

Hemispheric Differences

Northern vs. Southern Hemisphere

The Coriolis deflection reverses direction across the equator, producing mirror-image circulation patterns:
* Cyclones (low-pressure systems) rotate counterclockwise in the NH, clockwise in the SH
+ Anticyclones (high-pressure systems) rotate clockwise in the NH, counterclockwise in the SH

» The Southern Hemisphere has far less land area, so Coriolis-driven circulation patterns are more
zonally symmetric (more uniform around latitude circles) compared to the NH, where continents disrupt
the flow

Equatorial Regions and the Coriolis Effect

Near the equator, f=2Qsin¢g approaches zero, so the Coriolis force becomes negligible. This has
several consequences:

» Geostrophic balance breaks down; other force balances govern equatorial dynamics

* The Intertropical Convergence Zone (ITCZ) forms where trade winds from both hemispheres
converge, driven primarily by thermal contrasts rather than Coriolis deflection
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« Circulation patterns near the equator tend to be more symmetric

 Equatorial wave types like Kelvin waves and mixed Rossby-gravity waves exist specifically because of
the vanishing Coriolis parameter, and they play key roles in phenomena like the Madden-Julian
Oscillation and El Nifio

Coriolis Effect and Weather

Cyclones and Anticyclones

The Coriolis effect determines the rotation direction of pressure systems, but it does not cause them to
form. Cyclones form due to pressure differences and atmospheric instability; the Coriolis effect then
organizes the inflowing air into a rotating pattern.

* In the NH: cyclones rotate counterclockwise, anticyclones rotate clockwise
* In the SH: the directions reverse
* The Coriolis effect also influences storm intensity, size, and the track a storm follows as it propagates

Tropical cyclones cannot form within about 5° of the equator because the Coriolis force is too weak to
organize convection into a rotating system.

Trade Winds

Trade winds arise from the Hadley cell circulation. Air descending in the subtropics flows equatorward
along the surface, and the Coriolis effect deflects this flow:

* Northeasterly trades in the Northern Hemisphere
» Southeasterly trades in the Southern Hemisphere

Where these winds converge, they form the ITCZ, a band of rising air, clouds, and heavy rainfall that
migrates seasonally. Trade winds are also the primary driver of tropical ocean surface currents and play a
role in the development of tropical cyclones and monsoon systems.

Jet Streams

Jet streams are narrow bands of fast-moving air in the upper troposphere, typically near the tropopause.
They form where strong horizontal temperature gradients exist, and the Coriolis effect channels the
resulting thermal wind into concentrated westerly flows.

* The polar jet sits near 50-60° latitude, along the polar front
* The subtropical jet sits near 30° latitude, at the poleward edge of the Hadley cell
* Rossby waves cause the jet streams to meander, steering mid-latitude weather systems

« Jet stream positions and intensities shift seasonally as temperature gradients change

Oceanic Implications

Ocean Currents and Gyres

Wind-driven ocean currents are deflected by the Coriolis effect, producing large circular flow patterns
called gyres:
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* NH gyres rotate clockwise (North Atlantic, North Pacific)
» SH gyres rotate counterclockwise (South Atlantic, South Pacific, Indian Ocean)

Western boundary currents like the Gulf Stream and Kuroshio are narrow, deep, and fast. Their
intensification is explained by the westward intensification theory (Stommel, 1948), which shows that the
variation of the Coriolis parameter with latitude concentrates return flow on the western side of ocean
basins.

Ekman Transport

When wind blows steadily over the ocean surface, friction drags the surface water along, but the Coriolis
effect deflects each successive layer of water further from the wind direction. This creates the Ekman
spiral:

1. The surface layer moves at roughly 45° to the right of the wind (NH)
2. Each deeper layer is deflected further and moves more slowly

3. The net water transport (integrated over the full Ekman layer, typically 50-100 m deep) is 90° to the
right of the wind in the NH (90° to the left in the SH)

Ekman transport drives coastal upwelling (when winds blow parallel to a coast and push surface water
offshore), downwelling, and contributes to the formation of ocean eddies.

Upwelling and Downwelling

When Ekman transport moves surface water away from a coast or away from the equator, deeper water
rises to replace it. This is upwelling.

» Upwelling brings cold, nutrient-rich water to the surface, fueling high biological productivity

» Major upwelling zones along eastern boundary currents (California Current, Peru/Humboldt Current,
Benguela Current) support some of the world's most productive fisheries

» Equatorial upwelling occurs because the trade winds drive Ekman transport away from the equator in
both hemispheres, pulling deep water upward along the equator

» Downwelling occurs where surface waters converge and sink, such as at the center of subtropical
gyres

Measurement and Observation

Foucault Pendulum

The Foucault pendulum is the classic demonstration of Earth's rotation. A long, heavy pendulum swings
back and forth, and its plane of oscillation appears to rotate over time because the Earth rotates beneath it.

« The apparent rotation period depends on latitude: T = %";rs
« At the poles (¢ = 90°), the plane completes one full rotation in 24 hours

« At the equator (¢ = 0°), there is no apparent rotation

* At 30° latitude, the period is 48 hours
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Satellite Observations

Satellites provide a global view of Coriolis-influenced circulation:

» Geostationary satellites track cloud movements, revealing cyclone rotation and large-scale wind
patterns

* Polar-orbiting satellites measure wind speed and direction at multiple altitudes using scatterometers
and atmospheric sounders

« Satellite altimetry maps ocean surface topography, which reveals geostrophic ocean currents (since
sea surface height gradients drive currents that are deflected by the Coriolis effect)

» Advanced sensors (LIDAR, microwave radiometers) provide detailed profiles of atmospheric wind and
temperature fields

Weather Radar

Doppler weather radar measures the radial velocity of precipitation particles, which reveals wind patterns
shaped by the Coriolis effect:

+ Cyclonic and anticyclonic rotation signatures are visible in radial velocity data
» Mesoscale convective vortices can be identified in radar imagery
» Radar data are assimilated into numerical weather prediction models to improve forecasts

* Dual-polarization radar adds information about precipitation type and structure

Applications and Misconceptions

Ballistics

Long-range projectiles experience measurable Coriolis deflection because they travel large distances over
significant time intervals:

* A bullet fired 1 km at mid-latitudes deflects only a few centimeters, but at artillery ranges (tens of km)
the deflection becomes significant

* Snipers and artillery operators include Coriolis corrections in their calculations

« For intercontinental ballistic missiles traveling thousands of kilometers, Coriolis deflection can amount
to several kilometers

* The deflection depends on projectile speed, flight time, and latitude
Engineering Applications

« Coriolis flowmeters exploit the Coriolis effect to measure mass flow rate in pipes. Fluid flowing through
a vibrating tube experiences Coriolis forces that twist the tube proportionally to the flow rate.

« Inertial navigation systems and gyroscopes must account for Coriolis forces to maintain accuracy
+ High-speed rail track design in some cases considers Coriolis-induced lateral forces

« Large-scale infrastructure projects may account for Coriolis effects in structural analysis, though this is
rarely a dominant design factor
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Common Myths and Clarifications

Myth: The Coriolis effect determines which way water drains in your sink or toilet. Reality: The Coriolis
force is far too weak to influence water at that scale. Sink drainage direction is determined by basin
geometry, residual currents, and how the water was disturbed. You'd need a very large, very still, carefully
controlled basin to detect Coriolis effects on draining water.

Myth: The Coriolis effect reverses at the equator. Reality: It doesn't reverse; it smoothly decreases to zero
at the equator and then acts in the opposite direction in the other hemisphere.

Myth: Airplanes must constantly correct for the Coriolis effect. Reality: Aircraft navigate relative to the
ground (or to GPS coordinates), so Coriolis deflection is already accounted for in the navigation framework.
Pilots don't make separate Coriolis corrections.

Myth: The Coriolis effect causes hurricanes. Reality: Hurricanes form due to warm ocean water,
atmospheric instability, and moisture. The Coriolis effect determines their rotation direction and is
necessary for organizing the circulation, but it's not the energy source.

Coriolis Effect in Climate Models

Parameterization Techniques

Climate models incorporate the Coriolis effect directly into the equations of motion (the momentum
equations on a rotating sphere). Several approaches are used:

* The beta-plane approximation linearizes the Coriolis parameter for regional domains, reducing
computational cost

« Spectral methods in global models handle the Coriolis terms efficiently by representing fields as
spherical harmonics

» Sub-grid scale parameterizations account for the influence of the Coriolis effect on processes too
small for the model grid to resolve

» Adaptive mesh refinement can increase resolution in regions where accurate Coriolis representation is
critical (e.g., near the equator where f changes rapidly)

Scale Considerations

The importance of the Coriolis effect depends on the spatial and temporal scale of the phenomenon. The
Rossby number (Ro = % where U is the characteristic velocity and L is the characteristic length scale)
quantifies this:

« When Ro « 1, the Coriolis effect dominates (large-scale weather systems, ocean gyres)
* When Ro >> 1, the Coriolis effect is negligible (tornadoes, dust devils, sink drains)
* Global models must capture large-scale Coriolis-driven patterns accurately

* Regional and mesoscale models need appropriate boundary conditions to represent Coriolis effects
that originate at larger scales

Model Accuracy

* Errors in Coriolis calculations propagate into biases in simulated wind fields, jet stream positions, and
ocean currents
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* Ensemble modeling helps quantify uncertainties related to Coriolis representation

« Validation against observational data (radiosondes, satellites, buoys) is essential for identifying and
correcting model biases

» Ongoing research focuses on improving Coriolis representation in high-resolution, next-generation
climate models, particularly for coupled ocean-atmosphere systems

5.5 Global circulation patterns

Global circulation patterns shape Earth's weather and climate. These large-scale air movements, driven by
temperature differences and planetary rotation, distribute heat and moisture worldwide through systems
like Hadley cells, trade winds, and jet streams.

Understanding these patterns is crucial for predicting weather and climate change impacts. From
monsoons to the El Nifio Southern Oscillation, global circulation influences everything from rainfall
distribution to extreme weather events, affecting ecosystems and human activities globally.

Planetary-scale atmospheric circulation

* Encompasses large-scale air movements in Earth's atmosphere driven by temperature differences
and the planet's rotation

* Plays a crucial role in distributing heat, moisture, and momentum across the globe

« Consists of several distinct circulation cells that work together to create global weather patterns

Hadley cell structure

» Extends from the equator to approximately 30 degrees latitude in both hemispheres
+ Characterized by rising air near the equator, poleward flow aloft, and sinking air in the subtropics

* Creates a zone of low pressure near the equator (Intertropical Convergence Zone) and high pressure
in the subtropics

* Drives the formation of tropical rainforests and subtropical deserts

Ferrel cell characteristics

* Located between 30 and 60 degrees latitude in both hemispheres

* Features rising air at higher latitudes and sinking air at lower latitudes
* Influenced by both the Hadley cell and the Polar cell

* Responsible for the prevailing westerly winds in the mid-latitudes

* Contributes to the formation of mid-latitude cyclones and anticyclones

Polar cell dynamics

» Extends from approximately 60 degrees latitude to the poles
» Characterized by rising air at 60 degrees latitude and sinking air at the poles
* Creates a zone of low pressure around 60 degrees (subpolar low) and high pressure at the poles

* Drives the formation of polar easterlies
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* Influences the development of polar ice caps and tundra regions

Jet streams

» Narrow bands of strong winds in the upper troposphere and lower stratosphere
* Play a crucial role in global atmospheric circulation and weather patterns

* Influence the movement of air masses, storm systems, and temperature distributions

Polar jet stream

* Located between 50 and 60 degrees latitude in both hemispheres

* Separates cold polar air masses from warmer mid-latitude air

+ Exhibits a meandering pattern due to temperature contrasts and the Coriolis effect
* Influences the track of mid-latitude cyclones and the position of weather fronts

» Can lead to persistent weather patterns when its meanders become stationary (blocking patterns)

Subtropical jet stream

* Found near 30 degrees latitude in both hemispheres

+ Associated with the poleward edge of the Hadley cell

» Generally weaker and less variable than the polar jet stream

* Influences the formation and movement of subtropical high-pressure systems

+ Can interact with the polar jet stream, leading to complex weather patterns

Jet stream variability

* Influenced by seasonal changes in temperature gradients and solar radiation

« Affected by large-scale atmospheric oscillations (El Nifo Southern Oscillation, North Atlantic
Oscillation)

» Can be impacted by climate change, potentially leading to more frequent extreme weather events

« Variations in jet stream position and strength can cause prolonged heat waves, cold spells, or drought
conditions

Trade winds
* Persistent easterly winds found in the tropics between 30 degrees north and south latitude
* Play a crucial role in global atmospheric circulation and ocean currents
« Significantly impact climate patterns and maritime activities in tropical regions

Formation of trade winds

« Driven by the temperature gradient between the equator and the subtropics

* Result from the deflection of air moving towards the equator due to the Coriolis effect
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» Converge near the equator in the Intertropical Convergence Zone (ITCZ)

« Strengthen during winter months in each hemisphere due to increased temperature contrasts

Trade wind patterns

* Blow from northeast to southwest in the Northern Hemisphere

* Flow from southeast to northwest in the Southern Hemisphere

 Exhibit remarkable consistency in direction and speed throughout the year

« Stronger over oceans due to reduced surface friction compared to land areas

« Can be disrupted by tropical cyclones and other large-scale atmospheric disturbances

Impact on global climate

* Drive the circulation of surface ocean currents (North and South Equatorial Currents)
+ Contribute to the formation of tropical rainforests on the eastern sides of continents

« Create arid conditions on the western coasts of continents (coastal deserts)

* Influence the distribution of rainfall patterns in tropical and subtropical regions

* Play a crucial role in the transport of moisture and heat across the tropics

Monsoons

» Seasonal reversals of wind patterns accompanied by dramatic changes in precipitation
« Significantly impact the climate, agriculture, and economies of affected regions

* Result from complex interactions between land, ocean, and atmospheric processes

Monsoon mechanisms

« Driven by differential heating between land masses and adjacent oceans
 Characterized by a reversal of prevailing wind direction between summer and winter
* Summer monsoon brings moist air from oceans to land, causing heavy rainfall

» Winter monsoon features dry air flowing from land to sea, resulting in a dry season

* Influenced by the migration of the Intertropical Convergence Zone (ITCZ)

Regional monsoon systems

» Asian monsoon affects India, Southeast Asia, and parts of East Asia

* Indian summer monsoon brings crucial rainfall for agriculture from June to September
« East Asian monsoon influences China, Korea, and Japan with a distinct rainy season
« African monsoon impacts West Africa and the Sahel region

 Characterized by a northward shift of the ITCZ during Northern Hemisphere summer

» North American monsoon affects the southwestern United States and northwestern Mexico
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* Brings summer rainfall to otherwise arid regions

Monsoon variability

* Influenced by large-scale climate patterns (El Nifio Southern Oscillation, Indian Ocean Dipole)
 Exhibits interannual variability in timing, duration, and intensity

 Can lead to severe droughts or floods depending on monsoon strength

* Potentially affected by climate change, with implications for water resources and food security

* Subject to long-term cycles and oscillations on decadal to centennial timescales

Intertropical Convergence Zone (ITCZ)

» Narrow band of low pressure and intense convection near the equator
* Plays a crucial role in global atmospheric circulation and tropical climate patterns

» Marks the confluence of the Northern and Southern Hemisphere trade winds

ITCZ structure

+ Characterized by a band of towering cumulonimbus clouds and frequent thunderstorms
* Features rising air motion due to solar heating and convergence of trade winds

* Associated with a low-pressure trough extending around the globe near the equator

* Varies in width from about 100 to 300 km depending on location and season

» Exhibits a wave-like structure with embedded areas of enhanced convection

Seasonal ITCZ migration

* Follows the sun's zenith point, moving north and south with the seasons

* Reaches its northernmost position (up to 20°N) during Northern Hemisphere summer
« Shifts to its southernmost extent (up to 20°S) during Southern Hemisphere summer

* Migration is more pronounced over land masses than over oceans

* Influenced by large-scale atmospheric circulation patterns and ocean temperatures

ITCZ and precipitation patterns
» Responsible for the formation of tropical rainforests (Amazon, Congo Basin)
* Creates distinct wet and dry seasons in tropical regions
* Influences the development and intensity of tropical cyclones
« Affects the distribution of atmospheric pollutants and aerosols globally

* Interacts with other climate phenomena (monsoons, El Nifio) to modulate rainfall patterns
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Walker circulation

 East-west atmospheric circulation pattern along the equatorial Pacific Ocean
* Plays a crucial role in the EI Nifio Southern Oscillation (ENSO) phenomenon

« Significantly impacts global climate patterns and weather events

Walker circulation mechanism

« Driven by temperature differences between the eastern and western Pacific Ocean
* Features rising air and convection over the western Pacific warm pool

« Characterized by sinking air and suppressed convection over the eastern Pacific

* Creates strong easterly trade winds along the equatorial Pacific

* Influences the distribution of sea surface temperatures and atmospheric pressure

El Nino vs La Nina

+ El Nifio conditions occur when the Walker circulation weakens or reverses

« Characterized by warmer-than-average sea surface temperatures in the central and eastern Pacific
* Results in reduced upwelling and decreased productivity in coastal waters

* La Nifa represents a strengthening of the normal Walker circulation

* Features cooler-than-average sea surface temperatures in the central and eastern Pacific

» Enhances upwelling and increases marine productivity along the South American coast

* Both phases typically last 9-12 months but can persist for several years

Impact on global weather

* Alters global atmospheric circulation patterns and jet stream positions

* Influences precipitation patterns, causing droughts or floods in different regions

« Affects tropical cyclone formation and intensity in various ocean basins

* Impacts fisheries and marine ecosystems due to changes in ocean temperatures and currents

+ Can lead to significant socioeconomic consequences (crop yields, water resources, energy demand)

Rossby waves

* Large-scale meanders in atmospheric and oceanic currents
* Play a crucial role in the transfer of heat, moisture, and momentum in Earth's atmosphere

« Significantly influence weather patterns and climate variability on a global scale

Rossby wave formation

* Result from the conservation of potential vorticity in a rotating fluid (Earth's atmosphere)
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* Develop due to variations in the Coriolis effect with latitude (beta effect)
« Can be triggered by large-scale topographic features (mountain ranges, continents)
« Influenced by temperature gradients between the equator and poles

« Exhibit different scales, from synoptic to planetary waves

Planetary wave patterns

 Characterized by long wavelengths, typically numbering 4-6 around the globe

» Manifest as large-scale ridges (northward displacement) and troughs (southward displacement)
« Strongly influence the position and strength of jet streams

» Can become quasi-stationary, leading to persistent weather patterns (blocking)

* Interact with other atmospheric phenomena (cyclones, anticyclones) to shape weather systems

Influence on weather systems

+ Guide the movement of mid-latitude cyclones and anticyclones

+ Contribute to the formation of atmospheric blocking patterns

« Affect the distribution of temperature and precipitation across continents

* Influence the transport of Arctic air masses to lower latitudes (cold air outbreaks)

* Play a role in the development and propagation of atmospheric teleconnections

Global circulation models

» Computer-based simulations of Earth's climate system
« Essential tools for understanding and predicting global atmospheric circulation patterns

* Used to study climate change, weather forecasting, and long-term climate projections

Model components

» Atmosphere module simulates air circulation, temperature, and precipitation patterns
» Ocean module represents currents, temperature, and salinity distributions

* Land surface module accounts for vegetation, soil moisture, and surface albedo

» Sea ice component models the formation, movement, and melting of polar ice

+ Biogeochemical cycles (carbon, nitrogen) incorporated in more advanced models

Parameterization techniques

» Used to represent sub-grid scale processes that cannot be directly resolved
* Include parameterizations for convection, cloud formation, and radiation transfer
* Employ statistical methods to account for small-scale phenomena in large-scale simulations

» Require careful calibration and validation against observational data
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* Continually refined to improve model accuracy and reduce uncertainties

Model limitations and uncertainties

* Resolution constraints limit the ability to represent small-scale processes accurately

+ Imperfect understanding of some climate feedbacks (clouds, aerosols) introduces uncertainties
» Computational limitations restrict the complexity and length of simulations

* Natural variability in the climate system can mask long-term trends

* Require extensive validation and inter-model comparisons to assess reliability

Climate change impacts

+ Alterations in global atmospheric circulation patterns due to anthropogenic forcing
« Significant consequences for regional climate, extreme weather events, and ecosystems

* Crucial area of research for climate scientists and policymakers

Shifts in circulation patterns

+ Potential weakening and poleward shift of the Hadley circulation

» Changes in the strength and position of jet streams

* Alterations in the Walker circulation and ENSO dynamics

» Modifications to monsoon systems (timing, intensity, and spatial extent)

+ Possible impacts on polar vortex stability and Arctic Oscillation patterns

Extreme weather events

* Increased frequency and intensity of heat waves due to changes in atmospheric blocking
* Alterations in precipitation patterns, leading to more frequent droughts or floods

* Potential changes in tropical cyclone activity (frequency, intensity, and track)

» More intense and prolonged El Nifio and La Nifia events

* Increased likelihood of compound extreme events (simultaneous heat waves and droughts)

Future projections

* Continued poleward expansion of subtropical dry zones

* Intensification of the hydrological cycle (wet regions getting wetter, dry regions drier)
« Potential slowdown of the Atlantic Meridional Overturning Circulation (AMOC)

» Changes in the frequency and intensity of atmospheric rivers

* Increased variability in mid-latitude weather patterns due to Arctic amplification
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5.6 Jet streams

Jet streams are powerful, narrow bands of air that circle the globe, shaping weather patterns and
influencing climate. These high-altitude winds play a crucial role in atmospheric circulation, affecting
everything from storm tracks to global temperature distribution.

Understanding jet streams is key to grasping large-scale atmospheric dynamics. Their structure, formation,
and behavior provide insights into energy transfer processes, weather forecasting, and the impacts of
climate change on global wind patterns.

Structure of jet streams

« Jet streams play a crucial role in atmospheric circulation, influencing global weather patterns and
climate systems

» Understanding jet stream structure provides insights into large-scale atmospheric dynamics and
energy transfer processes

« Jet streams are integral to the study of Atmospheric Physics, connecting various aspects of
atmospheric science and meteorology

Polar vs subtropical jets

* Polar jet streams located at ~60° latitude, characterized by stronger winds and more pronounced
meanders

« Subtropical jet streams found at ~30° latitude, typically weaker and more stable than polar jets
* Both jet types driven by temperature gradients between equatorial and polar regions
* Polar jets more influential on mid-latitude weather patterns (storm systems, cold fronts)

* Subtropical jets impact tropical and subtropical climate phenomena (monsoons, hurricane
development)

Vertical structure

« Jet streams typically located in the upper troposphere and lower stratosphere, between 9-16 km
altitude

+ Core of jet stream exhibits highest wind speeds, often exceeding 120 knots (222 km/h)
* Vertical cross-section reveals a sloped structure, tilting poleward with increasing height
« Jet core thickness varies, usually spanning 1-2 km vertically

» Temperature inversions often associated with jet stream boundaries, influencing atmospheric stability

Horizontal extent

« Jet streams span thousands of kilometers in length, encircling the globe
 Width of jet streams typically ranges from 160-500 km
* Meandering patterns create regions of ridges (poleward excursions) and troughs (equatorward dips)

* Horizontal wind speed gradients define jet stream boundaries
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« Jet stream position and intensity vary both spatially and temporally

Formation mechanisms

« Jet streams form as a result of complex interactions between various atmospheric forces and thermal
gradients

» Understanding formation mechanisms is crucial for predicting jet stream behavior and its impact on
weather patterns

» These mechanisms highlight the interconnectedness of different atmospheric processes studied in
Atmospheric Physics

Temperature gradients

« Steep temperature differences between equatorial and polar regions drive jet stream formation
« Strongest temperature gradients occur at the boundary between warm tropical air and cold polar air

« Baroclinic instability develops in regions of strong temperature gradients, contributing to jet stream
intensification

» Seasonal variations in solar heating affect temperature gradient strength, influencing jet stream
intensity

* Local topography and land-sea temperature contrasts can modify temperature gradients and jet
stream characteristics

Coriolis effect

« Earth's rotation deflects moving air parcels via the Coriolis force

* Coriolis effect stronger at higher latitudes, contributing to jet stream's poleward tilt

« Interacts with pressure gradient force to create geostrophic balance in upper-level winds
« Coriolis parameter (f = 2Qsin @) varies with latitude, affecting jet stream behavior

» Rossby number (ratio of inertial to Coriolis forces) influences jet stream dynamics and stability
Thermal wind balance

» Thermal wind relationship links vertical wind shear to horizontal temperature gradients

« Expressed mathematically as ;% =—Bk x V,T

« Stronger temperature gradients lead to stronger vertical wind shear and more intense jet streams
» Thermal wind balance explains the increase in wind speed with height in jet streams

* Deviations from thermal wind balance can indicate atmospheric instabilities and potential weather
development

Dynamics of jet streams

« Jet stream dynamics involve complex interactions between various atmospheric waves and circulation
patterns
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* Understanding these dynamics is essential for predicting large-scale weather patterns and climate
variability

« Jet stream behavior reflects fundamental principles of geophysical fluid dynamics studied in
Atmospheric Physics

Rossby waves
» Large-scale atmospheric waves that propagate within jet streams
» Wavelengths typically range from 2000-6000 km
» Caused by conservation of potential vorticity and variations in the Coriolis parameter

%, where c is phase speed, U is mean zonal wind, B is the

meridional gradient of the Coriolis parameter, and k and | are wavenumbers

+ Rossby wave equation: ¢ = U —

« Influence jet stream meandering patterns and contribute to the development of high and low pressure
systems

Meandering patterns
« Jet streams exhibit wave-like patterns, with north-south undulations
» Amplification of meanders can lead to the formation of blocking patterns
* Meander wavelength and amplitude vary based on atmospheric conditions and season
« Strongly meandering patterns associated with increased likelihood of extreme weather events

* Planetary wave interactions can reinforce or disrupt jet stream meanders

Jet streak dynamics
+ Regions of locally enhanced wind speeds within the broader jet stream
* Typically 100-300 km wide and 1000-3000 km long
* Four-quadrant model describes areas of divergence and convergence around jet streaks
* Right entrance and left exit regions associated with upper-level divergence and surface cyclogenesis

» Ageostrophic circulations develop in response to jet streak acceleration and deceleration

Seasonal variations

« Jet streams exhibit significant changes in position, intensity, and behavior throughout the year

» Seasonal variations in jet streams are closely linked to the annual cycle of solar radiation and
temperature gradients

» Understanding these seasonal patterns is crucial for long-term weather forecasting and climate
studies in Atmospheric Physics

Winter vs summer patterns

» Winter jet streams generally stronger and located at lower latitudes due to enhanced temperature
gradients
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« Summer jet streams typically weaker and shifted poleward as temperature gradients decrease

 Winter patterns characterized by more pronounced meanders and increased potential for blocking
events

« Summer patterns often feature more zonal (west-to-east) flow and less variability

* Transition seasons (spring and autumn) exhibit intermediate characteristics and can be highly variable

Hemispheric differences

* Northern Hemisphere jet streams more variable due to greater land-sea contrasts and topographic
influences

» Southern Hemisphere jet streams tend to be more zonally symmetric and stable

* Antarctic circumpolar jet stream unique to Southern Hemisphere, influenced by ozone depletion and
recovery

» Northern Hemisphere experiences more pronounced seasonal shifts in jet stream position

» Hemispheric differences in jet stream behavior contribute to contrasting climate patterns between
North and South

Influence on weather patterns

« Jet streams play a crucial role in shaping global weather patterns and influencing local climate
conditions

» Understanding jet stream behavior is essential for accurate weather forecasting and predicting
extreme events

* The study of jet stream influences on weather is a key component of synoptic meteorology within
Atmospheric Physics

Storm track guidance

« Jet streams steer mid-latitude cyclones and anticyclones, defining preferred storm tracks
* Areas beneath jet stream axes experience enhanced potential for storm development

+ Divergence and convergence patterns associated with jet streaks influence cyclogenesis and
cyclolysis

* Interaction between jet streams and baroclinic zones can lead to rapid storm intensification (bomb
cyclones)

» Changes in jet stream position can shift storm tracks, affecting regional precipitation patterns

Blocking patterns

* Persistent high-pressure systems that disrupt normal west-to-east flow of jet streams
* Omega blocks, Rex blocks, and cut-off lows are common blocking configurations

* Blocking events can lead to prolonged periods of abnormal weather (heat waves, cold spells,
droughts)
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» Formation often associated with amplified Rossby wave patterns and increased jet stream
meandering

* Blocking patterns can persist for days to weeks, significantly impacting regional weather and climate

Extreme weather events

« Jet stream anomalies frequently associated with extreme weather occurrences
» Amplified jet stream patterns can lead to intense heat waves or cold air outbreaks

+ Slow-moving or stationary jet stream configurations can result in prolonged precipitation events and
flooding

* Interaction between jet streams and other atmospheric features (tropical moisture, Arctic air masses)
can enhance extreme event potential

+ Rapid jet stream shifts can cause abrupt temperature changes and severe weather outbreaks

Climate change impacts

+ Climate change is altering jet stream behavior, with significant implications for global weather patterns
and climate systems

» Understanding these changes is crucial for predicting future climate scenarios and adapting to
environmental shifts

« Jet stream alterations due to climate change represent a key area of research in Atmospheric Physics
and climate science

Jet stream weakening

* Overall weakening of jet streams observed in recent decades, particularly in Northern Hemisphere
* Reduced temperature gradient between equator and poles contributes to weakening

» Weaker jet streams associated with increased likelihood of persistent weather patterns

» Changes in jet stream strength can affect the distribution of heat and moisture across latitudes

* Potential feedback loops between jet stream weakening and Arctic amplification
Shifting positions
* Poleward shift of jet streams observed, particularly in Southern Hemisphere
» Changes in jet stream position affect regional climate patterns and precipitation distribution
« Shifting jet streams can lead to expansion of subtropical dry zones and alterations in storm tracks
* Potential impacts on ecosystems and agriculture due to changing rainfall patterns
« Interaction between shifting jet streams and existing climate oscillations (NAO, ENSO)
Arctic amplification effects

+ Rapid warming of Arctic regions reduces temperature gradient between mid-latitudes and poles

» Weakened gradient can lead to more meandering jet stream patterns and increased blocking events
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* Potential for more frequent intrusions of Arctic air into mid-latitudes (polar vortex disruptions)
» Changes in Arctic sea ice extent and albedo feedback into jet stream behavior

» Complex interactions between Arctic amplification, jet streams, and global atmospheric circulation
patterns

Observation and measurement

+ Accurate observation and measurement of jet streams are essential for understanding their behavior
and improving weather forecasts

« Various technologies and methods are employed to monitor jet streams at different spatial and
temporal scales

» Advancements in observation techniques contribute to the broader field of Atmospheric Physics and
meteorology

Satellite observations

» Geostationary and polar-orbiting satellites provide continuous monitoring of jet stream patterns

» Water vapor imagery used to visualize upper-level wind patterns and jet stream positions

» Atmospheric motion vectors derived from satellite data help track jet stream movement

» Microwave sounders on satellites measure temperature profiles, aiding in jet stream identification

« Satellite-based wind measurements (scatterometers) provide data on ocean surface winds related to
jet streams

Radiosonde data

» Weather balloons equipped with radiosondes provide vertical profiles of temperature, humidity, and
wind

* Twice-daily launches from numerous global stations create a network of upper-air observations
» Radiosonde data crucial for identifying jet stream core locations and wind speeds
* Vertical resolution of radiosonde data helps characterize jet stream structure and intensity

+ Long-term radiosonde records valuable for studying jet stream trends and variability

Reanalysis products

» Combine observations with numerical weather prediction models to create comprehensive
atmospheric datasets

* Global reanalysis products (ERA5, NCEP/NCAR) provide gridded data on jet stream parameters
+ Allow for analysis of jet stream behavior over long time periods and large spatial scales
* Useful for studying jet stream climatology, variability, and long-term trends

* Reanalysis data support research on jet stream dynamics and interactions with other atmospheric
phenomena
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Jet streams in atmospheric models

« Accurate representation of jet streams in atmospheric models is crucial for weather forecasting and
climate projections

* Modeling jet streams involves complex interactions between various atmospheric processes and
dynamics

» Advancements in jet stream modeling contribute to the broader field of numerical weather prediction
and climate modeling in Atmospheric Physics

Representation in GCMs

* Global Climate Models (GCMs) simulate large-scale atmospheric circulation, including jet streams
* Resolution of GCMs affects ability to capture fine-scale jet stream features and dynamics

» Parameterization schemes used to represent sub-grid scale processes influencing jet streams

+ Challenges in accurately modeling jet stream variability and extreme events

» Ongoing improvements in model physics and dynamics enhance jet stream representation

Forecasting challenges

* Accurately predicting jet stream position and intensity crucial for medium to long-range weather
forecasts

+ Chaotic nature of atmosphere limits predictability of jet stream behavior beyond 1-2 weeks
* Challenges in forecasting sudden changes in jet stream patterns (blocking events, regime shifts)

* Interaction between jet streams and other atmospheric features (tropical convection, stratospheric
processes) complicates forecasting

* Ensemble forecasting techniques used to quantify uncertainty in jet stream predictions

Ensemble predictions

» Multiple model runs with slightly different initial conditions or physics parameters

» Ensemble forecasts provide probabilistic information on jet stream behavior and associated weather
patterns

+ Useful for assessing forecast uncertainty and potential for extreme events
* Ensemble mean often more skillful than individual model runs for jet stream forecasts

* Spread of ensemble members indicates level of predictability and potential forecast scenarios

Interactions with other systems

« Jet streams interact with various atmospheric and oceanic systems, influencing global weather and
climate patterns

» Understanding these interactions is crucial for comprehending the complex dynamics of the Earth's
atmosphere

Fiveable archived study guides Page 234



* The study of jet stream interactions highlights the interconnected nature of different components in
Atmospheric Physics

Stratosphere-troposphere coupling

« Jet streams play a key role in facilitating communication between stratosphere and troposphere
» Sudden Stratospheric Warming events can significantly impact tropospheric jet stream patterns

» Downward propagation of stratospheric anomalies can lead to persistent tropospheric circulation
changes

* Quasi-Biennial Oscillation (QBO) in stratospheric winds influences jet stream behavior

» Ozone depletion and recovery in polar regions affect stratospheric temperature gradients and jet
stream positions

Ocean-atmosphere interactions

« Jet streams influence and are influenced by major ocean currents and sea surface temperature
patterns

* North Atlantic Oscillation (NAO) closely linked to position and strength of North Atlantic jet stream

« El Nifio-Southern Oscillation (ENSO) affects Pacific jet stream patterns and global atmospheric
circulation

» Ocean heat content and temperature gradients impact jet stream formation and intensity
« Jet stream-driven wind stress on ocean surface influences ocean circulation and heat transport

Teleconnections

« Jet streams facilitate long-distance connections between seemingly unrelated weather patterns

« Pacific-North American (PNA) pattern linked to variations in the strength and position of the Pacific jet

stream
* Arctic Oscillation (AO) reflects changes in the polar jet stream and influences mid-latitude weather
* Madden-Julian Oscillation (MJO) can modulate jet stream patterns on intraseasonal timescales

» Understanding teleconnections crucial for long-range forecasting and climate prediction

Applications and implications

« Jet stream behavior has significant impacts on various sectors of society and the economy
» Understanding and predicting jet stream patterns is crucial for decision-making in multiple industries

* The study of jet stream applications highlights the practical importance of Atmospheric Physics
research

Aviation industry impacts

« Jet streams significantly influence flight times, fuel consumption, and route planning for commercial
aviation

* Tailwinds from jet streams can reduce flight times and fuel usage for eastbound flights
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* Headwinds from jet streams increase flight times and fuel consumption for westbound flights
« Clear air turbulence associated with jet streams poses safety risks for aircraft

* Accurate jet stream forecasts crucial for optimizing flight paths and improving aviation efficiency

Agricultural considerations

« Jet stream patterns influence regional temperature and precipitation, affecting crop growth and yields

* Persistent jet stream configurations can lead to droughts or excessive rainfall, impacting agricultural
productivity

« Jet stream-driven weather patterns influence timing of planting, harvesting, and pest management
decisions

* Long-term shifts in jet stream behavior due to climate change may necessitate changes in crop
selection and farming practices

+ Understanding jet stream variability important for agricultural planning and food security assessments

Energy sector influences

« Jet streams affect wind power generation potential and distribution of wind resources

» Changes in jet stream patterns can impact solar energy production through cloud cover variations
» Extreme weather events associated with jet stream anomalies can disrupt energy infrastructure

» Seasonal jet stream variations influence energy demand for heating and cooling

* Long-term changes in jet stream behavior may require adaptation of energy production and
distribution systems

5.7 Cyclones and anticyclones

Cyclones and anticyclones shape our weather and climate in profound ways. These pressure systems
drive wind patterns, influence temperature, and determine precipitation. Understanding their structure and
behavior is key to predicting weather events and climate trends.

From formation to dissipation, cyclones and anticyclones follow distinct life cycles. Their characteristics,
such as warm or cold cores, affect their development and impacts. By studying these systems, we gain
insight into atmospheric dynamics and improve our ability to forecast weather phenomena.

Structure of cyclones

« Cyclones play a crucial role in atmospheric dynamics and weather patterns
» Understanding cyclone structure enhances our ability to predict and analyze weather systems

* Cyclones contribute significantly to global heat and moisture transport in the atmosphere

Low pressure systems

» Characterized by a central area of low atmospheric pressure
« Air flows inward and upward due to pressure gradient forces

 Counterclockwise rotation in the Northern Hemisphere (Coriolis effect)
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* Associated with convergence at the surface and divergence aloft

+ Often accompanied by cloud formation and precipitation

Warm core vs cold core

» Warm core cyclones (tropical cyclones) have warmer centers than their surroundings

+ Cold core cyclones (extratropical cyclones) have colder centers than their surroundings
* Warm core systems derive energy from latent heat release in deep convection

+ Cold core systems derive energy from horizontal temperature gradients

« Structural differences impact cyclone behavior, lifespan, and intensity

Cyclone life cycle

* Cyclogenesis marks the initial formation of a cyclone

* Intensification phase involves deepening of the low pressure center

» Mature stage characterized by maximum intensity and well-defined structure
* Occlusion occurs when cold air wraps around the cyclone center

* Dissipation phase leads to weakening and eventual decay of the system

Anticyclone characteristics

* Anticyclones represent areas of high atmospheric pressure
» These systems play a crucial role in stabilizing weather patterns

» Understanding anticyclones helps in predicting clear weather and temperature extremes

High pressure systems

 Characterized by a central area of high atmospheric pressure

« Air flows outward and downward due to pressure gradient forces
+ Clockwise rotation in the Northern Hemisphere (Coriolis effect)

+ Associated with divergence at the surface and convergence aloft

« Often linked to clear skies and stable weather conditions

Subsidence and divergence

 Subsidence involves sinking air motion within the anticyclone
+ Adiabatic warming occurs as air descends and compresses

+ Divergence at the surface spreads air outward from the center
» Subsidence suppresses cloud formation and precipitation

* Creates temperature inversions, trapping pollutants in some cases
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Anticyclone formation mechanisms

» Thermal anticyclones form due to radiative cooling of the surface

» Dynamic anticyclones develop from large-scale atmospheric circulation patterns
* Orographic anticyclones result from air flow over mountainous terrain

* Blocking anticyclones persist due to interactions with jet streams

* Subtropical high pressure systems form in horse latitudes

Cyclone vs anticyclone
» Comparing cyclones and anticyclones reveals fundamental differences in atmospheric behavior
» Understanding these contrasts aids in interpreting weather maps and forecasting

 The interplay between cyclones and anticyclones drives global weather patterns

Pressure patterns

* Cyclones exhibit closed isobars with decreasing pressure toward the center

+ Anticyclones show closed isobars with increasing pressure toward the center
* Pressure gradients in cyclones are typically steeper than in anticyclones

* Cyclones often have asymmetric pressure distributions due to frontal systems

* Anticyclones tend to have more symmetric pressure patterns

Wind circulation differences

* Cyclones feature inward spiraling winds toward the low pressure center
* Anticyclones have outward spiraling winds from the high pressure center
» Wind speeds in cyclones generally increase toward the center

* Anticyclonic winds tend to be weaker and more uniform

» Friction causes surface winds to cross isobars at an angle in both systems

Weather effects comparison

+ Cyclones bring unsettled weather with clouds, precipitation, and strong winds
* Anticyclones typically produce clear skies, light winds, and stable conditions
» Temperature contrasts are more pronounced in cyclonic systems

* Anticyclones can lead to temperature extremes (heat waves or cold spells)

+ Cyclones enhance vertical mixing, while anticyclones suppress it

Cyclogenesis processes

* Cyclogenesis encompasses the formation and intensification of cyclones
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» Understanding these processes is crucial for improving weather forecasting

« Cyclogenesis involves complex interactions between various atmospheric factors

Baroclinic instability

* Primary mechanism for mid-latitude cyclone development

* Occurs in regions with strong horizontal temperature gradients

« Converts potential energy from temperature contrasts to kinetic energy

* Requires vertical wind shear associated with the thermal wind relationship

* Leads to wave-like perturbations that can amplify into cyclones

Frontal development

* Fronts form at boundaries between air masses of different temperatures

« Cold fronts, warm fronts, and occluded fronts play roles in cyclone structure

« Frontal lifting enhances cloud formation and precipitation

» Temperature contrasts across fronts provide energy for cyclone intensification

* Frontal wave development can initiate cyclogenesis in some cases

Upper-level divergence

* Divergence aloft creates a "vacuum effect" promoting surface convergence
+ Associated with jet streaks and regions of positive vorticity advection

* Enhances upward motion and low-level convergence

« Contributes to the deepening of surface low pressure systems

* Interacts with low-level features to amplify cyclone development

Cyclone intensity factors

* Multiple factors influence the strength and evolution of cyclones
» Understanding these factors is crucial for accurate intensity forecasting

* The interplay between various intensity factors determines cyclone behavior

Sea surface temperature

» Warmer sea surface temperatures provide more energy for cyclone development
» Enhances evaporation, increasing moisture available for latent heat release

« Critical for tropical cyclone intensification and maintenance

» Seasonal and regional variations in SST affect cyclone distribution

+ Climate change-induced SST increases may impact future cyclone intensity
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Latent heat release

* Occurs when water vapor condenses in rising air parcels

* Provides additional energy to fuel cyclone intensification

* Most significant in the eyewall and rainbands of tropical cyclones
* Contributes to warm core structure in tropical systems

* Enhances updrafts and overall cyclone circulation

Environmental wind shear

* Vertical wind shear can disrupt cyclone structure and intensity

* Low shear environments favor cyclone development and intensification
* High shear can tilt the cyclone's vertical structure, weakening it

* Affects the symmetry of convection and precipitation patterns

« Interacts with other factors like SST to determine cyclone potential

Anticyclone types

« Various types of anticyclones exist with distinct characteristics and impacts
» Understanding these types aids in interpreting global weather patterns

* Anticyclone classification helps in predicting associated weather conditions

Subtropical highs
» Semi-permanent high pressure systems located in subtropical latitudes
» Examples include the Azores High and the North Pacific High
 Characterized by subsidence and divergence at the surface
* Play a crucial role in global atmospheric circulation patterns

* Influence trade winds and contribute to desert formation in some regions

Polar highs

* Form over cold polar regions, especially during winter months

* Associated with extremely cold, dense air masses

» Can lead to severe cold outbreaks when they move to lower latitudes
« Often relatively shallow compared to other anticyclone types

+ Contribute to the formation of temperature inversions in polar regions

Blocking highs

« Stationary or slow-moving high pressure systems that disrupt normal weather patterns
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* Can persist for days or weeks, leading to prolonged periods of stable weather
« Often associated with extreme weather events (heat waves, droughts)
* Divert jet streams and storm tracks around their periphery

» Formation mechanisms include Rossby wave breaking and omega block patterns

Global distribution patterns

* Cyclones and anticyclones exhibit distinct global distribution patterns
* These patterns are influenced by atmospheric circulation and geographic factors

» Understanding global distributions aids in climate and weather pattern analysis

Cyclone tracks

» Mid-latitude storm tracks follow prevailing westerly winds

* North Atlantic and North Pacific storm tracks are particularly active

+ Southern Hemisphere storm tracks are more zonally symmetric

* Tropical cyclone basins include the Atlantic, Eastern Pacific, and Western Pacific

» Monsoon depressions affect regions like the Indian subcontinent

Anticyclone belts

« Subtropical high pressure belts located around 30° latitude in both hemispheres
* Polar high pressure regions centered over Antarctica and the Arctic

+ Continental thermal highs form over large landmasses in winter

« Siberian High and North American High are examples of continental anticyclones

* Oceanic high pressure systems like the Azores High influence regional climates

Seasonal variations

» Mid-latitude cyclone activity peaks in winter months

* Tropical cyclone seasons vary by basin (Atlantic hurricane season June-November)
* Monsoon circulations cause seasonal shifts in pressure patterns

« Subtropical highs strengthen and expand poleward during summer

* Polar anticyclones intensify during winter months

Atmospheric dynamics

» Atmospheric dynamics govern the behavior of cyclones and anticyclones
» Understanding these principles is crucial for analyzing weather systems

* Dynamic processes explain the formation, movement, and evolution of pressure systems
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Geostrophic balance

* Equilibrium between pressure gradient force and Coriolis force

* Results in winds flowing parallel to isobars in upper atmosphere

» Geostrophic wind approximates actual wind in mid-latitudes above friction layer
* Cyclonic flow curves to the left of geostrophic wind in Northern Hemisphere

* Anticyclonic flow curves to the right of geostrophic wind in Northern Hemisphere

Thermal wind relationship

* Relates vertical wind shear to horizontal temperature gradients

» Explains why winds generally increase with height in baroclinic atmospheres
* Crucial for understanding the structure of mid-latitude cyclones

* Contributes to the formation of jet streams at upper levels

* Influences the tilt of cyclone axes with height

Vorticity and circulation

* Vorticity measures the rotation of air parcels in the atmosphere

* Relative vorticity includes shear and curvature components

» Conservation of potential vorticity influences cyclone behavior

* Positive vorticity advection associated with cyclone development

* Negative vorticity advection linked to anticyclonic conditions

Cyclone classification

* Cyclones are classified into different types based on their characteristics
* Classification aids in understanding formation mechanisms and behavior

« Different cyclone types have distinct impacts on weather and climate

Extratropical cyclones

» Form in mid-latitudes between 30° and 60° latitude

* Derive energy from horizontal temperature gradients (baroclinic instability)
* Typically have cold cores and associated frontal systems

« Often develop along polar front jet streams

* Examples include nor'easters and European windstorms

Tropical cyclones

» Form over warm tropical oceans (SST > 26°C)
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* Derive energy from latent heat release in deep convection
» Have warm cores and lack frontal systems
« Characterized by a clear eye surrounded by an eyewall

+ Categories include tropical depressions, tropical storms, and hurricanes/typhoons

Polar lows

» Small-scale, intense cyclones that form in polar regions

« Often develop over open water in cold air outbreaks

* Share characteristics of both tropical and extratropical cyclones

» Can have warm or cold cores depending on formation mechanisms

+ Associated with severe weather conditions in high latitudes

Forecasting techniques

* Accurate forecasting of cyclones and anticyclones is crucial for weather prediction
» Various techniques are employed to analyze and predict pressure system behavior

» Advancements in technology and understanding continue to improve forecast accuracy

Satellite imagery interpretation

» Geostationary and polar-orbiting satellites provide valuable atmospheric data

» Water vapor imagery helps identify upper-level features and moisture patterns

* Infrared imagery reveals cloud top temperatures and system intensity

* Visible imagery shows cloud patterns and system structure during daylight hours

» Microwave imagery penetrates clouds to reveal internal storm structure

Numerical weather prediction

» Computer models simulate atmospheric processes to forecast future weather

* Global models provide large-scale forecasts for cyclones and anticyclones

* Mesoscale models offer higher resolution for regional and local predictions

« Data assimilation techniques incorporate observations into model initial conditions

» Model output statistics (MOS) improve raw model forecasts

Ensemble forecasting

+ Multiple model runs with slightly different initial conditions or physics
* Provides a range of possible outcomes and forecast uncertainty
* Helps assess the probability of different weather scenarios

» Ensemble mean often outperforms individual model runs
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* Useful for medium-range forecasts and extreme event prediction

Climate change impacts

« Climate change affects the behavior and characteristics of cyclones and anticyclones
» Understanding these impacts is crucial for long-term weather and climate predictions

» Changes in pressure system patterns can have significant societal and environmental consequences

Cyclone frequency trends

* Potential decrease in overall number of tropical cyclones globally

« Possible increase in the frequency of intense tropical cyclones (Category 4-5)
» Changes in mid-latitude cyclone tracks and intensity

« Shift of storm tracks poleward in both hemispheres

* Regional variations in cyclone frequency due to changing atmospheric patterns

Intensity shifts

+ Potential for stronger tropical cyclones due to warmer sea surface temperatures
* Increased rainfall rates associated with tropical cyclones

» Changes in the size and wind field extent of tropical cyclones

* Possible intensification of extratropical cyclones in some regions

« Alterations in the rapid intensification processes of cyclones

Anticyclone persistence

* Increased persistence of blocking anticyclones in some regions

* Potential for more frequent and intense heat waves under anticyclonic conditions
» Changes in the strength and position of subtropical high pressure systems

« Alterations in the behavior of polar anticyclones due to Arctic amplification

* Impacts on regional precipitation patterns due to shifting anticyclone positions

Societal implications

* Cyclones and anticyclones have significant impacts on human society and activities
» Understanding these implications is crucial for risk assessment and planning
 Proper management of weather-related challenges requires interdisciplinary approaches

Severe weather hazards

* Tropical cyclones bring storm surge, high winds, and heavy rainfall

« Extratropical cyclones can cause widespread flooding and damaging winds
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* Anticyclones may lead to prolonged heat waves and drought conditions
« Severe convective storms often develop along cyclone frontal boundaries

+ Coastal erosion and infrastructure damage from intense cyclones

Agricultural impacts

* Cyclones can cause crop damage through wind, flooding, and salt intrusion
* Anticyclonic conditions may lead to drought stress on crops

» Changes in precipitation patterns affect planting and harvesting schedules
* Frost risk during clear, calm nights under anticyclonic conditions

* Potential benefits from increased rainfall in some cyclone-affected regions

Energy demand fluctuations

* Anticyclonic conditions in summer increase cooling energy demand
» Winter anticyclones can lead to higher heating energy requirements
* Cyclones may disrupt energy infrastructure and power transmission
» Wind energy production affected by changes in cyclone and anticyclone patterns

* Solar energy generation impacted by cloud cover associated with pressure systems
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Unit 6 — Atmospheric Chemistry & Air
Pollution

6.1 Chemical composition of the atmosphere

Major atmospheric constituents

Earth's atmosphere is a mixture of gases and particles, and the major constituents account for over 99% of
its volume. These gases form the baseline against which all trace species, chemical reactions, and energy
transfer processes operate.

Nitrogen and oxygen

Nitrogen (N2) makes up about 78% of the atmosphere by volume. Its triple bond (N = N) makes it
chemically inert under most atmospheric conditions, which is why it acts largely as a passive background
gas rather than participating in everyday atmospheric reactions.

Oxygen (O2) accounts for roughly 21%. It's essential for respiration and combustion, and it's produced
primarily through photosynthesis by plants and marine phytoplankton. Oxygen also participates directly in
atmospheric chemistry, particularly in ozone formation.

Argon and other noble gases

Argon (Ar) is the third most abundant atmospheric gas at about 0.93%. It's produced by the radioactive
decay of potassium-40 (*9K) in Earth's crust. Other noble gases (helium, neon, krypton, xenon) are
present in much smaller trace amounts.

Because noble gases are chemically inert, they're valuable as tracers for studying atmospheric processes.
Their ratios provide information about atmospheric evolution, mixing, and exchange between reservoirs.

Carbon dioxide

Carbon dioxide (CO2) makes up about 0.04% of the atmosphere, but its role far exceeds its concentration.
It's a key greenhouse gas that absorbs and re-emits infrared radiation, directly influencing Earth's energy
budget.

+ Atmospheric CO3 has risen from ~280 ppm in pre-industrial times to over 420 ppm today, primarily
due to fossil fuel combustion and deforestation

+ CO> variations correlate closely with global temperature changes over geological timescales, as
shown in ice core records

« It's a central component of the global carbon cycle, exchanged continuously between the atmosphere,
oceans, biosphere, and lithosphere

Trace gases

Trace gases exist at very low concentrations, yet they drive much of atmospheric chemistry and have
outsized effects on climate. Many act as catalysts, absorbers of radiation, or precursors to secondary
pollutants.
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Water vapor

Water vapor is the most variable gas in the atmosphere, ranging from nearly 0% in cold, dry regions to
about 4% in warm, humid tropical air. This variability makes it unique among atmospheric constituents.

« It's the strongest greenhouse gas, responsible for the majority of Earth's natural greenhouse effect

« It's the primary source of latent heat in the atmosphere: when water vapor condenses, it releases
energy that drives weather systems

« It forms clouds and precipitation, making it central to the hydrological cycle

« Its concentration depends strongly on temperature (governed by the Clausius-Clapeyron relation), so
it varies enormously with location and season

Ozone

Ozone (O3) exists in two distinct atmospheric layers, and context matters:

« Stratospheric ozone ("good ozone") absorbs harmful UV-B and UV-C radiation, protecting life at the
surface. It forms through photochemical reactions: UV light splits Oz into oxygen atoms, which then
combine with other O2 molecules to form O3

* Tropospheric ozone ("bad ozone") is a pollutant and greenhouse gas. It forms near the surface
through reactions involving nitrogen oxides (NOx) and volatile organic compounds (VOCs) in the
presence of sunlight

Ozone concentrations are affected by both natural photochemistry and human activities, particularly CFC
emissions (stratosphere) and NOx emissions (troposphere).

Methane and other hydrocarbons

Methane (CH4) is a potent greenhouse gas with a global warming potential about 28 times that of CO>
over a 100-year horizon. Its sources include wetlands, rice paddies, livestock, landfills, and fossil fuel
extraction.

Other atmospheric hydrocarbons include ethane, propane, and biogenic compounds like isoprene (emitted
by vegetation). These play important roles in tropospheric chemistry:

« They react with OH radicals, influencing the atmosphere's oxidizing capacity
- Some serve as precursors to secondary organic aerosols

» They contribute to the formation of tropospheric ozone through NOx-VOC photochemistry

Vertical structure of composition

The atmosphere's composition isn't uniform with altitude. Different physical and chemical processes
dominate at different heights, creating a layered structure that matters for remote sensing, modeling, and
understanding energy transfer.

Homosphere vs heterosphere

The homosphere extends from the surface to about 100 km altitude (the turbopause). Within this region,
turbulent mixing keeps the major gas mixing ratios roughly constant. N2, Oz, and Ar maintain nearly the
same proportions whether you're at sea level or 80 km up.
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Above 100 km lies the heterosphere, where molecular diffusion dominates over turbulent mixing. Here,
gases separate by molecular weight: lighter species like atomic hydrogen (H) and helium (He) become
increasingly abundant at higher altitudes, while heavier molecules concentrate lower down. Photochemical
processes also become important, breaking apart molecules like O2 and N>.

Mixing ratios and partial pressures

Two key quantities describe gas abundance in the atmosphere:

+ Mixing ratio (or mole fraction): the number of moles of a gas per mole of total air. For long-lived gases
in the homosphere, mixing ratios stay constant with altitude even as total pressure drops. This makes
mixing ratio a convenient, conserved quantity.

« Partial pressure: the pressure contribution of a single gas in the mixture, calculated using Dalton's
Law:

Pi= X;* Ptotar

where P is the partial pressure, Xi is the mixing ratio, and Ptotas is the total atmospheric pressure. Unlike
mixing ratios, partial pressures decrease with altitude because total pressure decreases.

Atmospheric aerosols

Aerosols are solid or liquid particles suspended in the atmosphere, ranging from nanometers to tens of
micrometers in size. They influence climate by scattering and absorbing radiation (direct effect) and by
serving as cloud condensation nuclei that modify cloud properties (indirect effect). They also degrade air
quality and affect human health.

Types and sources

Aerosol sources fall into two broad categories:

* Natural: volcanic eruptions, mineral dust storms, sea spray, wildfires, biogenic emissions (pollen,
spores, bacteria)

» Anthropogenic: industrial emissions, vehicle exhaust, biomass burning, agricultural activities
Aerosols are also classified by how they form:
* Primary aerosols are emitted directly as particles (dust, soot, sea salt)

+ Secondary aerosols form in the atmosphere through gas-to-particle conversion. For example, SO>
oxidizes to sulfuric acid, which then nucleates into sulfate aerosol particles.

Size distribution

Aerosol sizes span several orders of magnitude and are typically grouped into three modes:

Mode Size Range Formation Examples

Nucleation <0.1um Gas-to-particle conversion Fresh sulfate particles

Accumulation 0.1-2.5 ym Coagulation, condensation Aged smoke, sulfate,
organics

Coarse >2.5um Mechanical processes Dust, sea salt, pollen
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Size distribution matters because it controls aerosol lifetime, optical properties, and health effects. Smaller
particles remain suspended longer and can penetrate deep into the lungs. Accumulation-mode particles
are most efficient at scattering visible light and are therefore most important for climate effects.

Chemical composition

Aerosol composition varies widely depending on source and atmospheric processing. Major chemical
components include:

« Sulfates and nitrates (from oxidation of SO2 and NOy)

« Ammonium (from NH3 neutralization of acids)

* Organic carbon (from both primary emissions and secondary formation)
+ Elemental carbon / black carbon (from incomplete combustion)

* Mineral dust (from wind erosion of soils)

Composition determines an aerosol's hygroscopicity (how readily it takes up water) and its optical
properties (whether it primarily scatters or absorbs light). Analytical techniques like mass spectrometry, ion
chromatography, and X-ray fluorescence are used to characterize aerosol chemistry.

Atmospheric chemistry

Atmospheric chemistry governs how gases and particles interact, transform, and are ultimately removed
from the atmosphere. These processes control air quality, the lifetime of greenhouse gases, and the
formation of secondary pollutants.

Gas-phase reactions

Most atmospheric chemistry occurs in the gas phase. Two main reaction types dominate:
« Bimolecular reactions: A + B = products

« Termolecular reactions: A + B + M — products + M where M is a third body (usually N2 or O2) that
carries away excess energy

Rate constants typically depend on temperature and, for termolecular reactions, on pressure. The hydroxyl
radical (OH) is the single most important reactive species in the troposphere, initiating the oxidation of
most trace gases. For example:

CHs + OH > CHs + H,0

Chain reactions involving free radicals are central to both ozone formation and destruction cycles.

Photochemistry

Photochemistry refers to reactions initiated by the absorption of a photon. Solar radiation drives many of
the atmosphere's most important processes by breaking chemical bonds and producing reactive species
(photolysis).

A key example is ozone photolysis in the stratosphere:
O3 + hv-0; + O('D)

The excited oxygen atom O('D) can then react with water vapor to produce OH radicals, linking
stratospheric photochemistry to tropospheric oxidation. In urban areas, photochemistry drives the
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formation of photochemical smog through a complex cycle involving NOx, VOCs, and sunlight.

Oxidation processes

The atmosphere functions as a giant oxidation reactor. The OH radical is the primary tropospheric oxidant,
and it's responsible for removing most pollutants and trace gases.

Oxidation generally converts gases into more water-soluble compounds, which can then be removed by
precipitation (wet deposition). A classic example is the oxidation of SO> to sulfuric acid:

1.50, + OH - HOSO,
2. HOSO; + O> » HO> + 503
3.503+ H,O0 = H,50,

The resulting sulfuric acid contributes to acid rain and forms sulfate aerosols. This pathway also illustrates
how gas-phase chemistry connects to aerosol formation.

Biogeochemical cycles

Biogeochemical cycles describe how elements move between the atmosphere, biosphere, hydrosphere,
geosphere, and lithosphere. Atmospheric composition is both a driver and a product of these cycles.

Carbon cycle

The carbon cycle tracks carbon as it moves between the atmosphere, land, oceans, and Earth's interior.
» Atmospheric reservoir: ~800 Gt of carbon (as CO>)
* Terrestrial biosphere: ~2000 Gt
* Oceans: ~38,000 Gt (the largest active reservoir)
« Fossil fuels: ~10,000 Gt

Natural fluxes include photosynthesis (which removes CO>), respiration and decomposition (which release
it), and ocean-atmosphere gas exchange. Human activities have disrupted the balance: fossil fuel
combustion and deforestation add roughly 10 Gt of carbon per year to the atmosphere, driving CO> from
~280 ppm pre-industrial to over 420 ppm today.

Nitrogen cycle

Nitrogen cycles through the atmosphere primarily as Nz, which is by far the largest nitrogen reservoir. The
key transformations are:

« Nitrogen fixation: converts N2 into biologically available forms (NH3, NO3™), done by certain bacteria
and, industrially, by the Haber-Bosch process

« Nitrification: microbial oxidation of NH3 to NO3
« Denitrification: microbial reduction of NO3  back to N2, returning nitrogen to the atmosphere

Human activities have roughly doubled the rate of reactive nitrogen entering the biosphere, mainly through
synthetic fertilizer production and fossil fuel combustion. Atmospheric nitrogen compounds (NOx, NH3,
N>O) affect air quality, contribute to acid deposition, and N2O is a potent greenhouse gas.
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Sulfur cycle

The sulfur cycle involves movement of sulfur compounds through the Earth system.

» Natural sources: volcanic emissions (502, H2S5) and marine phytoplankton that produce dimethyl
sulfide (DMS), which oxidizes to form sulfate aerosols

+ Anthropogenic sources: fossil fuel combustion and metal smelting, which emit SO>

Sulfate aerosols have a net cooling effect on climate through both direct scattering of sunlight and indirect
effects on cloud properties. However, SO2 emissions also cause acid deposition (acid rain), which
damages ecosystems, soils, and infrastructure.

Anthropogenic influences

Human activities have measurably altered atmospheric composition over the past two centuries. These
changes affect air quality, climate, and ecosystems on local to global scales.

Air pollution

Air pollution results from the emission of harmful substances into the atmosphere. The major pollutants
are:

* Particulate matter (PM2.s, PM10): from combustion, dust, and secondary formation
* Tropospheric ozone (O3): formed photochemically from NOx and VOC precursors
* Nitrogen oxides (NOx): from vehicle engines and power plants

» Sulfur dioxide (SO2): from coal combustion and industrial processes

« Carbon monoxide (CO): from incomplete combustion

These pollutants harm human health, damage ecosystems, and reduce visibility. In urban areas, NOx and
VOCs react in sunlight to produce photochemical smog. Mitigation strategies include emission controls
(catalytic converters, scrubbers), cleaner fuels, and urban planning to reduce traffic congestion.

Greenhouse gas emissions

The primary anthropogenic greenhouse gases are CO2, CH4, N2O| and halocarbons (HFCs, PFCs, SFs).
Their atmospheric concentrations have increased substantially since the Industrial Revolution, driven by
fossil fuel combustion, agriculture, and industrial processes.

The enhanced greenhouse effect from these elevated concentrations leads to global warming and
associated climate impacts: sea-level rise, more frequent extreme weather events, and ecosystem
disruption. International agreements like the Paris Agreement aim to limit global temperature increase to
well below 2°C above pre-industrial levels.

Ozone depletion

Stratospheric ozone depletion is caused primarily by chlorofluorocarbons (CFCs) and halons. These
long-lived compounds are transported to the stratosphere, where UV radiation releases chlorine and
bromine atoms that catalytically destroy ozone. A single chlorine atom can destroy thousands of ozone
molecules.

The Antarctic ozone hole forms each austral spring (September-October) due to the unique polar vortex
conditions that concentrate ozone-depleting chemistry on polar stratospheric cloud surfaces. The Montreal
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Protocol (1987) successfully phased out production of most ozone-depleting substances, and the ozone
layer is expected to recover by the mid-to-late 21st century. This remains one of the most successful
examples of international environmental cooperation.

Measurement techniques

Measuring atmospheric composition accurately is essential for understanding chemical processes,
validating models, and tracking changes over time. Techniques range from direct sampling to
satellite-based remote sensing.

In-situ sampling

In-situ methods involve collecting and analyzing air directly at the measurement location. They provide
high accuracy and precision but are limited to specific sites.

» Gas chromatography and mass spectrometry identify and quantify trace gases
* Optical spectroscopy measures absorption or fluorescence of specific species

* Flask sampling collects air in containers for later laboratory analysis (used in global monitoring
networks like NOAA's)

 Continuous analyzers provide high time-resolution data at fixed stations

« Aircraft and balloon-borne instruments enable vertical profiling of composition through the atmosphere

Remote sensing methods

Remote sensing measures atmospheric properties from a distance using electromagnetic radiation. These
methods trade some precision for much broader spatial coverage.

+ Passive remote sensing relies on natural radiation sources (reflected sunlight, Earth's thermal
emission)

« Active remote sensing (lidar, radar) emits its own radiation and measures the returned signal

* Spectroscopic techniques like FTIR (Fourier Transform Infrared) and DOAS (Differential Optical
Absorption Spectroscopy) measure absorption features of specific gases

» Ground-based, airborne, and satellite platforms all use remote sensing approaches

Satellite observations

Satellites provide global coverage and continuous long-term monitoring that no ground network can match.
» Key missions include NASA's Aura, ESA's Sentinel-5P (TROPOMI instrument), and JAXA's GOSAT

» These instruments measure reflected solar radiation and emitted thermal radiation to retrieve
concentrations of O3, CO2, CH4, NO>, aerosol optical depth, and more

+ Data assimilation combines satellite observations with numerical models to produce more complete
and accurate atmospheric analyses

* Challenges include cloud interference, limited vertical resolution, and uncertainties in retrieval
algorithms
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Atmospheric composition models

Numerical models simulate how atmospheric composition evolves over time by integrating emissions,
chemistry, transport, and removal processes. They range from simple box models to complex
three-dimensional global simulations.

Chemical transport models

Chemical transport models (CTMs) simulate the transport and chemical transformation of trace species.
They work by solving continuity equations for each species, accounting for:

1. Emissions from natural and anthropogenic sources

2. Chemical production and loss through gas-phase, photochemical, and heterogeneous reactions
3. Transport by winds (advection) and turbulent mixing

4. Removal by dry deposition and wet deposition (washout by precipitation)

CTMs are driven by meteorological fields from weather models or reanalyses. Widely used examples
include GEOS-Chem, WRF-Chem, and CMAQ. They can run in forward mode (predicting concentrations
from known emissions) or inverse mode (using observed concentrations to constrain emission estimates).

Global climate models

Global climate models (also called Earth System Models) simulate the full coupled system: atmosphere,
ocean, land surface, and cryosphere. Modern versions include atmospheric chemistry modules of varying
complexity.

» They couple composition changes with radiation, dynamics, and biogeochemical cycles, capturing
important feedbacks (e.g., warming increases water vapor, which increases warming)

+ Used for long-term climate projections on decadal to centennial timescales
» Examples: CESM, GFDL-ESM, HadGEM

» Major challenges include computational cost and representing processes that occur at scales smaller
than the model grid (sub-grid parameterization)

» Ensemble simulations (running the model many times with slightly different conditions) help quantify
uncertainty in projections

Temporal variations

Atmospheric composition changes on timescales from hours to millennia. Recognizing these patterns
helps you interpret measurements correctly and distinguish natural variability from long-term trends.

Diurnal changes

Daily cycles are driven by the rise and fall of solar radiation and by human activity patterns.

» Photochemistry peaks during daytime: O3 and OH concentrations increase as sunlight drives
photolysis reactions

+ Nighttime chemistry is dominated by the NO3 radical and N2Os, since NO3 is rapidly destroyed by
sunlight during the day
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« Urban pollutants like NOx and CO show morning and evening rush-hour peaks

* The planetary boundary layer grows during the day (mixing pollutants through a deeper layer) and
collapses at night (trapping pollutants near the surface), causing large swings in surface concentrations

* Biogenic emissions like isoprene are strongly temperature- and light-dependent, peaking in the
afternoon

Seasonal fluctuations

Seasonal cycles reflect changes in solar radiation, temperature, and biological activity.

+ CO> shows a clear annual cycle: concentrations drop during Northern Hemisphere summer as
vegetation absorbs CO> through photosynthesis, then rise in winter as respiration and decomposition
dominate. This cycle is stronger in the Northern Hemisphere because it has more land area and
vegetation.

» Ozone varies seasonally with UV radiation intensity and precursor emission patterns

+ Dust and biomass burning aerosols follow strong seasonal patterns tied to dry seasons and
agricultural practices

» Water vapor peaks in summer due to higher temperatures and evaporation rates

Recognizing seasonal cycles is important because you need to remove them to detect underlying
long-term trends.

Long-term trends

Long-term trends reflect sustained changes in emissions, land use, and climate feedbacks over years to
decades.

» Greenhouse gases (CO2, CH4, N>O) show persistent upward trends driven by human activities
» Ozone-depleting substances show declining trends following the Montreal Protocol

» Aerosol concentrations vary regionally: decreasing in North America and Europe due to emission
controls, but increasing in parts of Asia and Africa due to industrialization

+ Long-term monitoring datasets (e.g., Mauna Loa CO> record, starting 1958) are invaluable for
detecting and attributing these changes

« Satellite observations complement ground-based records by providing a global perspective on
decadal trends

Spatial variations

Atmospheric composition varies across space at every scale, from meters (near a smokestack) to
hemispheric gradients. These patterns reflect the distribution of sources and sinks, atmospheric transport,
and removal processes.

Latitude dependence

Many trace gases and aerosols show strong latitudinal gradients.

+ CO> and CH4 concentrations are higher in the Northern Hemisphere because most anthropogenic
sources are located there
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» Ozone column abundance peaks at mid-latitudes and is lowest over the tropics (where strong
upwelling brings ozone-poor air from the troposphere into the stratosphere)

» Water vapor generally decreases from equator to poles, following the temperature gradient

» These gradients are shaped by large-scale circulation patterns: Hadley cells redistribute air in the
tropics, while the jet streams and planetary waves mix air at mid-latitudes

Urban vs rural differences

Urban and rural areas have distinctly different atmospheric compositions.
« Cities have elevated NOx, CO, and particulate matter from vehicle emissions, industry, and heating

» Tropospheric ozone is often lower in city centers (where fresh NO emissions titrate O3) but higher in
suburban and rural areas downwind, where NOx-VOC photochemistry has had time to produce O3

» The urban heat island effect raises temperatures in cities, which can enhance photochemical reaction
rates and alter local meteorology

* Rural areas may have higher biogenic VOC emissions from forests and vegetation

Understanding these urban-rural gradients is critical for air quality management and for assessing health
impacts of pollution exposure.

Marine vs continental air

Air masses originating over oceans versus continents have very different chemical signatures.

+ Marine air is generally cleaner, with lower particulate matter and NOx concentrations, but higher sea
salt aerosol content

+ Continental air carries more mineral dust, anthropogenic pollutants, and typically higher ozone levels

» Marine phytoplankton emit dimethyl sulfide (DMS), which oxidizes to form sulfate aerosols that
influence cloud formation over the oceans

* The chemical regime in the marine boundary layer differs from continental regions: lower NOx means
different photochemical pathways dominate

Identifying whether an air mass is marine or continental in origin is a standard first step when interpreting
atmospheric measurements at coastal or island stations.

6.2 Atmospheric chemical reactions

Atmospheric chemical reactions form the backbone of our understanding of Earth's atmosphere. These
processes, ranging from photochemical reactions to gas-phase and heterogeneous reactions, shape air
quality, climate, and environmental impacts.

Key players in atmospheric chemistry include major gases like nitrogen and oxygen, trace gases such as
carbon dioxide and methane, aerosols, and reactive species like hydroxyl radicals and ozone.
Understanding reaction rates and kinetics is crucial for predicting atmospheric behavior and composition.

Fundamentals of atmospheric chemistry

» Atmospheric chemistry investigates chemical processes occurring in Earth's atmosphere, crucial for
understanding climate, air quality, and environmental impacts
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* Encompasses complex interactions between gases, particles, and radiation, forming the basis for
atmospheric physics studies

Types of atmospheric reactions
» Photochemical reactions initiated by solar radiation absorption
» Gas-phase reactions occurring between atmospheric constituents in the air

» Heterogeneous reactions taking place on surfaces of aerosols, cloud droplets, or ice particles

 Radical chain reactions propagating through the atmosphere and driving many chemical processes

Key atmospheric constituents

» Major gases nitrogen (78%) and oxygen (21%) dominate atmospheric composition
* Trace gases (carbon dioxide, methane, water vapor) play critical roles in atmospheric chemistry
+ Aerosols suspended particles influencing radiation balance and serving as reaction surfaces

» Reactive species (hydroxyl radicals, ozone) driving many atmospheric chemical processes

Reaction rates and kinetics

 Rate laws describe how quickly chemical reactions proceed in the atmosphere
» Reaction order determines dependence of rate on reactant concentrations

* Arrhenius equation relates reaction rate constants to temperature

* Collision theory explains how molecular collisions lead to chemical reactions

* Factors affecting collision frequency

* Activation energy concept

Photochemical processes

+ Solar radiation drives many atmospheric chemical reactions, particularly in the upper atmosphere

» Understanding photochemical processes essential for explaining ozone layer dynamics and air
pollution formation

Solar radiation effects

+ Ultraviolet (UV) radiation initiates photochemical reactions in the atmosphere

* Visible light influences some atmospheric processes (photosynthesis)

* Infrared radiation absorbed by greenhouse gases affects atmospheric energy balance
* Photon flux varies with altitude, latitude, and time of day

* Impacts reaction rates and chemical distributions

Photolysis reactions

» Bond breaking in molecules caused by absorption of solar photons
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* Photodissociation of oxygen molecules leads to ozone formation in stratosphere
* Photolysis of nitrogen dioxide contributes to tropospheric ozone production
* Quantum yield measures efficiency of photolysis reactions

* Fraction of absorbed photons resulting in chemical change

Ozone formation and destruction

» Chapman cycle describes stratospheric ozone production and loss
« Catalytic cycles (NOx, CIOx, BrOx) enhance ozone destruction
* Tropospheric ozone formed through complex NOx-VOC chemistry

» Ozone depletion in polar regions linked to heterogeneous reactions on polar stratospheric clouds
Gas-phase reactions

* Reactions occurring between gaseous species in the atmosphere

* Play crucial roles in air quality, climate, and atmospheric composition
Oxidation processes

* Hydroxyl radical (OH) primary daytime oxidant in troposphere
» Ozone serves as important oxidant, especially at night
« Nitrate radical (NO3) dominates nighttime oxidation chemistry

+ Oxidation of trace gases affects their atmospheric lifetimes and global distributions

NOXx chemistry

* NOx (NO + NO2) central to tropospheric ozone formation
* Interconversion between NO and NO2 driven by sunlight and ozone
» Peroxyacetyl nitrate (PAN) formation sequesters and transports NOx

» NOx removal through nitric acid formation and subsequent deposition

VOC degradation pathways

* Volatile organic compounds (VOCs) oxidized primarily by OH radicals
+ Alkane oxidation produces aldehydes and ketones as intermediates

* Alkene reactions with ozone form Criegee intermediates

» Aromatic compound oxidation yields complex mixture of products

* Potential for secondary organic aerosol formation

Heterogeneous reactions

» Chemical processes occurring at interfaces between different phases in the atmosphere
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* Critical for understanding many atmospheric phenomena, including cloud chemistry and air pollution

Aerosol surface reactions
« Particles provide surfaces for gas-phase species to adsorb and react
* N205 hydrolysis on aerosols important nighttime NOx sink
» Mineral dust particles can catalyze certain atmospheric reactions

» Reactive uptake coefficients quantify efficiency of heterogeneous processes

Cloud droplet chemistry
» Aqueous-phase reactions occur within cloud and fog droplets
« Sulfur dioxide oxidation in cloud water major source of sulfuric acid
» Organic compound processing in cloud droplets affects aerosol composition

* Henry's law governs gas-liquid equilibrium in cloud chemistry

Ice particle interactions
+ Polar stratospheric clouds (PSCs) enable ozone-depleting reactions
* Cirrus clouds influence upper tropospheric chemistry
* Ice nucleation affects cloud formation and precipitation processes

» Uptake and release of trace gases by ice particles impacts atmospheric composition
Atmospheric reaction cycles

* Biogeochemical cycles describe movement of elements through Earth's systems

» Atmospheric chemistry plays crucial role in global element cycling
Carbon cycle

» CO2 exchange between atmosphere, biosphere, and oceans
* Methane emissions and oxidation important for short-lived climate forcers
» Carbon monoxide as intermediate in hydrocarbon oxidation

« Carbonyl sulfide links atmospheric and oceanic carbon cycles

Nitrogen cycle

* NOx emissions from combustion and lightning
* Ammonia emissions from agriculture and natural sources
» N20 production through nitrification and denitrification processes

+ Reactive nitrogen deposition impacts ecosystem functioning
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Sulfur cycle
« Sulfur dioxide emissions from volcanic and anthropogenic sources
+ Dimethyl sulfide (DMS) emissions from marine phytoplankton
« Sulfate aerosol formation through gas-phase and aqueous oxidation

* Acid deposition resulting from sulfur compound oxidation and wet deposition

Tropospheric chemistry

* Lower atmosphere (0-10 km) where most weather phenomena occur

» Complex chemistry influenced by emissions, photochemistry, and transport

Hydroxyl radical importance

* OH radical primary oxidant in troposphere, often called "atmospheric detergent”
» Formed primarily through ozone photolysis and subsequent reaction with water vapor
* Reacts with most trace gases, determining their atmospheric lifetimes

» OH concentrations vary spatially and temporally, affecting oxidation rates

Smog formation mechanisms

* Photochemical smog results from NOx-VOC chemistry in presence of sunlight
» Ozone production through NO2 photolysis and subsequent reactions
 Peroxyacetyl nitrate (PAN) formation as reservoir species for NOx

» Secondary organic aerosol (SOA) formation from VOC oxidation products

Acid rain chemistry

« Sulfuric acid formation through SO2 oxidation in gas and aqueous phases
* Nitric acid production from NOx oxidation and N20O5 hydrolysis
* Ammonia neutralization of acidic species in particles and droplets

» Wet and dry deposition of acidic compounds impacts ecosystems and infrastructure
Stratospheric chemistry

» Upper atmosphere layer (10-50 km) containing ozone layer

* Unique chemistry driven by high UV radiation and low water vapor content
Ozone layer dynamics

» Chapman cycle describes natural ozone production and loss
« Catalytic cycles (HOx, NOx, ClOx, BrOx) enhance ozone destruction

* Transport processes (Brewer-Dobson circulation) influence ozone distribution
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» Seasonal variations in ozone concentrations, including Antarctic ozone hole

Chlorofluorocarbon impacts

» CFCs stable in troposphere, photolyzed in stratosphere releasing chlorine
+ Chlorine catalytic cycle efficiently destroys ozone molecules
» Montreal Protocol phased out CFC production to protect ozone layer

* Long atmospheric lifetimes of CFCs result in delayed recovery of ozone layer

Polar stratospheric clouds

» Form in extremely cold conditions of polar winter stratosphere
* Provide surfaces for heterogeneous reactions activating chlorine
* Types include nitric acid trinydrate (NAT) and supercooled ternary solution (STS)

+ Essential for explaining rapid ozone loss in polar regions during spring

Atmospheric chemical modeling

» Computational tools for simulating atmospheric composition and chemistry

« Essential for understanding complex interactions and predicting future changes

Box models vs 3D models

* Box models represent single air parcel, useful for detailed chemical mechanisms
+ 3D models simulate entire atmosphere, capturing transport and spatial variations
* Regional models focus on specific areas with higher resolution

* Model complexity ranges from simplified mechanisms to near-explicit chemistry

Chemical transport equations

+ Continuity equation describes change in species concentration over time
 Advection terms represent transport by winds

« Diffusion terms account for turbulent mixing

» Chemical production and loss terms capture reactive processes

» Emission and deposition terms represent sources and sinks

Reaction mechanism simplification

* Lumping techniques group similar species to reduce computational complexity
« Sensitivity analysis identifies most important reactions in a mechanism
* Time scale separation methods separate fast and slow processes

» Quasi-steady-state approximation simplifies treatment of short-lived species
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Measurement techniques

* Experimental methods for quantifying atmospheric composition and chemistry

» Critical for model validation and understanding atmospheric processes

In-situ vs remote sensing
* In-situ measurements directly sample air at a specific location
* Remote sensing observes atmosphere from distance using electromagnetic radiation
* Active remote sensing (lidar, radar) emits and detects signals

« Passive remote sensing relies on natural radiation sources (sun, Earth's thermal emission)

Spectroscopic methods

» Absorption spectroscopy measures light attenuation by atmospheric gases
« Differential Optical Absorption Spectroscopy (DOAS) for trace gas detection
* Fourier Transform Infrared (FTIR) spectroscopy for multiple species analysis

« Cavity ring-down spectroscopy for high-sensitivity measurements

Mass spectrometry applications

» Gas chromatography-mass spectrometry (GC-MS) for VOC analysis
* Proton transfer reaction mass spectrometry (PTR-MS) for real-time VOC measurements
* Aerosol mass spectrometry (AMS) for particle composition analysis

« Isotope ratio mass spectrometry for tracing sources and processes
Global impacts of atmospheric chemistry
» Atmospheric chemical processes have far-reaching consequences for Earth's systems
 Understanding these impacts crucial for addressing environmental challenges
Climate change feedbacks

» Greenhouse gas concentrations affected by atmospheric chemistry
+ Aerosol direct and indirect effects on radiation balance
» Ozone as both greenhouse gas and UV shield

* Methane oxidation producing water vapor in stratosphere
Air quality implications
* Tropospheric ozone and particulate matter as major air pollutants

« Long-range transport of pollutants affecting remote regions

» Secondary pollutant formation through atmospheric chemical processes
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« Air quality-climate interactions (heat waves enhancing ozone formation)

Biogeochemical cycle alterations

» Atmospheric deposition of nutrients (nitrogen, sulfur) affecting ecosystems
» Changes in oxidative capacity impacting trace gas lifetimes
» Feedbacks between biosphere and atmosphere (VOC emissions, CO2 uptake)

* Ocean acidification from increased atmospheric CO2 absorption

6.3 Ozone chemistry

Ozone chemistry plays a crucial role in atmospheric physics, shielding Earth from harmful UV radiation.
Understanding its formation, distribution, and depletion mechanisms is essential for predicting and
mitigating ozone loss.

The ozone layer's health impacts global climate, ecosystems, and human well-being. International efforts
like the Montreal Protocol aim to protect this vital atmospheric component, highlighting the importance of
ongoing research and policy decisions.

Structure of ozone molecule

* Ozone plays a crucial role in atmospheric physics by absorbing harmful ultraviolet radiation

» Understanding the structure of ozone molecules provides insights into its reactivity and behavior in the
atmosphere

* Ozone's unique properties stem from its molecular composition and geometry

Atomic composition

+ Consists of three oxygen atoms (Os)
» Forms when molecular oxygen (Oz) dissociates and recombines with atomic oxygen (O)
« Exhibits higher reactivity compared to diatomic oxygen due to its unstable nature

» Possesses a bent molecular structure unlike the linear structure of O:

Molecular geometry

» Adopts a bent or angular shape
* Resembles an isosceles triangle with the central oxygen atom at the apex
« Exhibits sp? hybridization of the central oxygen atom

* Possesses one sigma bond and one delocalized pi bond

Bond angles and lengths

* Bond angle measures approximately 116.8°
« 0-O bond length averages 1.278 A (angstroms)

« Slightly longer than the O-O bond in molecular oxygen (1.21 A)
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* Bond lengths fluctuate due to resonance structures and vibrational modes

Ozone formation in atmosphere

» Ozone formation occurs primarily in the stratosphere through complex photochemical reactions
» Understanding these formation processes helps explain ozone distribution and variability

 Natural ozone production maintains the protective ozone layer in the upper atmosphere

Chapman cycle

* Proposed by Sydney Chapman in 1930 as the first comprehensive ozone formation theory
* Involves a series of photochemical reactions in the stratosphere

+ Begins with the photolysis of molecular oxygen by ultraviolet radiation

* Produces atomic oxygen which then combines with O2 to form ozone

* Net reaction: 30z + UV light - 205

Catalytic cycles
* Involve various chemical species that catalyze ozone production and destruction
* Include cycles involving nitrogen oxides (NOx), hydrogen oxides (HOx), and halogen compounds
* Accelerate ozone formation and destruction rates compared to the Chapman cycle alone

* Play a crucial role in maintaining the balance of stratospheric ozone

Role of ultraviolet radiation

* Drives the photochemical reactions necessary for ozone formation
* Provides the energy required to break molecular oxygen bonds
» UV-C radiation (wavelengths < 242 nm) primarily responsible for Oz photolysis

» Ozone formation rates vary with solar intensity and atmospheric conditions

Vertical distribution of ozone

» Ozone concentrations vary significantly with altitude in the Earth's atmosphere
» Understanding this distribution helps explain ozone's protective role and its impact on climate

* Vertical ozone profiles provide crucial information for atmospheric models and satellite observations

Ozone layer

* Refers to the region of high ozone concentration in the stratosphere
* Located approximately 15-35 km above Earth's surface
+ Contains about 90% of atmospheric ozone

* Thickness and altitude vary with latitude and season
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* Acts as a protective shield against harmful UV radiation

Tropospheric vs stratospheric ozone

* Tropospheric ozone

* Found in the lower atmosphere (0-10 km)

* Considered a pollutant and greenhouse gas

» Formed through photochemical reactions involving precursor pollutants
« Stratospheric ozone

* Located in the stratosphere (10-50 km)

* Beneficial for life on Earth by absorbing UV radiation

* Formed primarily through natural photochemical processes

Dobson units

« Standard unit for measuring total column ozone

* Defined as the thickness of the ozone layer if compressed to standard temperature and pressure
* One Dobson Unit (DU) equals 0.01 mm thickness at STP

* Average global ozone column measures about 300 DU

« Variations in Dobson units indicate changes in ozone concentration and distribution

Ozone depletion mechanisms

» Ozone depletion occurs through various chemical and physical processes
* Understanding these mechanisms is crucial for predicting and mitigating ozone loss

* Both natural and anthropogenic factors contribute to ozone depletion

Chlorofluorocarbons (CFCs)

+ Synthetic compounds once widely used in refrigerants and aerosol propellants
» Extremely stable in the troposphere but break down in the stratosphere

* Release chlorine atoms when exposed to UV radiation in the stratosphere

* Chlorine atoms catalyze ozone destruction through chain reactions

+ One chlorine atom can destroy thousands of ozone molecules before being removed

Nitrogen oxides

* Produced naturally by lightning and soil emissions
* Also generated by high-altitude aircraft and rocket launches
* Participate in catalytic cycles that destroy ozone

+ React with ozone to form nitrate radicals (NOs) and molecular oxygen
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 Can also interfere with other ozone-depleting cycles, sometimes mitigating depletion

Heterogeneous chemistry

* Involves reactions occurring on the surfaces of atmospheric particles

* Particularly important in polar stratospheric cloud formation

* Converts reservoir species (HCI, CIONO:x) into active ozone-depleting compounds
* Enhances ozone depletion rates, especially in polar regions

* Plays a crucial role in the formation of the Antarctic ozone hole

Ozone hole phenomenon

* Refers to severe ozone depletion observed over polar regions
* Discovered in the 1980s and led to increased awareness of ozone depletion

» Understanding this phenomenon has driven international efforts to protect the ozone layer

Antarctic ozone depletion

* Occurs annually during the Southern Hemisphere spring (September-November)

+ Characterized by a dramatic reduction in ozone concentrations over Antarctica

» Caused by a combination of unique meteorological conditions and human-made pollutants
* Involves the formation of polar stratospheric clouds that enhance ozone-depleting reactions

+ Can result in ozone levels dropping below 100 Dobson units in the most severe cases

Arctic vs Antarctic ozone loss

* Antarctic ozone depletion

* More severe and consistent due to colder temperatures and stable polar vortex

* Occurs over a larger area and persists for a longer duration

* Arctic ozone depletion

* Less severe and more variable due to warmer temperatures and unstable polar vortex
* Occurs over a smaller area and for shorter periods

* Influenced by stratospheric warming events that can disrupt the polar vortex

Seasonal variations

» Ozone hole formation follows a distinct seasonal pattern
* Begins in late winter as sunlight returns to polar regions
* Reaches maximum extent and depth in early spring

* Recovers as temperatures warm and polar vortex breaks down
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* Interannual variations occur due to changes in meteorological conditions and ozone-depleting
substance levels

Measurement techniques for ozone

 Accurate ozone measurements are essential for monitoring the ozone layer and air quality
* Various techniques provide complementary data on ozone concentrations and distribution

» Combining different measurement methods improves our understanding of ozone dynamics

Ground-based methods

* Dobson spectrophotometer

* Measures total column ozone using UV absorption

* Provides long-term historical data dating back to the 1920s

» Brewer spectrophotometer

+ Similar to Dobson but offers improved automation and additional measurements
* LIDAR (Light Detection and Ranging)

* Uses laser pulses to measure ozone profiles with high vertical resolution

* Fourier Transform Infrared Spectroscopy (FTIR)

* Analyzes infrared absorption spectra to determine ozone concentrations

Satellite observations

* Total Ozone Mapping Spectrometer (TOMS)

* Provided global ozone maps from 1978 to 2005

* Used backscattered UV radiation to measure total column ozone

» Ozone Monitoring Instrument (OMI)

» Successor to TOMS, launched in 2004

« Offers higher spatial resolution and additional trace gas measurements
» Microwave Limb Sounder (MLS)

* Measures ozone profiles using microwave emission spectra

* Provides data on upper tropospheric and stratospheric ozone

Ozonesonde measurements

+ Balloon-borne instruments that measure ozone concentrations vertically
* Provide high-resolution vertical profiles of ozone from ground level to about 35 km
* Use electrochemical concentration cells to detect ozone

* Launched regularly from various sites worldwide to monitor ozone trends
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+ Valuable for validating satellite measurements and studying local ozone variations

Impacts of ozone on climate

» Ozone plays a significant role in Earth's climate system
» Changes in ozone concentrations can affect atmospheric temperature and circulation patterns

» Understanding ozone-climate interactions is crucial for accurate climate modeling and predictions

Radiative forcing

» Ozone acts as a greenhouse gas, absorbing and emitting infrared radiation

« Stratospheric ozone depletion leads to negative radiative forcing (cooling effect)

* Increases in tropospheric ozone result in positive radiative forcing (warming effect)
* Net radiative forcing from ozone changes varies with altitude and location

« Contributes to the complexity of climate change assessments

Stratospheric cooling

» Ozone depletion in the stratosphere leads to reduced absorption of UV radiation

* Results in a cooling effect in the stratosphere, particularly at higher altitudes

« Can alter stratospheric circulation patterns and polar vortex dynamics

* May influence tropospheric weather patterns through stratosphere-troposphere coupling

» Complicates the detection and attribution of climate change signals

Tropospheric warming

* Increases in tropospheric ozone contribute to surface warming

* Acts as a short-lived climate forcer with regional variations in impact

* Enhances the greenhouse effect by absorbing outgoing longwave radiation
+ Affects air quality and human health in addition to climate impacts

* Interacts with other atmospheric pollutants and aerosols

Health and environmental effects
» Ozone's impacts on human health and ecosystems vary depending on its location in the atmosphere
« Stratospheric ozone depletion and increases in ground-level ozone pose different risks
» Understanding these effects drives policy decisions and public health measures

UV radiation exposure

« Stratospheric ozone depletion leads to increased UV-B radiation at Earth's surface

* Heightens risks of skin cancer, cataracts, and immune system suppression in humans
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« Damages DNA and proteins in plants, affecting crop yields and forest health
» Impacts marine ecosystems, particularly phytoplankton productivity

* Accelerates the degradation of outdoor materials and polymers

Ecosystem impacts

« Affects plant growth and productivity through direct oxidative damage

* Reduces crop yields and quality in agriculture (wheat, soybeans, rice)

* Alters species composition in natural ecosystems, favoring ozone-tolerant species
* Impacts forest health and carbon sequestration potential

* Interacts with other stressors like climate change and air pollution

Air quality concerns

* Ground-level ozone forms a major component of photochemical smog

+ Causes respiratory issues, including asthma exacerbation and reduced lung function
« Affects cardiovascular health, particularly in sensitive populations

* Leads to premature mortality in heavily polluted urban areas

* Necessitates air quality warnings and regulations to protect public health

Ozone recovery and policy
* International efforts have been implemented to address ozone depletion
* Policies aim to phase out ozone-depleting substances and promote ozone layer recovery

» Monitoring and projecting ozone recovery informs ongoing policy decisions

Montreal Protocol
* International treaty designed to protect the ozone layer
» Adopted in 1987 and entered into force in 1989
* Requires the phase-out of production and consumption of ozone-depleting substances
* Includes provisions for regular scientific assessments and adjustments

+ Considered one of the most successful international environmental agreements

Ozone-depleting substance regulations

* Phased out production of chlorofluorocarbons (CFCs) by 1996 in developed countries

* Implemented controls on hydrochlorofluorocarbons (HCFCs) and other ozone-depleting substances
« Established timelines for developing countries to phase out ozone-depleting substances

* Includes provisions for essential use exemptions and critical use nominations

» Addresses the challenge of banks of ozone-depleting substances in existing equipment
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Future projections

» Ozone layer expected to recover to 1980 levels by mid-21st century in most regions
+ Antarctic ozone hole recovery projected to occur later, possibly by 2060-2070

* Potential impacts of climate change on ozone recovery remain uncertain

* Emerging issues include the rise of very short-lived substances (VSLS)

» Continued monitoring and research necessary to verify recovery and identify new threats

Interactions with other atmospheric components

» Ozone's behavior in the atmosphere is influenced by various chemical and physical processes
» Understanding these interactions is crucial for accurate modeling and predictions

» Changes in atmospheric composition can affect ozone distribution and chemistry

Water vapor

* Influences ozone chemistry through the formation of hydroxyl radicals (OH)

« Stratospheric water vapor can affect ozone depletion rates, particularly in polar regions

» Changes in tropospheric water vapor impact ozone production and loss processes

« Affects the radiative properties of the atmosphere, indirectly influencing ozone distribution

* Plays a role in polar stratospheric cloud formation, crucial for ozone hole chemistry

Aerosols

* Provide surfaces for heterogeneous chemistry, enhancing ozone depletion

+ Volcanic eruptions can inject sulfate aerosols into the stratosphere, affecting ozone
» Anthropogenic aerosols in the troposphere influence ozone production and loss

* Impact radiative transfer and photolysis rates, indirectly affecting ozone chemistry

+ Can transport ozone precursors and influence regional ozone distributions

Greenhouse gases

» Carbon dioxide (CO-) cools the stratosphere, potentially affecting ozone chemistry
* Methane (CHa4) can lead to increased stratospheric water vapor and impact ozone
* Nitrous oxide (Nz0) serves as a source of nitrogen oxides in the stratosphere

» Changes in greenhouse gas concentrations alter atmospheric circulation patterns

* Interactions between ozone and greenhouse gases complicate climate change projections
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6.4 Air pollutants and their sources

Air pollutants are substances that contaminate the atmosphere, affecting air quality and human health.
This topic explores various types of pollutants, their sources, and how they impact the environment,
providing a foundation for understanding atmospheric composition and air quality management.

Natural and human-made pollution sources contribute to air quality issues. The notes delve into emission
processes, pollutant chemistry, and spatial and temporal variations in emissions. Understanding these
factors is crucial for developing effective strategies to monitor and control air pollution.

Types of air pollutants

« Air pollutants play a crucial role in atmospheric physics by altering the composition and behavior of the
atmosphere

 Understanding different types of pollutants helps in analyzing their impacts on climate, air quality, and
human health

+ Classification of pollutants provides a framework for studying their sources, transport, and
transformation in the atmosphere

Primary vs secondary pollutants

* Primary pollutants emitted directly from sources (carbon monoxide, sulfur dioxide, particulate matter)

» Secondary pollutants formed through chemical reactions in the atmosphere (ozone, nitrogen dioxide,
sulfuric acid)

* Primary pollutants act as precursors for secondary pollutant formation

* Transformation processes involve complex atmospheric chemistry and photochemical reactions

Gaseous vs particulate matter

» Gaseous pollutants exist in vapor form (nitrogen oxides, volatile organic compounds, ozone)
« Particulate matter consists of solid or liquid particles suspended in air (PM10, PM2.5)
» Gaseous pollutants can undergo phase changes and contribute to particulate formation

* Particulate matter varies in size, composition, and atmospheric lifetime

Criteria air pollutants

« Six pollutants regulated by the U.S. Environmental Protection Agency
* Includes carbon monoxide, lead, nitrogen dioxide, ozone, particulate matter, and sulfur dioxide
« Serve as indicators of air quality and have established national ambient air quality standards

» Monitored regularly to assess compliance with air quality regulations

Natural pollution sources

* Natural sources contribute significantly to global atmospheric composition

» Understanding natural emissions helps distinguish anthropogenic impacts on air quality
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* Natural pollutants interact with human-induced emissions, affecting overall atmospheric chemistry

Volcanic emissions

* Release sulfur dioxide, carbon dioxide, and ash particles into the atmosphere
* Volcanic plumes can reach the stratosphere, impacting global climate
» Emissions vary in intensity and duration, from continuous degassing to explosive eruptions

* Volcanic aerosols influence radiative balance and can lead to temporary cooling effects

Wildfires and biomass burning

* Produce smoke containing particulate matter, carbon monoxide, and volatile organic compounds
* Occur naturally but can be exacerbated by human activities and climate change
» Emissions vary seasonally and geographically, affecting air quality on local to global scales

* Pyrocumulonimbus clouds formed during intense fires can inject pollutants into the upper troposphere

Dust storms and erosion

» Generate mineral dust particles, primarily in arid and semi-arid regions
* Dust can be transported long distances, affecting air quality and nutrient deposition in remote areas
* Particle size distribution ranges from fine to coarse, influencing atmospheric lifetime and impacts

* Dust storms interact with other pollutants, altering their chemical and physical properties
Biogenic emissions

« Volatile organic compounds released by vegetation (isoprene, terpenes)

» Methane emissions from wetlands and other natural sources

* Pollen and spores contribute to particulate matter in the atmosphere

* Biogenic emissions vary with temperature, light, and plant species, showing diurnal and seasonal
patterns

Anthropogenic pollution sources
* Human activities significantly alter atmospheric composition and air quality
» Anthropogenic sources often dominate pollution in urban and industrial areas
» Understanding these sources is crucial for developing effective mitigation strategies

» Emissions from human activities interact with natural sources, complicating air quality management

Industrial emissions

* Manufacturing processes release various pollutants (sulfur dioxide, nitrogen oxides, particulate
matter)

» Power generation, especially from fossil fuel combustion, contributes significantly to air pollution
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* Industrial solvents and chemical processes emit volatile organic compounds

* Metallurgical industries produce metal fumes and particulate emissions

Transportation and vehicles

* Internal combustion engines emit carbon monoxide, nitrogen oxides, and particulate matter
» Evaporative emissions from fuel systems release volatile organic compounds
« Tire and brake wear contribute to non-exhaust particulate emissions

« Aircraft emissions impact upper troposphere and lower stratosphere composition

Agricultural activities

» Livestock farming produces methane and ammonia emissions
* Fertilizer application releases nitrous oxide and ammonia
« Agricultural burning generates smoke and particulate matter

« Soil tillage and harvesting operations contribute to dust emissions

Residential and commercial sources

* Heating systems using fossil fuels emit carbon dioxide and other pollutants
» Cooking activities, especially with solid fuels, produce indoor and outdoor air pollution
* Use of solvents, paints, and cleaning products releases volatile organic compounds

» Waste incineration generates various pollutants, including dioxins and furans

Emission processes

* Emission processes determine how pollutants are released into the atmosphere
» Understanding these processes is essential for accurate emission modeling and control strategies
« Different emission processes affect the dispersion and transformation of pollutants

« Characterizing emission processes helps in developing effective pollution abatement technologies

Combustion vs non-combustion

» Combustion processes release heat and produce pollutants through oxidation reactions
* Non-combustion emissions occur through evaporation, mechanical processes, or chemical reactions
» Combustion emissions typically include carbon dioxide, nitrogen oxides, and particulate matter

* Non-combustion sources contribute to volatile organic compounds and dust emissions

Point vs non-point sources

* Point sources emit pollutants from a specific, identifiable location (industrial stacks, chimneys)

» Non-point sources are diffuse and spread over a larger area (agricultural fields, urban areas)
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* Point sources are easier to monitor and regulate due to their localized nature

» Non-point sources require different management strategies and often involve land-use planning

Stack emissions vs fugitive emissions

« Stack emissions are released through a designed outlet, often elevated above ground level
* Fugitive emissions escape from equipment leaks, storage tanks, or other unintended release points
« Stack emissions are typically easier to measure and control through end-of-pipe technologies

* Fugitive emissions require leak detection and repair programs for effective management

Pollutant chemistry

» Atmospheric chemistry plays a crucial role in the transformation and fate of air pollutants

« Understanding pollutant chemistry is essential for predicting air quality and developing control
strategies

» Chemical reactions can lead to the formation of secondary pollutants with different properties

* Pollutant chemistry is influenced by factors such as temperature, sunlight, and the presence of other
compounds

Chemical reactions in atmosphere
» Gas-phase reactions involve molecules colliding and exchanging atoms or electrons
* Photochemical reactions initiated by sunlight drive many important atmospheric processes
» Heterogeneous reactions occur between gases and particles, altering pollutant composition

+ Acid-base reactions contribute to the formation of acidic aerosols and precipitation

Precursor compounds

« Nitrogen oxides and volatile organic compounds serve as precursors for ozone formation
« Sulfur dioxide acts as a precursor for sulfuric acid and sulfate aerosols
* Ammonia is a precursor for ammonium nitrate and ammonium sulfate particles

* Precursor emissions often determine the potential for secondary pollutant formation in an area

Photochemical smog formation

» Complex series of reactions involving nitrogen oxides, volatile organic compounds, and sunlight

» Ozone formation as a key component of photochemical smog

 Peroxyacetyl nitrate (PAN) formation as a secondary pollutant and indicator of photochemical smog
+ Diurnal variations in smog formation due to changes in sunlight intensity and precursor emissions

Spatial distribution of sources

* Pollution sources are not evenly distributed across geographical areas
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« Spatial patterns of emissions influence air quality at local, regional, and global scales

» Understanding spatial distribution helps in designing effective monitoring networks and control
strategies

« Spatial variations in emissions contribute to differences in pollution exposure among populations

Urban vs rural pollution
» Urban areas characterized by high population density and concentrated emission sources
* Rural areas often have lower overall emissions but may be impacted by specific sources (agriculture)
* Urban heat island effect influences pollutant dispersion and chemical reactions

* Rural areas can experience long-range transport of pollutants from urban and industrial centers

Local vs regional sources

* Local sources directly impact air quality in the immediate vicinity
» Regional sources contribute to background pollution levels over larger areas
* Interaction between local and regional sources determines overall air quality in an area

* Regional sources often require coordinated management efforts across jurisdictional boundaries

Transboundary pollution

* Pollutants transported across national or continental boundaries
+ Long-range transport of air pollutants affects air quality in distant regions
» Atmospheric circulation patterns influence the movement of transboundary pollutants

* International cooperation necessary for addressing transboundary pollution issues

Temporal variations in emissions
» Emission rates fluctuate over time due to various natural and anthropogenic factors
» Understanding temporal patterns is crucial for accurate air quality forecasting and management
» Temporal variations occur on different scales, from hourly to decadal

 Analyzing temporal trends helps in assessing the effectiveness of emission control measures
Diurnal patterns

+ Daily cycles in emissions related to human activities and natural processes

« Traffic-related emissions typically peak during morning and evening rush hours

* Photochemical pollutant formation shows midday maxima due to increased solar radiation

+ Nighttime temperature inversions can trap pollutants, leading to elevated concentrations
Seasonal fluctuations

» Emissions vary throughout the year due to changes in weather and human activities
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* Heating-related emissions increase during winter months in temperate regions
* Biogenic emissions from vegetation peak during the growing season

» Seasonal changes in atmospheric circulation patterns affect pollutant transport and dispersion

Long-term emission trends

» Multi-year changes in emissions reflect technological advancements and policy interventions
* Industrialization and urbanization generally lead to increasing emission trends in developing regions
» Emission control technologies and regulations result in decreasing trends for certain pollutants

* Long-term trends influenced by shifts in energy sources, industrial practices, and consumer behavior

Emission inventories

» Comprehensive databases of pollutant emissions from various sources
* Essential tools for air quality management, policy development, and scientific research
» Emission inventories provide input data for air quality models and scenario analysis

» Regular updates necessary to reflect changes in emission sources and improved methodologies

Methods of quantification

* Direct measurements using continuous emission monitoring systems
* Mass balance approaches calculating emissions based on material inputs and outputs
» Emission factors applied to activity data to estimate emissions

* Remote sensing techniques using satellite observations to infer emission rates

Emission factors

* Represent the average emission rate of a pollutant for a specific source or activity
* Expressed as mass of pollutant emitted per unit of activity or fuel consumed
* Developed through source testing, literature reviews, and expert judgment

» Emission factors vary with technology, operating conditions, and control measures

Uncertainties in estimates
« Variability in emission factors and activity data contribute to overall uncertainty
* Incomplete knowledge of emission processes and source characteristics
» Temporal and spatial resolution limitations in emission inventories
+ Challenges in quantifying fugitive emissions and area sources

Regulatory frameworks

* Legal and policy structures designed to control air pollution and protect public health

Fiveable archived study guides

Page 275



* Regulatory frameworks establish emission limits, monitoring requirements, and enforcement
mechanisms

« Air quality management relies on effective implementation of regulatory measures

» Regulations evolve to address emerging pollutants and incorporate new scientific understanding

Air quality standards
* Legally enforceable limits on ambient concentrations of criteria pollutants
» Primary standards set to protect public health, including sensitive populations
» Secondary standards aim to protect public welfare, including environmental and property damage

« Standards typically specify averaging times and statistical forms (annual mean, 98th percentile)

Emission control policies

« Command-and-control approaches setting specific emission limits or technology requirements
» Market-based instruments like emissions trading systems or pollution taxes
* Voluntary programs encouraging industry participation in emission reduction efforts

* Integrated approaches combining multiple policy tools to address complex air quality issues

International agreements

* Montreal Protocol regulating ozone-depleting substances

» Convention on Long-Range Transboundary Air Pollution addressing regional air pollution in Europe
and North America

« Paris Agreement setting goals for reducing greenhouse gas emissions

* Bilateral and multilateral cooperation on transboundary air pollution issues

Impacts of air pollution

« Air pollution affects human health, ecosystems, and the built environment
» Understanding impacts drives the development of air quality standards and control measures
* Impacts vary in severity and timescale, from acute effects to long-term consequences

* Assessing air pollution impacts requires interdisciplinary approaches and consideration of multiple
endpoints

Human health effects
* Respiratory diseases exacerbated by exposure to particulate matter and ozone
« Cardiovascular impacts linked to fine particulate matter exposure
* Neurological effects associated with lead and other toxic air pollutants

* Increased mortality rates in heavily polluted areas, especially among vulnerable populations
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Environmental consequences

* Acid deposition damaging forests, soils, and aquatic ecosystems
« Eutrophication of water bodies due to nitrogen deposition
» Ozone damage to vegetation, reducing crop yields and forest productivity

« Climate change impacts from greenhouse gases and short-lived climate pollutants

Economic implications

* Healthcare costs associated with air pollution-related ilinesses
* Reduced worker productivity due to health impacts and missed workdays
« Agricultural losses from reduced crop yields and quality

» Damage to buildings and infrastructure from acid rain and particulate deposition

Emerging pollutants

* New or previously unrecognized contaminants in the atmosphere
» Emerging pollutants pose challenges for monitoring, regulation, and control
» Advances in analytical techniques enable detection of trace levels of these substances

» Understanding the sources, fate, and impacts of emerging pollutants is an active area of research

Microplastics in air

* Tiny plastic particles suspended in the atmosphere
* Sources include degradation of larger plastic items and industrial processes
* Potential for long-range transport and deposition in remote areas

» Concerns about inhalation exposure and impacts on atmospheric processes

Nanomaterials

* Engineered particles with dimensions less than 100 nanometers
* Increasing use in consumer products and industrial applications
+ Unique properties of nanomaterials may lead to novel atmospheric interactions

* Challenges in detecting and characterizing nanomaterials in ambient air

Persistent organic pollutants

» Organic compounds resistant to environmental degradation
+ Ability to bioaccumulate in organisms and biomagnify through food chains
» Long-range transport potential due to persistence and semi-volatility

« Stockholm Convention aims to eliminate or restrict the production and use of persistent organic
pollutants
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6.5 Smog formation

Smog formation is a complex atmospheric process that impacts air quality and human health. It involves
interactions between primary pollutants, sunlight, and meteorological conditions, resulting in the creation of
harmful secondary pollutants like ozone.

Understanding smog components and formation mechanisms is crucial for developing effective mitigation
strategies. This topic explores the chemical reactions, meteorological factors, and health impacts of smog,
as well as monitoring techniques and regulatory approaches to address this pervasive air quality issue.

Components of smog

» Smog formation plays a crucial role in atmospheric physics by altering air quality and impacting
radiative transfer

» Understanding smog components helps explain complex interactions between pollutants and
atmospheric conditions

» Smog composition varies depending on local emissions sources and meteorological factors

Primary pollutants

» Emitted directly into the atmosphere from various sources

* Include nitrogen oxides (NOx) released from vehicle exhaust and industrial processes

+ Volatile organic compounds (VOCs) originate from gasoline vapors and solvents

+ Sulfur dioxide (SO2) emissions stem from coal-burning power plants and industrial activities

» Carbon monoxide (CO) results from incomplete combustion in vehicles and industrial processes

Secondary pollutants

» Form through chemical reactions in the atmosphere involving primary pollutants

» Ozone (0O3) develops from reactions between NOx and VOCs in the presence of sunlight
* Peroxyacetyl nitrate (PAN) forms through complex reactions involving VOCs and NOx

» Secondary organic aerosols (SOA) result from oxidation of VOCs

* Nitric acid (HNO3) forms when nitrogen dioxide reacts with hydroxyl radicals

Particulate matter

+ Consists of tiny solid or liquid particles suspended in the air

* PM10 includes particles with diameters less than 10 micrometers

* PM2.5 comprises finer particles with diameters less than 2.5 micrometers

* Sources include combustion processes, dust, and secondary formation from gaseous pollutants

« Composition varies widely, including sulfates, nitrates, organic compounds, and metals
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Chemical reactions in smog

* Smog chemistry involves complex interactions between primary pollutants, sunlight, and atmospheric
conditions

» Understanding these reactions helps predict smog formation and develop effective mitigation
strategies

» Chemical processes in smog significantly impact atmospheric composition and air quality

Photochemical processes

* Driven by solar radiation, particularly ultraviolet (UV) light

« Photolysis of nitrogen dioxide initiates ozone formation: NO2 + hv—=NO + O

« Atomic oxygen reacts with molecular oxygen to form ozone: O + Oz + M»03 + M
» VOCs undergo photochemical oxidation, producing reactive intermediates

» Photochemical smog typically peaks in the afternoon due to maximum solar intensity

NOXx cycle

* Involves interconversion between nitrogen oxide (NO) and nitrogen dioxide (NO2)
+ NO reacts with ozone to form NO2: NO + O3—=NO; + O,

» NO2 undergoes photolysis to regenerate NO and atomic oxygen

* Peroxy radicals (RO2) convert NO to NO2 without consuming ozone

» NOx cycle plays a crucial role in ozone formation and persistence in urban areas

Ozone formation

* Occurs through a series of reactions involving NOx and VOCs

« Net reaction can be summarized as: NO2 + Oz + VOCs + sunlight-03 + otherproducts
* VOCs act as fuel for ozone production by regenerating NO2

» Ozone formation efficiency depends on the VOC/NOXx ratio in the atmosphere

* Isopleth diagrams illustrate ozone formation under different VOC and NOx concentrations

Meteorological factors

» Atmospheric conditions significantly influence smog formation, persistence, and dispersion

» Understanding meteorological factors helps predict air quality and develop effective mitigation
strategies

» Smog episodes often result from a combination of unfavorable weather conditions and high emissions

Temperature inversions

* Occur when a layer of warm air sits above cooler air near the ground
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* Trap pollutants close to the surface by inhibiting vertical mixing
» Common in valleys and basins, especially during winter months
« Can lead to prolonged smog episodes and severe air quality degradation

* Types include radiation inversions (nocturnal) and subsidence inversions (high-pressure systems)

Wind patterns
* Influence transport and dispersion of pollutants in the atmosphere
« Light winds contribute to stagnant conditions and pollutant accumulation
« Strong winds can disperse pollutants but may also transport smog to downwind areas
» Sea breezes in coastal areas can recirculate pollutants, creating persistent smog

* Mountain-valley wind systems affect pollution patterns in complex terrain

Humidity effects
+ High humidity enhances formation of secondary aerosols through agueous-phase reactions
» Water vapor acts as a reaction medium for certain chemical processes in smog
* Humid conditions promote formation of acid rain from sulfur dioxide and nitrogen oxides
» Low humidity can increase particulate matter concentrations by reducing particle deposition

+ Relative humidity affects visibility reduction caused by smog particles

Urban vs rural smog

» Smog characteristics differ significantly between urban and rural environments
» Understanding these differences helps tailor air quality management strategies to specific areas

* Urban-rural gradients in smog composition provide insights into pollutant sources and transport

Traffic emissions

* Major contributor to urban smog, particularly during rush hours

* Release NOx, VOCs, CO, and particulate matter from vehicle exhaust

* Diesel engines emit higher levels of NOx and particulates compared to gasoline engines
« Traffic-related emissions concentrate in street canyons and near major roadways

 Congestion and stop-and-go traffic exacerbate emissions and local air quality impacts

Industrial contributions

* Point sources of various pollutants, including SO2, NOx, and particulate matter
* Industrial clusters can create localized "hot spots" of poor air quality
« Emissions from power plants, refineries, and manufacturing facilities impact regional air quality

« Stack heights influence dispersion patterns and downwind impacts of industrial emissions
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* Fugitive emissions from industrial processes contribute to VOC levels in urban areas

Agricultural influences

» More prominent in rural areas but can affect urban air quality through transport

* Ammonia emissions from livestock and fertilizer application contribute to particulate formation
« Agricultural burning releases particulate matter and precursor gases for secondary pollutants
+ Pesticide use contributes to VOC emissions in rural environments

+ Dust from tilling and harvesting activities increases particulate matter levels seasonally

Health impacts

* Smog exposure poses significant risks to human health and well-being
» Understanding health effects guides air quality standards and public health interventions

« Chronic exposure to smog can lead to long-term health consequences and reduced life expectancy

Respiratory effects

» Ozone irritates airways and reduces lung function
« Particulate matter penetrates deep into lungs, causing inflammation and oxidative stress

* Increased risk of asthma exacerbations and development of chronic obstructive pulmonary disease
(COPD)

» Smog exposure linked to higher incidence of respiratory infections

* Long-term exposure associated with reduced lung growth in children

Cardiovascular risks

* Fine particulate matter (PM2.5) enters bloodstream, affecting cardiovascular system
* Increased risk of heart attacks, strokes, and arrhythmias during smog episodes

+ Chronic exposure linked to development of atherosclerosis and hypertension

» Ozone exposure associated with increased markers of systemic inflammation

« Cardiovascular effects observed even at pollution levels below current air quality standards

Vulnerable populations

+ Children more susceptible due to developing lungs and higher respiratory rates

« Elderly at increased risk due to pre-existing conditions and reduced physiological reserves
* Individuals with pre-existing respiratory or cardiovascular diseases face higher risks
 Outdoor workers experience prolonged exposure to smog during work hours

+ Socioeconomic factors influence exposure levels and access to healthcare
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Smog monitoring techniques

* Accurate monitoring essential for assessing air quality and implementing effective control measures
* Diverse techniques provide complementary data on smog composition and distribution
» Advances in monitoring technology improve spatial and temporal resolution of air quality data
Air quality index
« Standardized measure to communicate air quality levels to the public
* Incorporates multiple pollutants (ozone, PM2.5, PM10, CO, SO2, NO2)
* Calculated based on pollutant concentrations relative to health-based standards
* Color-coded scale indicates health risk levels (green, yellow, orange, red, purple)

* Used to issue health advisories and guide public behavior during smog episodes

Remote sensing methods

« Satellite-based instruments measure column densities of pollutants (NO2, SO2, aerosols)
* LIDAR (Light Detection and Ranging) systems provide vertical profiles of pollutants

« Differential Optical Absorption Spectroscopy (DOAS) measures trace gas concentrations
» Hyperspectral imaging detects and quantifies various pollutants simultaneously

* Remote sensing complements ground-based measurements, offering broader spatial coverage

Ground-based measurements

» Network of fixed monitoring stations provides continuous air quality data

* Includes instruments for gaseous pollutants (chemiluminescence, UV absorption) and particulates
(beta attenuation, gravimetric methods)

» Mobile monitoring units allow targeted measurements in areas of interest
* Passive samplers provide time-integrated measurements of specific pollutants

* Low-cost sensors enable high-density networks for improved spatial resolution

Smog mitigation strategies

» Comprehensive approach required to address complex nature of smog formation
« Mitigation efforts target both primary pollutant emissions and conditions favoring smog development

« Effective strategies often involve collaboration between multiple sectors and stakeholders

Emission controls

« Stringent vehicle emission standards (catalytic converters, particulate filters)
* Industrial scrubbers and electrostatic precipitators to reduce point source emissions

* Low-VOC products and improved solvent management in industrial processes
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* Regulations on power plant emissions (flue gas desulfurization, selective catalytic reduction)

+ Fugitive emission controls in oil and gas industry to reduce VOC releases

Urban planning

* Transit-oriented development to reduce vehicle dependence

» Green spaces and urban forests to improve air quality and reduce urban heat island effect
* Building design and orientation to promote natural ventilation

« Land use policies to separate residential areas from major pollution sources

* Implementation of low emission zones in city centers

Public transportation

» Expansion of mass transit systems (buses, light rail, subways) to reduce private vehicle use
« Electrification of public transport fleets to eliminate tailpipe emissions

« Improved connectivity and frequency of public transit services

* Bike-sharing programs and dedicated cycling infrastructure

* Incentives for carpooling and use of public transportation

Global smog patterns

» Smog formation and characteristics vary significantly across different regions of the world
» Understanding global patterns helps address transboundary air pollution issues

» Smog trends reflect differences in economic development, energy sources, and environmental
policies

Developed vs developing countries

+ Developed countries often face photochemical smog dominated by ozone and secondary pollutants
* Developing countries struggle with high levels of primary pollutants from rapid industrialization

« Differences in vehicle fleet composition and fuel quality impact smog precursor emissions

« Varying levels of emission controls and enforcement between developed and developing nations

» Technology transfer and capacity building crucial for improving air quality in developing countries

Seasonal variations

» Summer smog episodes in temperate regions characterized by high ozone levels

» Winter smog in cold climates often results from temperature inversions trapping primary pollutants
 Biomass burning seasons in tropical regions lead to widespread haze and particulate pollution

» Monsoon patterns influence pollution dispersion and wet deposition in South and Southeast Asia

» Seasonal changes in energy demand (heating, cooling) affect emissions patterns
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Long-range transport

« Intercontinental transport of pollutants affects air quality far from emission sources

+ Asian dust events impact air quality across the Pacific, reaching North America

» European emissions contribute to Arctic haze and accelerated warming

» Saharan dust transport influences air quality in the Caribbean and southeastern United States

« Stratospheric intrusions can bring ozone-rich air to the surface in mountainous regions

Climate change and smog

» Complex interactions between climate change and air quality impact smog formation and persistence
» Understanding these relationships crucial for developing integrated mitigation strategies

« Climate-air quality feedbacks can amplify or dampen the effects of emission changes

Temperature effects

* Higher temperatures accelerate photochemical reactions, potentially increasing ozone levels
» Warmer conditions promote biogenic VOC emissions from vegetation

» Heat waves exacerbate urban heat island effect, trapping pollutants in cities

* Increased energy demand for cooling leads to higher power plant emissions

» Temperature-dependent changes in atmospheric circulation patterns affect pollutant transport

Precipitation changes

« Altered precipitation patterns affect wet deposition and removal of pollutants
* Increased drought frequency may lead to more wildfires, contributing to particulate pollution
» Changes in soil moisture impact dust emissions and secondary aerosol formation

» Extreme rainfall events can temporarily improve air quality but may increase long-term pollution
through increased runoff

« Shifts in monsoon patterns affect seasonal pollution cycles in affected regions

Feedback mechanisms

* Aerosols influence cloud formation and precipitation patterns, affecting local climate

» Ozone acts as a greenhouse gas, contributing to further warming

* Black carbon deposition on snow and ice accelerates melting, altering regional climate

» Changes in vegetation due to air pollution and climate change affect biogenic VOC emissions

* Altered atmospheric chemistry due to climate change impacts formation and lifetime of secondary
pollutants
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Regulatory frameworks

« Effective regulation essential for managing air quality and reducing smog formation
» Regulatory approaches vary across countries but often share common principles

+ Continuous evaluation and updating of regulations necessary to address evolving air quality
challenges

National air quality standards
« Establish legally binding limits for criteria pollutants (ozone, PM, NO2, SO2, CO, lead)
+» Based on scientific evidence of health effects and feasibility of achievement
* Often include both short-term (hourly, daily) and long-term (annual) standards
* May vary between countries based on local conditions and policy priorities

* Nonattainment areas subject to stricter emission controls and mitigation measures

International agreements

» Convention on Long-Range Transboundary Air Pollution addresses regional air quality in Europe and
North America

« Paris Agreement indirectly impacts air quality through greenhouse gas reduction targets
» Montreal Protocol phase-out of ozone-depleting substances also reduces some smog precursors
* WHO Air Quality Guidelines provide global recommendations for air quality standards

* Bilateral agreements address cross-border pollution issues (Canada-US Air Quality Agreement)

Enforcement challenges
« Difficulty in attributing pollution to specific sources in complex urban environments
« Limited resources for comprehensive monitoring and enforcement in many regions
+ Balancing economic development with stringent air quality regulations
» Addressing emissions from small and dispersed sources (residential heating, small businesses)

* Ensuring compliance with regulations in the face of technological advancements and changing
industrial practices

6.6 Acid rain

Acid rain, a complex atmospheric phenomenon, occurs when air pollutants react with water and oxygen in
the atmosphere. This process alters precipitation's chemical composition, impacting ecosystems and
infrastructure. Understanding acid rain is crucial for grasping atmospheric physics and environmental
interactions.

The formation of acid rain involves intricate chemical reactions, both in gas and aqueous phases. Sulfuric,
nitric, and carbonic acids are key components, resulting from emissions of sulfur dioxide, nitrogen oxides,
and carbon dioxide. These processes highlight the interplay between human activities and atmospheric
chemistry.
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Chemical composition of acid rain

* Acid rain forms when air pollutants react with water, oxygen, and other chemicals in the atmosphere

* Plays a significant role in atmospheric physics by altering the chemical composition of precipitation
and impacting various ecosystems

« Contributes to the overall understanding of atmospheric processes and their effects on the
environment

Major acidifying compounds
« Sulfuric acid (H2S04) forms from sulfur dioxide emissions
+ Nitric acid (HNO3) develops from nitrogen oxide emissions

+ Carbonic acid (H2CO3) results from carbon dioxide dissolution in water

» These acids dissociate in water, releasing hydrogen ions (H+) that increase acidity

pH scale and acidity levels

* pH scale measures acidity from 0 (most acidic) to 14 (most basic)

* Normal rain has a pH of approximately 5.6 due to atmospheric CO2

+ Acid rain typically has a pH between 4.0 and 5.5

» Each unit decrease on the pH scale represents a tenfold increase in acidity

* Logarithmic nature of pH scale means small changes can have significant impacts

Natural vs anthropogenic sources

+ Natural sources include volcanic eruptions, wildfires, and lightning

» Emit sulfur dioxide and nitrogen oxides

« Contribute to background levels of acidity in precipitation

» Anthropogenic sources dominate acid rain formation

* Fossil fuel combustion in power plants, vehicles, and industries

* Agricultural practices (ammonia emissions from livestock and fertilizers)

* Mining activities releasing sulfur compounds

Formation mechanisms

* Acid rain formation involves complex chemical reactions in the atmosphere
» Understanding these mechanisms is crucial for predicting and mitigating acid deposition

» Atmospheric physics plays a key role in modeling and analyzing these formation processes

Gas-phase reactions

« Sulfur dioxide oxidation to sulfur trioxide
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«50; + OH - HOS0;

« HOSO, + O; 5 HO; + SO5

* Nitrogen oxide conversion to nitrogen dioxide
«NO+03-NO; + 05

* Hydroxyl radical (OH) initiates many oxidation reactions

* Photochemical reactions driven by sunlight play a crucial role

Aqueous-phase reactions
+ Dissolution of gases in water droplets
« 50, + H;O = H,;50;3
«NO3 + H;O - HNO; + HNO3
« Oxidation of dissolved species
«HSO; +H;0, »HSO, +H>0
+ Cloud droplets act as reaction vessels for aqueous-phase chemistry

* pH of cloud water influences reaction rates and pathways

Dry deposition vs wet deposition

+ Dry deposition involves direct transfer of gases and particles to surfaces

+ Occurs continuously, even in the absence of precipitation

« Affected by surface characteristics (roughness, vegetation type)

» Wet deposition removes pollutants through precipitation

* Includes rainout (in-cloud scavenging) and washout (below-cloud scavenging)
* More efficient at removing pollutants from the atmosphere

* Relative importance varies with climate and pollutant characteristics

Atmospheric transport

* Acid rain precursors can travel long distances before deposition
» Atmospheric physics principles govern the movement and dispersion of pollutants

» Understanding transport mechanisms helps predict acid rain impacts in different regions

Local vs long-range transport

* Local transport affects areas close to emission sources
» Urban areas often experience higher levels of acid deposition
» Topography and local weather patterns influence distribution

* Long-range transport carries pollutants across regions or continents

Fiveable archived study guides Page 287



« Sulfur and nitrogen compounds can travel hundreds to thousands of kilometers

» Atmospheric lifetime of pollutants determines transport distance

Prevailing wind patterns

» Westerlies in mid-latitudes carry pollutants from west to east
* North America to Europe, East Asia to Western North America
* Trade winds in tropical regions influence pollutant movement
 Seasonal variations in wind patterns affect transport pathways

* Vertical mixing and convection distribute pollutants throughout the troposphere

Transboundary pollution issues

* Acid rain precursors cross national borders, causing international disputes
* (Canada-US acid rain controversy)

» Requires international cooperation for effective mitigation

+ Challenges in attributing pollution sources and impacts across borders

» Atmospheric modeling helps track pollutant origins and trajectories

Environmental impacts

* Acid rain affects various components of ecosystems

» Understanding these impacts is crucial for assessing the broader effects of atmospheric pollution

» Atmospheric physics contributes to predicting and quantifying these environmental consequences

Soil acidification

* Decreases soil pH, altering nutrient availability

+ Calcium, magnesium, and potassium leach from soil

» Aluminum toxicity increases in acidic soils

« Affects microbial communities and decomposition rates
* Reduces soil fertility and crop productivity

« Varies with soil buffering capacity and initial pH

Aquatic ecosystem effects

* Lowers pH of lakes, rivers, and streams

* Sensitive species (trout, salmon) experience reproductive failure
* Disrupts food chains and reduces biodiversity

* Increases aluminum concentration in water bodies

* Toxic to fish and other aquatic organisms
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« Affects nutrient cycling and primary productivity

+ Acid shock during spring snowmelt particularly harmful

Forest decline and vegetation damage

» Damages leaf cuticles and reduces photosynthetic efficiency
* Leaches nutrients from foliage and soil

* Weakens trees' resistance to pests and diseases

* Inhibits seed germination and seedling growth

* Alters species composition in forest ecosystems

* Acid-tolerant species may outcompete sensitive ones

Effects on infrastructure

* Acid rain impacts various human-made structures and materials

» Understanding these effects is important for assessing economic consequences

» Atmospheric physics helps in predicting deposition patterns and intensity

Building material corrosion

* Accelerates weathering of limestone, marble, and concrete

« Calcium carbonate reacts with acid, forming soluble compounds

* Etches glass surfaces, causing frosting and reduced transparency

» Weakens structural integrity of buildings over time

* Increases maintenance costs for infrastructure

Monument and cultural heritage degradation

* Erodes historical stone monuments and sculptures
* (Acropolis in Athens, Taj Mahal in India)

 Fades pigments in outdoor paintings and frescoes
 Corrodes metal components of cultural artifacts

* Poses challenges for preservation of cultural heritage sites

Impact on metal structures

* Accelerates corrosion of steel and iron structures

* Bridges, railroads, and transmission towers affected

» Damages protective coatings on metal surfaces

* Increases maintenance and replacement costs for infrastructure

« Affects safety and longevity of metal-based constructions
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Measurement and monitoring

 Accurate measurement of acid deposition is crucial for understanding its extent and trends
» Atmospheric physics principles underpin many monitoring techniques

+ Data from monitoring networks inform policy decisions and scientific research

Precipitation sampling techniques

» Wet-only collectors open only during precipitation events
* Minimize contamination from dry deposition

* Bulk collectors remain open continuously

+ Collect both wet and dry deposition

» Automated samplers with event-triggered collection

» Snowpack sampling for winter deposition in cold regions

Chemical analysis methods

* lon chromatography for major anions and cations

* Sulfate, nitrate, ammonium, calcium, magnesium

* pH measurement using electrodes or colorimetric methods

» Conductivity measurements as a proxy for total dissolved solids

* Trace metal analysis using atomic absorption spectroscopy or ICP-MS

Acid deposition networks

+ National Atmospheric Deposition Program (NADP) in the United States
» European Monitoring and Evaluation Programme (EMEP)

* Global Atmosphere Watch (GAW) program by WMO

* Long-term monitoring provides data on spatial and temporal trends

* Integration of ground-based and satellite observations

Mitigation strategies

» Reducing acid rain requires a multifaceted approach to emissions control
» Atmospheric physics plays a role in assessing the effectiveness of mitigation efforts
« Strategies aim to address both local and transboundary pollution issues

Emission control technologies

* Flue gas desulfurization (scrubbers) for sulfur dioxide removal

+ Limestone slurry absorbs SO2, forming calcium sulfite/sulfate
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* Selective catalytic reduction (SCR) for nitrogen oxide control
» Ammonia injection reduces NOx to nitrogen and water
* Low-NOx burners in combustion processes

* Particulate matter filters to reduce associated acidic compounds

International agreements

» Convention on Long-Range Transboundary Air Pollution (1979)

« First international legally binding instrument to address air pollution

* Helsinki Protocol (1985) on sulfur emissions reduction

* Sofia Protocol (1988) on nitrogen oxides control

* Gothenburg Protocol (1999) sets emission ceilings for multiple pollutants

« Periodic revisions to account for new scientific understanding and technologies

Alternative energy sources

* Renewable energy adoption reduces fossil fuel combustion
* Solar, wind, hydroelectric, and geothermal power

* Nuclear energy as a low-emission alternative to fossil fuels

* Biofuels with lower sulfur content than traditional fossil fuels

* Energy efficiency measures to reduce overall consumption and emissions

Acid rain in climate change context

* Acid rain and climate change are interconnected atmospheric phenomena
 Understanding their interactions is crucial for comprehensive environmental management

» Atmospheric physics provides tools to analyze complex feedback mechanisms

Interactions with greenhouse gases

+ Sulfate aerosols from SO2 emissions have a cooling effect

* Reflect sunlight and act as cloud condensation nuclei

* Nitrogen compounds contribute to both acid rain and greenhouse effect

* Nitrous oxide (N20) is a potent greenhouse gas

+ Carbon dioxide emissions contribute to both climate change and carbonic acid formation

» Changing climate patterns affect pollutant transport and deposition

Feedback mechanisms

* Increased CO2 levels may enhance weathering, buffering acid deposition

* Ocean acidification from CO2 absorption reduces marine sulfur emissions
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* Dimethyl sulfide (DMS) production by phytoplankton affected
« Climate-induced changes in vegetation alter dry deposition patterns

» Permafrost thawing releases stored acids and alters soil chemistry

Future projections

+ Climate models incorporate acid rain precursor emissions

* Projected changes in precipitation patterns affect wet deposition

* Potential increase in extreme weather events may alter deposition dynamics
 Socioeconomic scenarios influence future emission trajectories

* Integrated assessment models combine climate and air quality projections

Modeling acid rain

» Atmospheric models are essential tools for understanding and predicting acid rain phenomena
« Integrates principles of atmospheric physics, chemistry, and environmental science

» Models inform policy decisions and help assess mitigation strategies

Atmospheric chemistry models

« Simulate chemical reactions and transformations in the atmosphere
* Gas-phase and aqueous-phase chemistry

* Include photochemical processes and radical chemistry

 Couple with meteorological models for realistic conditions

» Examples include GEOS-Chem, WRF-Chem, and CMAQ

Deposition models

* Calculate wet and dry deposition rates of acidic compounds

* Incorporate precipitation patterns and land surface characteristics
 Account for scavenging processes in clouds and below clouds

* Integrate with emission inventories and transport models

* Examples include EMEP MSC-W and HYSPLIT

Integrated assessment models

» Combine atmospheric, ecological, and economic models

* Assess impacts of policy scenarios on acid rain and related issues

* Include feedback mechanisms between different environmental systems
« Evaluate cost-effectiveness of mitigation strategies

» Examples include RAINS, GAINS, and IMAGE models
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6.7 Atmospheric lifetime of pollutants

Atmospheric pollutants have varying lifespans in the air, impacting their spread and effects on climate and
air quality. Understanding these lifetimes is crucial for predicting pollutant concentrations and developing
effective control strategies.

Removal processes like dry and wet deposition, along with chemical reactions, play key roles in cleansing
the atmosphere. Factors such as a pollutant's chemical reactivity, physical properties, and atmospheric
conditions influence its lifetime and concentration in the air.

Concept of atmospheric lifetime

» Atmospheric lifetime measures how long pollutants persist in the atmosphere before removal

* Understanding atmospheric lifetime helps predict pollutant concentrations and their long-term effects
on climate and air quality

* Crucial for developing effective pollution control strategies and assessing global environmental
impacts

Definition and importance

+ Time required for a pollutant's concentration to decrease to 1/e (approximately 37%) of its initial value
* Determines the spatial distribution and transport of pollutants (local vs global impacts)
« Influences the effectiveness of emission reduction policies and the time scale of atmospheric recovery

* Helps identify persistent pollutants that require urgent mitigation efforts

Factors affecting lifetime
» Chemical reactivity of the pollutant determines its susceptibility to transformation
* Physical properties (solubility, volatility) influence removal by deposition processes
» Atmospheric conditions (temperature, humidity, solar radiation) affect reaction rates
* Emission sources and their spatial distribution impact pollutant concentrations

* Presence of other atmospheric constituents can enhance or inhibit removal processes

Removal processes

* Removal processes are key mechanisms that cleanse the atmosphere of pollutants

» Understanding these processes is crucial for accurately predicting pollutant lifetimes and
concentrations

* Removal rates vary depending on pollutant properties and atmospheric conditions
Dry deposition
» Direct transfer of pollutants from the atmosphere to Earth's surface without precipitation
* Influenced by surface characteristics (roughness, vegetation type) and pollutant properties

« Gravitational settling removes larger particles more efficiently
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* Turbulent diffusion transports gases and small particles to surfaces

« Surface uptake depends on chemical reactivity and solubility of pollutants

Wet deposition
* Removal of pollutants by precipitation (rain, snow, fog)
* Rainout occurs when pollutants act as cloud condensation nuclei
» Washout involves pollutants being scavenged by falling precipitation
+ More efficient for water-soluble gases and hygroscopic particles

* Varies with precipitation frequency, intensity, and pollutant solubility

Chemical reactions

* Transformation of pollutants through reactions with atmospheric oxidants
* Hydroxyl radical (OH) is the primary daytime oxidant for many pollutants
* Photolysis breaks down molecules using solar radiation energy

+ Nighttime chemistry involves reactions with nitrate radicals and ozone

» Some reactions form secondary pollutants (ozone formation from NOx and VOCs)

Lifetime calculation methods

« Calculating atmospheric lifetimes is essential for understanding pollutant behavior and impacts
« Various approaches are used to estimate lifetimes, each with strengths and limitations

» Combining multiple methods provides more robust lifetime estimates

Box model approach

« Simplifies the atmosphere as a well-mixed box with uniform pollutant concentration
* Assumes steady-state conditions where sources balance sinks

« Lifetime calculated as ratio of total atmospheric burden to removal rate

« Useful for quick estimates but may oversimplify complex atmospheric processes

» Can be extended to multi-box models for more realistic representations

Observational techniques

* Measure pollutant concentrations over time to determine decay rates

* Tracer experiments release inert substances to track atmospheric transport and removal
* Long-term monitoring stations provide data on seasonal and annual variations

* Vertical profile measurements help understand lifetime variations with altitude

« Satellite observations offer global coverage for some pollutants
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Global model simulations

* Use comprehensive 3D models of atmospheric chemistry and transport

* Include detailed representations of emissions, chemistry, and removal processes
+ Allow for spatially and temporally resolved lifetime estimates

» Can simulate complex interactions between pollutants and atmospheric conditions

* Require extensive computational resources and careful validation against observations

Lifetimes of major pollutants

« Pollutant lifetimes vary widely, from seconds to thousands of years
» Understanding these differences is crucial for assessing their environmental impacts

« Lifetimes influence the spatial scale of pollutant effects and the urgency of mitigation efforts

Short-lived vs long-lived pollutants

* Short-lived pollutants (hours to weeks) have localized impacts (tropospheric ozone, sulfur dioxide)
« Long-lived pollutants (years to centuries) affect global atmospheric composition (CFCs, CO2)

* Intermediate-lived pollutants (months) can have regional to continental impacts (methane, black
carbon)

« Short-lived pollutants offer opportunities for rapid air quality improvements through local actions

+ Long-lived pollutants require global cooperation for effective mitigation

Greenhouse gases
* Carbon dioxide (CO2) has a complex lifetime with multiple removal processes
» About 20% removed within 20-30 years
» Remainder persists for centuries to millennia
* Methane (CH4) has a lifetime of about 12 years, primarily removed by OH radical reactions
* Nitrous oxide (N20) persists for about 114 years, mainly destroyed in the stratosphere
* Halocarbons (CFCs, HCFCs) have varying lifetimes from years to centuries

» Water vapor, though abundant, has a short atmospheric lifetime of about 9 days

Aerosols and particulates

» Atmospheric lifetimes range from hours to weeks, depending on size and composition
* Fine particles (PM2.5) typically remain airborne for days to weeks

* Coarse particles (PM10) are removed more quickly, often within hours to days

« Sulfate aerosols persist for about 4-7 days in the troposphere

* Black carbon has a variable lifetime of 3-11 days, influenced by precipitation patterns
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Spatial and temporal variations

» Atmospheric lifetimes are not constant but vary across space and time
» Understanding these variations is crucial for accurate pollutant modeling and prediction

« Spatial and temporal changes in lifetimes affect pollutant transport and global distribution

Vertical distribution

* Pollutant lifetimes often increase with altitude due to decreased removal processes
« Stratospheric lifetimes are generally longer than tropospheric lifetimes

» Temperature inversions can trap pollutants near the surface, affecting local lifetimes
» Convection and turbulence influence vertical mixing and lifetime variations

» Some pollutants have distinct vertical profiles (ozone higher in stratosphere)

Seasonal changes

« Solar radiation variations affect photochemical reaction rates

* Precipitation patterns influence wet deposition efficiency

» Temperature changes impact reaction rates and gas-particle partitioning
* Biogenic emissions vary seasonally, altering atmospheric composition

» Anthropogenic emissions may have seasonal patterns (heating in winter, air conditioning in summer)

Geographical differences

+ Urban areas often have shorter pollutant lifetimes due to higher oxidant levels
* Marine environments can have unique chemistry (halogen-mediated reactions)
* Polar regions experience extreme seasonal variations in photochemistry

* Deserts may have reduced wet deposition but enhanced photochemistry

« Forested areas can influence lifetimes through biogenic emissions and deposition

Impact on atmospheric chemistry

» Atmospheric lifetimes significantly influence chemical processes and composition
» Understanding these impacts is crucial for predicting air quality and climate effects

« Pollutant lifetimes affect the balance of chemical species and reaction pathways

Oxidation capacity
 Determines the atmosphere's ability to cleanse itself of pollutants
 Hydroxyl radical (OH) concentration is a key indicator of oxidation capacity

* Long-lived pollutants can accumulate and reduce overall oxidation capacity
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« Short-lived reactive species can enhance local oxidation processes

» Changes in oxidation capacity affect the lifetimes of many other pollutants

Ozone formation and depletion

* Tropospheric ozone formation depends on NOx and VOC lifetimes

« Stratospheric ozone depletion influenced by long-lived chlorine and bromine compounds
* Transport of ozone precursors affects regional ozone production

» Ozone lifetime varies with altitude, longer in the stratosphere than troposphere

+ Seasonal variations in precursor emissions and sunlight affect ozone formation rates

Aerosol-cloud interactions

* Aerosol lifetimes influence their ability to act as cloud condensation nuclei

* Longer-lived aerosols have more opportunities to interact with cloud processes
» Changes in aerosol composition over time affect their hygroscopic properties

» Wet scavenging of aerosols by clouds is a major removal process

* Cloud processing can alter aerosol size distributions and chemical composition

Climate implications

» Atmospheric lifetimes of pollutants directly impact their climate effects
» Understanding these implications is crucial for climate change predictions and mitigation strategies

+ Both short-lived and long-lived pollutants play important roles in climate forcing

Radiative forcing

* Long-lived greenhouse gases (CO2, CH4, N20) exert persistent positive radiative forcing

« Short-lived climate forcers (black carbon, sulfate aerosols) have more immediate but transient effects
* Net radiative forcing depends on the balance of warming and cooling pollutants

» Atmospheric lifetime determines the duration and spatial extent of radiative effects

* Indirect effects (cloud interactions) can be significant for some short-lived species

Feedback mechanisms

» Changes in temperature and precipitation can alter pollutant lifetimes

» Melting permafrost may release long-stored greenhouse gases (methane, CO2)

* Increased water vapor in a warmer atmosphere can enhance OH radical production
» Changes in vegetation cover affect biogenic emissions and deposition rates

* Ocean acidification may alter marine emissions of certain trace gases
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Long-term climate effects

» Accumulation of long-lived greenhouse gases leads to sustained warming

« Short-lived pollutants offer opportunities for rapid climate response through mitigation
* Legacy effects of past emissions continue due to long atmospheric lifetimes

+ Climate system inertia means some effects persist even after emission reductions

* Tipping points in the climate system may be triggered by sustained pollutant forcing

Policy and mitigation strategies

» Understanding atmospheric lifetimes is crucial for developing effective pollution control policies
» Mitigation strategies must consider both short-term air quality and long-term climate impacts

* International cooperation is essential for addressing global pollutants with long lifetimes

Emission reduction targets

+ Short-lived pollutants require rapid, aggressive reductions for immediate benefits

* Long-lived greenhouse gases need sustained, long-term emission cuts

« Sector-specific targets (transport, industry, agriculture) based on pollutant lifetimes
» Co-benefit strategies target pollutants affecting both air quality and climate

* Prioritization of mitigation efforts based on pollutant lifetimes and impacts

International agreements

» Montreal Protocol successfully addressed long-lived ozone-depleting substances
« Paris Agreement focuses on long-term reductions in greenhouse gas emissions
» Gothenburg Protocol targets short-lived air pollutants in Europe

* Climate and Clean Air Coalition addresses short-lived climate pollutants globally

+ Challenges in regulating pollutants with varying lifetimes and transboundary effects

Technological solutions

* Carbon capture and storage for long-lived CO2 emissions

* Methane capture from landfills and agricultural sources

« Particulate filters and scrubbers for short-lived aerosol emissions

« Catalytic converters reduce NOx and VOC emissions from vehicles

« Alternative refrigerants with shorter atmospheric lifetimes replace CFCs and HCFCs

Measurement techniques

 Accurate measurement of atmospheric pollutants is essential for understanding their lifetimes
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* Various techniques are employed to capture the spatial and temporal variability of pollutants

» Combining multiple measurement approaches provides a comprehensive view of atmospheric
composition

Remote sensing

« Satellite-based instruments measure global distributions of many pollutants

* LIDAR systems provide vertical profiles of aerosols and trace gases

* Fourier transform infrared spectroscopy (FTIR) detects a wide range of molecular species
« Differential optical absorption spectroscopy (DOAS) measures tropospheric pollutants

« Limitations include cloud interference and lower accuracy for near-surface concentrations

In-situ observations

» Ground-based monitoring stations provide continuous, high-precision measurements
+ Aircraft measurements capture vertical profiles and horizontal transects

« Balloon-borne sondes measure ozone and other pollutants up to the stratosphere

» Ship-based observations cover marine environments

» Personal exposure monitors assess individual-level pollutant concentrations

Laboratory studies

» Smog chambers simulate atmospheric conditions to study pollutant reactions
* Mass spectrometry techniques identify and quantify trace gas species
* Aerosol chambers investigate particle formation and growth processes
* Kinetics experiments determine reaction rates crucial for lifetime calculations

* Photolysis studies measure the breakdown of pollutants by solar radiation

Modeling atmospheric lifetimes

» Atmospheric models are essential tools for understanding and predicting pollutant lifetimes
* Models integrate various processes affecting pollutant concentrations and distributions

« Continuous improvement in modeling techniques enhances our ability to assess pollutant impacts

Chemical transport models

+ Simulate the emission, transport, chemical transformation, and deposition of pollutants
* Include detailed chemical mechanisms with hundreds of species and reactions
 Account for meteorological influences on pollutant dispersion and removal

+ Can be run at various scales, from urban to global

+ Useful for studying source-receptor relationships and pollutant export/import
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Global climate models

* Incorporate atmospheric chemistry modules to study pollutant-climate interactions
+ Simulate long-term changes in atmospheric composition and climate

* Include feedbacks between climate change and pollutant lifecycles

» Can be used to assess the climate impacts of various emission scenarios

* Challenges include computational limitations and parameterization of sub-grid processes

Uncertainty analysis

» Monte Carlo simulations assess the impact of input parameter uncertainties

» Ensemble modeling combines results from multiple models to quantify structural uncertainties
* Sensitivity studies identify key factors influencing pollutant lifetimes

» Comparison with observational data helps validate model performance

» Continuous refinement of emission inventories and chemical mechanisms reduces uncertainties
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Unit 7 — Climate Systems and Global
Change

7.1 Climate system components

Earth's climate system is a complex network of interacting components, including the atmosphere, oceans,
land, and cryosphere. These elements work together to regulate energy balance and drive weather
patterns. Understanding their interactions is crucial for grasping global climate dynamics.

Atmospheric Physics examines how these components influence each other and shape our planet's
climate. From energy balance and atmospheric composition to ocean currents and biogeochemical cycles,
this field explores the intricate processes that determine Earth's climate state and its potential changes

over time.

Overview of climate system

» Atmospheric Physics examines the complex interactions between various components of Earth's
climate system

» Understanding these components provides crucial insights into global climate patterns and changes

« Climate system components work together to regulate Earth's energy balance and drive weather
phenomena

Earth's energy balance
* Describes the equilibrium between incoming solar radiation and outgoing thermal radiation
« Influenced by factors such as atmospheric composition, surface albedo, and cloud cover
* Net energy balance determines global temperature trends and climate stability
« Quantified using the equation: Enet = S(1 —A) — Frwy
* Enet represents net energy balance
+ S denotes incoming solar radiation
+ A is Earth's albedo

« FLw represents outgoing longwave radiation

Atmosphere composition and structure
* Consists of layers with distinct properties (troposphere, stratosphere, mesosphere, thermosphere)

» Composed primarily of nitrogen (~78%) and oxygen (~21%), with trace gases including greenhouse
gases

* Vertical temperature profile varies across layers due to different heating and cooling processes
» Atmospheric composition influences radiative properties and energy transfer mechanisms

» Ozone layer in stratosphere protects Earth from harmful UV radiation

Fiveable archived study guides Page 301



Ocean circulation patterns

* Driven by wind stress, temperature gradients, and salinity differences

« Surface currents transport heat from equatorial regions to higher latitudes

 Deep ocean circulation (thermohaline circulation) influences global climate on longer timescales
* Major current systems include Gulf Stream, Kuroshio Current, and Antarctic Circumpolar Current

» Ocean circulation patterns play crucial role in redistributing heat and regulating global climate

Cryosphere components

» Encompasses all frozen water on Earth's surface, including sea ice, glaciers, ice sheets, and
permafrost

* Plays vital role in Earth's energy balance due to high albedo of snow and ice
* Influences sea level through melting of land-based ice
+ Serves as indicator of climate change due to sensitivity to temperature variations

* Cryosphere changes can trigger feedback mechanisms affecting global climate (ice-albedo feedback)

Land surface characteristics

* Includes vegetation cover, soil properties, and topography

« Influences local and regional climate through albedo, evapotranspiration, and surface roughness
+ Affects energy and water exchange between land and atmosphere

* Land use changes (deforestation, urbanization) can alter surface properties and impact climate

* Vegetation distribution and density influence carbon cycle dynamics and atmospheric composition

Atmosphere-ocean interactions

* Atmosphere and ocean systems are closely coupled, exchanging energy, moisture, and momentum
» These interactions play crucial role in global heat transport and climate regulation

» Understanding atmosphere-ocean dynamics essential for accurate climate predictions and modeling

Heat exchange processes

* Latent heat transfer through evaporation and condensation

« Sensible heat transfer through direct conduction and convection

+ Radiative heat transfer through absorption and emission of electromagnetic radiation
» Ocean acts as heat reservoir, moderating temperature fluctuations in coastal regions

* Atmosphere-ocean heat exchange influences formation of weather systems (tropical cyclones)

Moisture transfer mechanisms

« Evaporation from ocean surface provides primary source of atmospheric water vapor

Fiveable archived study guides Page 302



» Atmospheric circulation transports water vapor globally
* Precipitation returns water to Earth's surface, completing hydrological cycle
* Cloud formation processes involve complex interactions between atmospheric and oceanic conditions

* Moisture transfer affects atmospheric stability and formation of weather systems

Wind-driven ocean currents

« Surface winds generate frictional stress on ocean surface, driving horizontal currents

» Ekman transport causes net water movement perpendicular to wind direction due to Coriolis effect
» Wind-driven gyres form in major ocean basins (North Atlantic Gyre, South Pacific Gyre)

» Upwelling and downwelling processes influenced by wind patterns along coastlines

» Wind-driven currents contribute to heat and nutrient transport in upper ocean layers

Thermohaline circulation

* Global ocean conveyor belt driven by density differences due to temperature and salinity variations

« Cold, dense water formation in polar regions initiates deep ocean circulation

» Upwelling of deep waters in certain regions brings nutrients to surface, supporting marine ecosystems
* Influences global climate on timescales of centuries to millennia

« Potential disruption of thermohaline circulation could have significant impacts on global climate
patterns

Atmosphere-land interactions

* Land surface processes significantly influence local and regional climate patterns

» Atmosphere-land interactions affect energy, water, and carbon exchanges between these
components

» Understanding these interactions crucial for predicting climate change impacts on terrestrial
ecosystems

Surface albedo effects
» Albedo measures reflectivity of Earth's surface, influencing amount of solar radiation absorbed
« Land cover types have varying albedos (snow: ~0.8-0.9, forests: ~0.1-0.2, deserts: ~0.3-0.4)
» Changes in land cover (deforestation, urbanization) alter surface albedo and local energy balance
» Snow cover variations cause seasonal changes in surface albedo, affecting regional climate

+ Albedo feedback mechanisms can amplify or dampen climate change effects

Evapotranspiration processes

» Combines evaporation from land surfaces and transpiration from vegetation

* Transfers water and latent heat from land to atmosphere, influencing local humidity and temperature
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* Vegetation type and density strongly affect evapotranspiration rates
+ Soil moisture availability limits evapotranspiration in water-stressed regions

» Changes in evapotranspiration patterns can impact precipitation and atmospheric circulation

Carbon cycle dynamics

* Terrestrial ecosystems act as both sources and sinks of atmospheric carbon dioxide

* Photosynthesis removes CO2 from atmosphere, while respiration and decomposition release it

« Land use changes (deforestation) can significantly alter carbon storage in terrestrial ecosystems

+ Soil organic matter serves as major carbon reservoir, sensitive to temperature and moisture changes

« Carbon cycle feedbacks can amplify or mitigate climate change effects

Vegetation feedback mechanisms

* Vegetation distribution influences local climate through albedo, evapotranspiration, and roughness
length

« Climate changes can alter vegetation patterns, creating feedback loops
* Greening of Arctic tundra due to warming may reduce albedo, amplifying regional warming
* Forest dieback in response to drought can reduce evapotranspiration and carbon uptake

* Vegetation-climate feedbacks operate on various timescales, from seasonal to millennial

Cryosphere-climate feedbacks

* Cryosphere components play crucial role in Earth's climate system through various feedback
mechanisms

» Changes in cryosphere can amplify or dampen climate change effects

» Understanding cryosphere-climate interactions essential for predicting future climate scenarios

Ice-albedo feedback

* Positive feedback mechanism amplifying temperature changes in polar regions

» Warming leads to ice melt, exposing darker surfaces with lower albedo

* Lower albedo increases absorption of solar radiation, further enhancing warming and ice melt
* Process can work in reverse during cooling periods, promoting ice growth

* Ice-albedo feedback contributes to amplified warming in Arctic regions (Arctic amplification)

Permafrost thawing effects

» Permafrost contains large amounts of frozen organic matter
» Thawing releases greenhouse gases (CO2, CH4) through microbial decomposition

» Thermokarst formation alters local hydrology and ecosystems
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* Coastal erosion increases due to thawing of permafrost in Arctic coastlines

» Permafrost thaw can create positive feedback loop, accelerating global warming

Sea level rise implications

* Melting of land-based ice (glaciers, ice sheets) contributes to global sea level rise

» Thermal expansion of oceans due to warming also increases sea level

* Rising sea levels threaten coastal communities and ecosystems

« Potential for increased storm surge damage and saltwater intrusion into coastal aquifers

» Feedback between sea level rise and ice sheet stability (marine ice sheet instability)

Biogeochemical cycles

* Biogeochemical cycles involve movement of elements and compounds through Earth's systems
* These cycles play crucial role in regulating atmospheric composition and climate

+ Understanding biogeochemical cycles essential for predicting climate change impacts and feedbacks

Carbon cycle components

» Atmosphere, biosphere, hydrosphere, and lithosphere serve as major carbon reservoirs

» Photosynthesis and respiration drive short-term carbon exchanges between atmosphere and
biosphere

» Ocean uptake and release of CO2 regulated by chemical and biological processes
* Geological processes (volcanism, weathering) influence long-term carbon cycle

* Human activities (fossil fuel combustion, deforestation) have significantly altered global carbon cycle

Nitrogen cycle in climate

* Nitrogen essential for life, influences primary productivity in terrestrial and marine ecosystems
» Atmospheric N2 fixed by bacteria and lightning into biologically available forms
* Denitrification returns nitrogen to atmosphere, completing cycle

* Nitrous oxide (N20), potent greenhouse gas, produced through agricultural practices and natural
processes

* Nitrogen cycle alterations can affect carbon uptake by ecosystems and atmospheric composition

Sulfur cycle impacts

« Sulfur compounds in atmosphere influence climate through aerosol formation
+ Volcanic eruptions inject sulfur dioxide into stratosphere, causing temporary cooling effect
* Dimethyl sulfide (DMS) produced by marine phytoplankton contributes to cloud formation

» Anthropogenic sulfur emissions from fossil fuel combustion affect regional climate and air quality
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« Sulfur cycle interactions with other biogeochemical cycles can influence climate feedback
mechanisms

Radiative forcing mechanisms

+ Radiative forcing quantifies change in Earth's energy balance due to various factors
* Positive forcing leads to warming, while negative forcing causes cooling

+ Understanding radiative forcing mechanisms crucial for assessing climate change drivers and
projections

Greenhouse gas effects

* Greenhouse gases (CO2, CH4, N20O, water vapor) absorb and emit infrared radiation
* Increased concentrations enhance greenhouse effect, warming Earth's surface and lower atmosphere
» Each greenhouse gas has different radiative efficiency and atmospheric lifetime

» CO2 serves as primary anthropogenic greenhouse gas due to large emissions and long atmospheric
residence time

+ Radiative forcing of greenhouse gases calculated using logarithmic relationship with concentration
changes

Aerosol direct vs indirect

« Direct effects involve scattering and absorption of solar radiation by aerosol particles
* Indirect effects relate to aerosol impacts on cloud properties and precipitation

« Sulfate aerosols generally cause cooling through increased albedo and cloud lifetime
* Black carbon aerosols can have warming effect by absorbing solar radiation

+ Aerosol-cloud interactions remain major source of uncertainty in climate projections

Land use change impacts

* Alters surface albedo, affecting amount of solar radiation absorbed or reflected

» Changes in vegetation cover influence evapotranspiration rates and local climate

+ Deforestation reduces carbon storage capacity of terrestrial ecosystems

+ Urbanization creates urban heat island effect, modifying local temperature patterns

« Agricultural practices affect greenhouse gas emissions and surface energy balance

Climate system feedbacks

* Feedbacks amplify or dampen initial climate perturbations
» Understanding feedback mechanisms crucial for accurate climate sensitivity estimates

» Feedbacks operate on various timescales, from days to millennia
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Positive vs negative feedbacks

* Positive feedbacks amplify initial change, potentially leading to runaway effects
» Negative feedbacks dampen initial change, promoting system stability

* Climate system contains multiple interconnected feedback mechanisms

* Net effect of all feedbacks determines overall climate sensitivity

* Examples: ice-albedo feedback (positive), blackbody radiation feedback (negative)

Water vapor feedback

« Strongest positive feedback in Earth's climate system

* Warming increases atmospheric water vapor content

» Water vapor acts as greenhouse gas, further enhancing warming
» Feedback strength varies with altitude and latitude

» Closely coupled with lapse rate feedback, which moderates overall effect

Cloud feedback mechanisms

+ Clouds can have both warming and cooling effects on climate

* Low clouds generally cool by reflecting solar radiation

* High clouds generally warm by trapping outgoing longwave radiation

» Changes in cloud properties (coverage, altitude, optical depth) affect radiative balance

+ Cloud feedbacks remain largest source of uncertainty in climate sensitivity estimates

Climate variability patterns
» Natural climate oscillations occur on various timescales

» Understanding these patterns crucial for distinguishing natural variability from anthropogenic climate
change

« Climate variability patterns influence regional weather and climate extremes

El Nino-Southern Oscillation

» Coupled ocean-atmosphere phenomenon in tropical Pacific

* Alternates between EI Nifio (warm) and La Nifia (cool) phases

+ Affects global atmospheric circulation patterns and weather extremes

* Influences temperature and precipitation patterns across tropics and mid-latitudes

* ENSO events typically occur every 2-7 years with varying intensity

North Atlantic Oscillation

» Dominant mode of atmospheric variability in North Atlantic region
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» Characterized by pressure difference between Azores High and Icelandic Low
* Positive phase associated with stronger westerly winds and milder European winters
* Negative phase leads to weaker westerlies and colder, drier conditions in Europe

* Influences storm tracks, precipitation patterns, and ocean circulation in North Atlantic

Pacific Decadal Oscillation

* Long-term ocean variability pattern in North Pacific

* Characterized by SST anomalies with 20-30 year periodicity

» Warm phase associated with enhanced coastal warming in eastern Pacific

* Cool phase linked to cooler coastal temperatures and altered precipitation patterns

* Interacts with ENSO, modulating its impacts on global climate

Anthropogenic influences

« Human activities significantly alter Earth's climate system
 Understanding anthropogenic influences crucial for developing mitigation and adaptation strategies

» Anthropogenic climate change occurs in addition to natural climate variability

Greenhouse gas emissions

* Primary driver of anthropogenic climate change

* Major sources include fossil fuel combustion, industrial processes, and land use changes

» CO2 concentrations increased from ~280 ppm (pre-industrial) to over 410 ppm (present day)
* Other important greenhouse gases include methane (CH4) and nitrous oxide (N20)

+ Radiative forcing from greenhouse gases calculated using logarithmic relationship with concentration
changes

Land use changes

« Deforestation reduces carbon storage capacity and alters surface properties

» Urbanization creates urban heat islands and modifies local climate patterns

« Agricultural practices affect greenhouse gas emissions and surface energy balance
» Changes in irrigation practices influence regional water cycles and climate

* Albedo changes due to land use alterations affect Earth's energy balance

Aerosol pollution effects

» Anthropogenic aerosols have both cooling and warming effects on climate
« Sulfate aerosols from industrial emissions generally cause cooling effect

* Black carbon aerosols from biomass burning and fossil fuel combustion have warming effect
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* Aerosol-cloud interactions modify cloud properties and precipitation patterns

+ Overall cooling effect of anthropogenic aerosols has partially offset greenhouse gas warming

Climate modeling approaches

« Climate models essential tools for understanding and projecting climate change
* Models vary in complexity, spatial resolution, and included processes

+ Continuous improvement in modeling techniques and computational resources enhances predictive
capabilities

Global circulation models

« Simulate large-scale atmospheric and oceanic circulation patterns

* Divide Earth into three-dimensional grid cells, solving equations of motion and thermodynamics
* Include parameterizations for sub-grid scale processes (cloud formation, turbulence)

* Typically run at spatial resolutions of 100-200 km for long-term climate simulations

* Used for global climate projections and studying large-scale climate dynamics

Regional climate models

* Focus on specific geographic regions with higher spatial resolution

* Nested within global models to provide boundary conditions

* Better represent local topography, land-sea contrasts, and mesoscale processes

* Typical resolutions range from 10-50 km, allowing improved simulation of regional climate features

« Useful for assessing regional climate change impacts and adaptation strategies

Earth system models

* Incorporate additional components beyond atmosphere and ocean (biosphere, cryosphere,
biogeochemical cycles)

» Simulate complex interactions and feedbacks between different Earth system components
* Include dynamic vegetation models, marine ecosystem models, and interactive carbon cycle
* Require significant computational resources due to increased complexity

* Essential for studying long-term climate change and Earth system responses to anthropogenic
forcings

7.2 Climate forcings and feedbacks

Climate forcings and feedbacks are crucial concepts in understanding Earth's changing climate. These
mechanisms drive and amplify temperature shifts, affecting the planet's energy balance. Natural and
human-caused factors interact in complex ways, creating a dynamic system that atmospheric physicists
study to predict future climate trends.
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Radiative forcing quantifies energy imbalances, while feedback processes like water vapor and ice-albedo
changes can amplify initial warming. Climate sensitivity measures how much temperatures rise from
increased greenhouse gases. Models and observations help scientists unravel these intricate relationships,
informing climate policy and adaptation strategies.

Types of climate forcings

« Climate forcings represent external factors that influence Earth's energy balance and drive climate
change

 Understanding different types of forcings helps atmospheric physicists model and predict climate
system responses

« Categorizing forcings provides a framework for analyzing their varied impacts and timescales

Natural vs anthropogenic forcings

* Natural forcings originate from Earth system processes or extraterrestrial sources (volcanic eruptions,
solar variations)

» Anthropogenic forcings stem from human activities and have intensified since the Industrial Revolution
(greenhouse gas emissions, deforestation)

+ Distinguishing between natural and anthropogenic forcings aids in attributing observed climate
changes

+ Natural forcings exhibit cyclical patterns while anthropogenic forcings show a consistent upward trend

External vs internal forcings

« External forcings originate outside the climate system (changes in solar radiation, orbital variations)

* Internal forcings arise from interactions within the climate system (EI Nifio-Southern Oscillation, ocean
circulation changes)

« External forcings drive long-term climate trends while internal forcings contribute to short-term
variability

» Atmospheric physicists model internal forcings to improve seasonal and decadal climate predictions
Short-term vs long-term forcings

« Short-term forcings operate on timescales of months to years (volcanic aerosols, seasonal variations)

* Long-term forcings persist for decades to millennia (changes in atmospheric composition, tectonic
shifts)

+ Short-term forcings cause temporary climate fluctuations while long-term forcings drive sustained
changes

 Understanding the interplay between short-term and long-term forcings improves climate projections

Radiative forcing mechanisms

* Radiative forcing quantifies the change in Earth's energy balance due to various climate drivers
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» Atmospheric physicists use radiative forcing to compare the relative impacts of different climate
forcings

* Positive radiative forcing leads to warming while negative radiative forcing causes cooling

Greenhouse gas effects

» Greenhouse gases (CO2, CH4, N20) trap outgoing longwave radiation in the atmosphere

* Increased greenhouse gas concentrations enhance the natural greenhouse effect, leading to global
warming

» CO2 contributes the largest radiative forcing among greenhouse gases due to its abundance and long
atmospheric lifetime

» Methane has a higher global warming potential per molecule but shorter atmospheric residence time
than CO2

Aerosol impacts

* Aerosols affect climate through direct (scattering and absorption of radiation) and indirect (cloud
formation) effects

« Sulfate aerosols from volcanic eruptions and industrial emissions generally produce a cooling effect
* Black carbon aerosols from biomass burning and fossil fuel combustion contribute to warming

* Aerosol impacts remain a significant source of uncertainty in climate models due to their complex
interactions

Land use changes

+ Deforestation reduces carbon storage and alters surface albedo, affecting regional and global climate
+ Urbanization creates heat islands and modifies local precipitation patterns
« Agricultural practices influence soil moisture, evapotranspiration, and greenhouse gas emissions

 Land use changes can have both warming and cooling effects depending on the specific alterations

Solar radiation variations
» Changes in total solar irradiance affect Earth's energy balance on various timescales
* 11-year solar cycle causes short-term fluctuations in solar output
* Long-term variations in Earth's orbit (Milankovitch cycles) influence the distribution of solar energy

« Solar forcing plays a minor role in recent climate change compared to anthropogenic greenhouse gas
emissions

Climate feedback processes

+ Climate feedbacks amplify or dampen the initial response to a forcing, affecting the overall climate
sensitivity

» Atmospheric physicists incorporate feedback mechanisms into climate models to improve projections

» Understanding feedbacks helps explain past climate changes and predict future climate states

Fiveable archived study guides Page 311



Water vapor feedback

» Warmer temperatures increase atmospheric water vapor content, a potent greenhouse gas
» Enhanced water vapor absorption amplifies the initial warming, creating a positive feedback loop
» Water vapor feedback approximately doubles the warming effect of CO2 alone

» Changes in water vapor distribution affect cloud formation and atmospheric circulation patterns

Ice-albedo feedback

* Melting ice and snow expose darker surfaces, reducing Earth's albedo and increasing solar energy
absorption

* Increased absorption leads to further warming and ice melt, creating a positive feedback loop
* Ice-albedo feedback contributes to amplified warming in polar regions (Arctic amplification)

* This feedback plays a crucial role in paleoclimate transitions between glacial and interglacial periods

Cloud feedback

+ Clouds can both reflect incoming solar radiation (cooling) and trap outgoing longwave radiation
(warming)

» Changes in cloud cover, altitude, and properties affect the overall radiative balance
* Low-level clouds generally produce a cooling effect while high-level clouds tend to warm the planet

* Cloud feedbacks remain a major source of uncertainty in climate projections due to complex
microphysical processes

Carbon cycle feedback

» Warming temperatures affect carbon uptake and release by oceans, soils, and vegetation

* Ocean warming reduces CO2 solubility, potentially releasing stored carbon into the atmosphere
» Thawing permafrost can release trapped methane and CO2, amplifying warming

» Enhanced plant growth may increase carbon sequestration, partially offsetting warming effects

» Carbon cycle feedbacks operate on various timescales, from years to millennia

Positive vs negative feedbacks

* Positive feedbacks amplify the initial climate change while negative feedbacks dampen it
* The balance between positive and negative feedbacks determines the overall climate sensitivity

» Atmospheric physicists study feedback interactions to improve understanding of climate system
dynamics

Amplifying climate change
* Positive feedbacks enhance the initial warming or cooling trend

» Water vapor, ice-albedo, and permafrost methane release act as amplifying feedbacks
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* Positive feedbacks can lead to rapid climate transitions and potential tipping points

» Understanding amplifying feedbacks helps explain past abrupt climate changes (Dansgaard-Oeschger
events)

Dampening climate change
* Negative feedbacks counteract the initial climate change, stabilizing the system
* Increased outgoing longwave radiation with rising temperatures acts as a negative feedback
* Enhanced plant growth and CO2 fertilization can partially offset warming by increasing carbon uptake

» Negative feedbacks help explain the relative stability of Earth's climate over geological timescales

Tipping points and thresholds

* Tipping points represent critical thresholds beyond which the climate system undergoes rapid,
irreversible changes

* Potential tipping elements include Arctic sea ice loss, Amazon rainforest dieback, and West Antarctic
ice sheet collapse

« Crossing tipping points can trigger cascading effects and amplify global climate change

« Identifying and quantifying tipping points remains a crucial area of research in atmospheric physics

Quantifying climate forcings

+ Quantifying climate forcings allows for comparison of different drivers and assessment of their relative
importance

* Atmospheric physicists use various metrics to express the magnitude and impact of climate forcings

+ Accurate quantification of forcings improves climate model projections and informs policy decisions

Radiative forcing metrics

+ Radiative forcing measures the change in Earth's energy balance due to a specific climate driver
(W/m2)

* Instantaneous radiative forcing calculates the immediate energy imbalance without allowing for
atmospheric adjustments

« Effective radiative forcing accounts for rapid adjustments in the atmosphere, providing a more
accurate measure of climate impact

+ Radiative forcing metrics enable comparison of different greenhouse gases and aerosols on a
common scale

Global warming potential

* Global Warming Potential (GWP) compares the warming effect of different greenhouse gases relative
to CO2

* GWP values are calculated over specific time horizons (20, 100, or 500 years) to account for varying
atmospheric lifetimes
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* Methane has a high GWP over short time horizons due to its strong but short-lived warming effect

* GWP helps policymakers develop strategies for reducing overall greenhouse gas emissions

Effective radiative forcing

« Effective radiative forcing (ERF) includes both the initial radiative forcing and rapid adjustments in the
climate system

» ERF provides a more accurate measure of the overall climate impact of a forcing agent

« Calculating ERF requires sophisticated climate models that can simulate atmospheric and surface
responses

» ERF values help improve estimates of climate sensitivity and future temperature projections

Climate sensitivity

« Climate sensitivity quantifies the Earth system's response to a given forcing, typically expressed as
temperature change

» Understanding climate sensitivity helps atmospheric physicists predict future warming under different
emission scenarios

+ Multiple lines of evidence, including paleoclimate data and modern observations, constrain climate
sensitivity estimates

Equilibrium climate sensitivity

* Equilibrium Climate Sensitivity (ECS) measures the long-term temperature change resulting from a
doubling of CO2 concentrations

» ECS accounts for fast feedbacks (water vapor, clouds, sea ice) but excludes slow feedbacks (ice
sheets, vegetation changes)

* Current estimates of ECS range from 2.5°C to 4°C, with a likely range of 3°C + 1.5°C

* ECS helps assess long-term climate targets and inform international climate agreements

Transient climate response

* Transient Climate Response (TCR) represents the temperature change at the time of CO2 doubling in
a scenario of 1% per year increase

* TCR accounts for ocean heat uptake and provides a measure of near-term climate change
* TCR is generally lower than ECS due to the thermal inertia of the oceans

» Understanding TCR helps predict climate impacts over the next few decades, informing adaptation
strategies

Earth system sensitivity

+ Earth System Sensitivity (ESS) includes both fast and slow feedbacks, providing a comprehensive
measure of long-term climate response

» ESS accounts for changes in ice sheets, vegetation, and the carbon cycle over millennia
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» ESS values are typically higher than ECS due to the inclusion of additional positive feedbacks

« Studying ESS helps explain past climate changes and assess potential long-term consequences of
current emissions

Modeling climate forcings

+ Climate models simulate the complex interactions between various forcings and feedbacks in the
Earth system

» Atmospheric physicists use a hierarchy of models to study climate processes at different scales and
complexities

« Continuous improvement of climate models enhances our ability to project future climate changes and
assess uncertainties

General circulation models

* General Circulation Models (GCMs) simulate large-scale atmospheric and oceanic circulation patterns

* GCMs divide the atmosphere and oceans into three-dimensional grids to solve fundamental equations
of fluid dynamics and thermodynamics

» These models incorporate various physical processes (radiation transfer, cloud formation,
precipitation) through parameterizations

» GCMs help atmospheric physicists understand global climate patterns and teleconnections between
different regions

Coupled climate models

+ Coupled climate models integrate multiple components of the Earth system (atmosphere, ocean, land
surface, cryosphere)

* These models simulate interactions and feedbacks between different subsystems, providing a more
comprehensive view of climate change

» Coupled models capture important phenomena like El Nino-Southern Oscillation and ocean heat
uptake

» Ensemble simulations using multiple coupled models help quantify uncertainties in climate projections

Uncertainty in projections

+ Climate model projections face uncertainties from various sources (initial conditions, model physics,
future emissions scenarios)

* Internal climate variability contributes to uncertainty, especially for near-term and regional projections

« Structural uncertainties arise from different model representations of physical processes and
feedbacks

» Scenario uncertainties reflect the range of possible future greenhouse gas emissions and land-use
changes

+ Quantifying and communicating uncertainties helps inform risk assessment and decision-making
processes
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Observational evidence

* Observational data provides crucial constraints on climate forcings, feedbacks, and overall system
behavior

» Atmospheric physicists use multiple observational techniques to study climate change across various
spatial and temporal scales

» Combining different types of observations helps validate climate models and improve future
projections

Paleoclimate records

* Ice cores preserve atmospheric composition and temperature information spanning hundreds of
thousands of years

* Tree rings, corals, and sediment cores provide high-resolution climate data for the past few millennia

+ Paleoclimate records reveal the Earth system's response to past forcings (orbital changes, volcanic
eruptions)

« Studying past climate changes helps constrain climate sensitivity estimates and validate model
simulations

Satellite measurements

« Satellites provide global coverage of key climate variables (temperature, sea level, ice extent,
atmospheric composition)

« Earth radiation budget satellites measure incoming solar radiation and outgoing longwave radiation

« Satellite data enables detection of long-term trends in forcings (greenhouse gas concentrations) and
climate responses (Arctic sea ice decline)

* Remote sensing techniques allow monitoring of land-use changes, aerosol distributions, and cloud
properties

Ground-based observations

» Weather stations and buoys collect long-term temperature, precipitation, and atmospheric pressure
data

» Atmospheric observatories measure greenhouse gas concentrations and aerosol properties
* Ocean monitoring systems (Argo floats) provide data on ocean heat content and circulation patterns

» Ground-based observations complement satellite data and provide essential calibration and validation
information

Policy implications

» Understanding climate forcings and feedbacks informs policy decisions aimed at mitigating and
adapting to climate change

» Atmospheric physicists play a crucial role in translating scientific knowledge into actionable
information for policymakers
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« Effective climate policies require consideration of both short-term and long-term impacts of various
forcings

Mitigation strategies

* Reducing greenhouse gas emissions through renewable energy adoption and energy efficiency
improvements

» Enhancing natural carbon sinks through reforestation and improved land management practices

* Developing and implementing negative emission technologies (direct air capture, bioenergy with
carbon capture and storage)

» Addressing short-lived climate pollutants (methane, black carbon) for near-term climate benefits

Adaptation measures

* Developing resilient infrastructure to withstand extreme weather events and sea-level rise

* Implementing water management strategies to address changing precipitation patterns and drought
risks

» Adapting agricultural practices to shifting climate zones and altered growing seasons

* Protecting biodiversity through habitat conservation and assisted migration programs
International agreements

+ United Nations Framework Convention on Climate Change (UNFCCC) provides a global framework
for climate action

« Paris Agreement sets targets for limiting global temperature rise and enhancing adaptive capacity

* Intergovernmental Panel on Climate Change (IPCC) assessments inform international climate
negotiations

» Montreal Protocol demonstrates successful international cooperation in addressing ozone depletion
and climate change

7.3 Global carbon cycle

The global carbon cycle is a crucial component of Earth's climate system, regulating atmospheric CO2
levels and influencing long-term temperature trends. It involves complex interactions between terrestrial,
oceanic, and atmospheric reservoirs, with carbon constantly moving between these components through
various processes.

Understanding carbon fluxes, reservoirs, and feedback mechanisms is essential for predicting future
climate scenarios and developing effective mitigation strategies. Human activities have significantly altered
the natural carbon cycle, leading to increased atmospheric CO2 concentrations and associated climate
impacts.

Components of carbon cycle

« Carbon cycle plays a crucial role in atmospheric physics by regulating Earth's climate through
greenhouse gas dynamics
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» Understanding carbon reservoirs provides insights into carbon storage and exchange processes that
impact atmospheric composition

» Carbon cycle components interact with other Earth systems, influencing weather patterns and
long-term climate trends

Terrestrial carbon reservoirs

+ Soil organic matter stores approximately 1500-2400 gigatons of carbon

* Vegetation biomass contains roughly 450-650 gigatons of carbon

» Permafrost regions hold an estimated 1300-1600 gigatons of carbon

» Thawing permafrost can release significant amounts of greenhouse gases

* Terrestrial reservoirs exchange carbon with the atmosphere through processes like photosynthesis
and decomposition

Oceanic carbon reservoirs

« Surface ocean contains about 900 gigatons of dissolved inorganic carbon

» Deep ocean stores approximately 37,000 gigatons of carbon

* Largest carbon reservoir in the fast carbon cycle

* Marine sediments hold vast amounts of carbon in the form of calcium carbonate

* Oceanic carbon uptake influences atmospheric CO2 concentrations and ocean acidification

Atmospheric carbon reservoir

» Atmosphere contains around 750 gigatons of carbon, primarily as CO2

» Atmospheric carbon concentration has increased from ~280 ppm to over 410 ppm since pre-industrial
times

« Serves as a central hub for carbon exchange between terrestrial and oceanic reservoirs

» Changes in atmospheric carbon directly impact Earth's radiative balance and climate

Carbon fluxes

« Carbon fluxes represent the movement of carbon between different reservoirs in the Earth system

» Understanding carbon fluxes helps predict future atmospheric CO2 concentrations and climate
change impacts

* Fluxes vary in magnitude and direction, influencing the overall carbon balance of the planet
Natural carbon exchanges

* Terrestrial photosynthesis removes about 123 gigatons of carbon from the atmosphere annually

* Plant and soil respiration release approximately 119 gigatons of carbon back to the atmosphere each
year
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» Ocean-atmosphere gas exchange results in a net absorption of about 2 gigatons of carbon by the
oceans annually

* Volcanic emissions contribute a relatively small amount of carbon to the atmosphere (0.1-0.3 gigatons
per year)

Anthropogenic carbon emissions

* Fossil fuel combustion and cement production release about 9.5 gigatons of carbon annually

 Land-use changes (deforestation) contribute approximately 1.5 gigatons of carbon to the atmosphere
each year

* Industrial processes (steel production) emit additional carbon dioxide

» Anthropogenic emissions have significantly altered the natural carbon cycle balance

Carbon sinks vs sources

« Carbon sinks absorb more carbon than they release (oceans, growing forests)
+ Carbon sources emit more carbon than they absorb (fossil fuel burning, deforestation)
* Net carbon flux determines whether a reservoir acts as a sink or source

* Some reservoirs can switch between sink and source depending on environmental conditions (El Nifio
events)

Carbon cycle processes
» Carbon cycle processes drive the movement of carbon between reservoirs in the Earth system
» These processes operate on various timescales, from seconds to millions of years
» Understanding these processes helps predict future changes in atmospheric CO2 and climate

Photosynthesis and respiration

* Photosynthesis converts atmospheric CO2 into organic compounds using sunlight energy

« 6C0O5 + 6H50 + light energy —» CgH12,06 + 60,

* Cellular respiration breaks down organic compounds to release energy and CO2

« CeH1206 + 60, = 6C0O; + 6H>0 + energy

* Terrestrial ecosystems sequester carbon through net primary production

* Microbial decomposition in soils releases CO2 back to the atmosphere
Ocean-atmosphere gas exchange

+ CO2 dissolves in seawater forming carbonic acid, bicarbonate, and carbonate ions

«CO; + H0 © HCO3 0 HCOy +H™ HCO%" +2H*

* Solubility pump drives CO2 absorption in cold, high-latitude waters

* Biological pump transfers carbon from surface to deep ocean through marine organism activity
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» Upwelling brings carbon-rich deep waters to the surface, potentially releasing CO2

Weathering and sedimentation
» Chemical weathering of silicate rocks consumes atmospheric CO2 over geological timescales
. CaSiO3 +2CO; + H,0-»Ca** + 2HCO; +SiO;
» Carbonate rock formation in oceans sequesters carbon for long periods
.Ca’* + 2HCO; - CaCO3 + CO; + H,0
* Tectonic processes return buried carbon to the surface through volcanism

» Weathering rates influence long-term atmospheric CO2 concentrations and climate stability

Biogeochemical cycles
+ Biogeochemical cycles describe the movement of elements through Earth's systems
« Carbon cycle interactions with other elemental cycles affect atmospheric composition and climate

» Understanding these interactions helps predict ecosystem responses to environmental changes

Carbon-nitrogen interactions
* Nitrogen availability limits terrestrial carbon uptake in many ecosystems
* Increased nitrogen deposition can enhance plant growth and carbon sequestration
« Nitrogen fertilization practices impact soil carbon storage and greenhouse gas emissions

« Nitrification and denitrification processes in soils affect carbon and nitrogen cycling

Carbon-oxygen interactions

» Photosynthesis and respiration couple carbon and oxygen cycles
* Oceanic primary production influences dissolved oxygen concentrations
» Oxygen availability affects organic matter decomposition rates in soils and sediments

» Changes in atmospheric oxygen levels impact fossil fuel combustion efficiency
Carbon-phosphorus interactions

» Phosphorus often limits marine primary production, affecting carbon uptake

* Terrestrial phosphorus cycling influences plant growth and carbon sequestration

» Weathering of phosphate-containing rocks affects long-term carbon cycle dynamics

* Anthropogenic phosphorus inputs alter aquatic ecosystem carbon cycling
Carbon cycle feedbacks

« Carbon cycle feedbacks can amplify or dampen the effects of climate change

» Understanding these feedbacks helps improve climate model predictions
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» Some feedbacks operate on short timescales, while others influence long-term climate trends

Climate-carbon feedbacks

» Warming-induced permafrost thaw releases stored carbon, potentially accelerating climate change

* Increased atmospheric CO2 enhances plant growth, leading to greater carbon uptake (CO2
fertilization effect)

» Ocean warming reduces CO2 solubility, potentially decreasing oceanic carbon uptake

» Changes in precipitation patterns affect terrestrial ecosystem carbon storage capacity

Biological feedbacks

« Shifts in species distributions and community composition alter ecosystem carbon dynamics
» Changes in growing season length impact terrestrial carbon uptake
» Ocean acidification affects marine calcifying organisms, influencing the oceanic carbon pump

+ Soil microbial activity responds to temperature and moisture changes, affecting decomposition rates

Oceanic feedbacks

» Weakening of the Atlantic Meridional Overturning Circulation could reduce oceanic carbon uptake
» Changes in ocean stratification affect nutrient availability and marine primary production
« Alterations in sea ice cover impact air-sea gas exchange and marine ecosystem productivity

+ Potential release of methane hydrates from ocean sediments could amplify warming

Carbon cycle modeling

 Carbon cycle models help simulate and predict carbon dynamics in the Earth system
* Models range from simple conceptual representations to complex Earth system models

* Improving model accuracy enhances our ability to project future climate change scenarios

Box models

» Represent carbon reservoirs as interconnected boxes with specified fluxes
* Useful for understanding basic carbon cycle dynamics and timescales
» Can be easily manipulated to explore different scenarios and sensitivities

« Limited in their ability to capture spatial heterogeneity and complex feedbacks

Earth system models

* Integrate carbon cycle processes with atmospheric, oceanic, and terrestrial components
* Include detailed representations of biogeochemical cycles and climate feedbacks
» Capable of simulating complex interactions between carbon cycle and climate system

* Require significant computational resources and extensive parameterization
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Model uncertainties

* Incomplete understanding of some carbon cycle processes leads to parameterization uncertainties
« Limited observational data for model validation, especially for long-term processes
« Challenges in representing sub-grid scale processes and heterogeneity

* Uncertainties in future anthropogenic emissions scenarios affect model projections

Carbon cycle perturbations

* Human activities have significantly altered the natural carbon cycle
» Understanding these perturbations helps assess their impacts on climate and ecosystems

+ Studying past perturbations provides insights into potential future changes

Fossil fuel combustion

* Releases approximately 9.5 gigatons of carbon into the atmosphere annually
* Increases atmospheric CO2 concentration at a rate of about 2.5 ppm per year
» Alters the isotopic composition of atmospheric CO2 (Suess effect)

* Leads to redistribution of carbon between atmosphere, land, and ocean reservoirs

Land use changes

* Deforestation releases stored carbon and reduces terrestrial carbon uptake capacity
« Agricultural practices affect soil carbon storage and greenhouse gas emissions
* Urbanization alters local carbon dynamics and creates urban heat islands

« Afforestation and reforestation efforts can enhance terrestrial carbon sequestration

Ocean acidification
» Approximately 25% of anthropogenic CO2 emissions are absorbed by the oceans
* Decreases ocean pH, affecting marine ecosystems and calcifying organisms
» Reduces the ocean's future capacity to absorb atmospheric CO2
« Alters marine biogeochemical cycles and ecosystem functioning

Carbon cycle measurements

* Accurate measurements are crucial for understanding carbon cycle dynamics
« Various techniques are employed to quantify carbon fluxes and reservoir sizes

+ Continuous monitoring helps detect changes and trends in the carbon cycle

Atmospheric CO2 monitoring

» Mauna Loa Observatory provides the longest continuous record of atmospheric CO2 (Keeling Curve)
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* Global network of monitoring stations (NOAA's Global Greenhouse Gas Reference Network)
* Flask sampling programs collect air samples for laboratory analysis

« Satellite-based measurements (OCO-2, GOSAT) provide global coverage of atmospheric CO2

Isotope tracers
» Carbon-13 ("*C) measurements help distinguish between terrestrial and oceanic carbon sources
» Carbon-14 ('*C) used to determine the age of carbon and identify fossil fuel contributions
» Oxygen isotopes ('®0) provide information on photosynthesis and respiration processes

* Multiple isotope analyses improve understanding of carbon cycle processes and fluxes

Remote sensing techniques

« Satellite-based vegetation indices (NDVI) estimate terrestrial primary production
* LiDAR technology measures forest biomass and carbon storage
» Ocean color sensors assess marine primary productivity

* Gravity measurements (GRACE mission) detect changes in terrestrial water storage affecting carbon
cycling

Carbon cycle timescales

« Carbon cycle processes operate on various timescales, from seconds to millions of years
» Understanding these timescales helps interpret past climate changes and predict future scenarios

« Different carbon reservoirs have distinct residence times and response rates to perturbations

Short-term carbon dynamics

« Diurnal cycles of photosynthesis and respiration affect atmospheric CO2 concentrations
» Seasonal variations in terrestrial vegetation drive annual atmospheric CO2 oscillations
* El Nino-Southern Oscillation influences interannual variability in carbon fluxes

» Decadal climate oscillations (PDO) impact ocean-atmosphere carbon exchange

Long-term carbon storage

* Deep ocean carbon has a residence time of about 1000 years
+ Soil organic matter can store carbon for centuries to millennia
» Permafrost carbon represents a long-term storage vulnerable to climate warming

* Peatlands accumulate carbon over thousands of years, storing significant amounts

Geological carbon cycle

» Weathering of silicate rocks consumes CO2 over millions of years

+ Carbonate rock formation sequesters carbon for long geological periods
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* Plate tectonics and volcanism return buried carbon to the surface over millions of years

* Fossil fuel deposits represent carbon stored over hundreds of millions of years

Carbon cycle and climate

+ Carbon cycle plays a fundamental role in regulating Earth's climate system
» Understanding carbon-climate interactions helps interpret past climate changes

* Projecting future carbon cycle changes is crucial for climate change predictions

Greenhouse effect

» CO2 absorbs and re-emits longwave radiation, trapping heat in the atmosphere
* Increasing atmospheric CO2 concentrations enhance the greenhouse effect
» Water vapor feedback amplifies the warming caused by CO2

 Other greenhouse gases (methane) also contribute to the overall greenhouse effect

Historical climate variations

* Ice core records reveal CO2-temperature coupling over glacial-interglacial cycles
+ Paleoclimate proxies provide insights into past carbon cycle perturbations (PETM)
« Natural carbon cycle variations have driven climate changes throughout Earth's history

» Understanding past carbon-climate interactions helps contextualize current changes

Future climate projections

« Earth system models simulate future carbon cycle changes under various emission scenarios
* Projections consider potential carbon cycle feedbacks and their impacts on climate
* Uncertainties in carbon cycle responses contribute to ranges in climate projections

* Tipping points in the carbon cycle could lead to abrupt climate changes

Carbon cycle management

» Managing the carbon cycle is crucial for mitigating climate change impacts
* Various strategies aim to reduce atmospheric CO2 concentrations or enhance carbon sinks

« Balancing effectiveness, feasibility, and potential side effects is essential for carbon management

Carbon sequestration strategies

« Afforestation and reforestation enhance terrestrial carbon storage
+ Soil carbon management practices improve agricultural carbon sequestration
* Ocean iron fertilization proposed to enhance marine carbon uptake

* Geological carbon capture and storage injects CO2 into underground reservoirs
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Emission reduction policies
« Carbon pricing mechanisms (carbon tax) incentivize emissions reductions
» Cap-and-trade systems establish markets for carbon emissions allowances
» Renewable energy adoption reduces fossil fuel-related carbon emissions

* Energy efficiency improvements decrease overall carbon footprint

Geoengineering proposals
« Solar radiation management techniques aim to reduce incoming solar radiation
» Enhanced weathering accelerates natural CO2 consumption processes
* Direct air capture technologies remove CO2 from the atmosphere

» Ocean alkalinization proposed to enhance oceanic CO2 uptake and mitigate acidification

7.4 Paleoclimate

Paleoclimate studies uncover Earth's climate history, offering crucial insights into atmospheric physics and
climate dynamics. By examining ice cores, tree rings, and sediments, scientists reconstruct past
conditions, revealing natural variability and long-term trends.

This research helps atmospheric physicists understand climate forcings like solar variability, volcanic
activity, and greenhouse gases. It also illuminates major climate periods and transitions, providing context
for current changes and informing future projections.

Overview of paleoclimate

« Paleoclimatology investigates Earth's climate history over geological timescales, providing crucial
insights into atmospheric physics and climate dynamics

« Studying past climates helps atmospheric physicists understand natural climate variability, long-term
trends, and potential future climate scenarios

« Paleoclimate research utilizes various proxy records and modeling techniques to reconstruct ancient
atmospheric conditions and their impacts on the Earth system

Proxies for paleoclimate reconstruction

Ice cores
+ Contain trapped air bubbles preserving ancient atmospheric composition
* Provide high-resolution records of temperature, precipitation, and atmospheric gases
* Allow reconstruction of climate conditions spanning hundreds of thousands of years
* Reveal abrupt climate changes and long-term trends in greenhouse gas concentrations

« Extraction locations include Greenland and Antarctica

Tree rings

» Annual growth rings reflect local climate conditions, particularly temperature and precipitation
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» Dendroclimatology uses tree ring width, density, and isotopic composition to infer past climate
* Provide high-resolution climate records spanning centuries to millennia
+ Enable reconstruction of regional climate patterns and extreme weather events

« Limitations include relatively short timescales and geographical constraints

Sediment cores

« Contain layered deposits of organic and inorganic materials from marine and terrestrial environments
* Provide long-term climate records spanning millions of years

» Analyze microfossils, chemical composition, and physical properties to infer past climate conditions

» Enable reconstruction of ocean circulation patterns, sea surface temperatures, and terrestrial climate

» Sediment cores from ocean floors offer continuous records of global climate change

Coral records

» Growth bands in coral skeletons reflect environmental conditions, particularly ocean temperature and
salinity

* Provide high-resolution climate records for tropical and subtropical regions
* Analyze isotopic composition and trace element ratios to infer past climate conditions
» Enable reconstruction of sea surface temperatures, precipitation patterns, and ocean circulation

* Coral records typically span several centuries to a few millennia

Climate forcings in paleoclimate

Solar variability

» Changes in solar output affect Earth's energy balance and climate over various timescales
* Solar cycles, including the 11-year sunspot cycle, influence short-term climate variability

* Long-term variations in solar activity (Maunder Minimum) impact climate over centuries

* Solar forcing interacts with other climate factors, complicating its isolated effects

* Proxy records (sunspot observations, cosmogenic isotopes) help reconstruct past solar activity

Volcanic activity

+ Volcanic eruptions inject aerosols and gases into the atmosphere, affecting global climate

+ Large eruptions can cause short-term cooling by reflecting incoming solar radiation

* Volcanic activity influences atmospheric chemistry, cloud formation, and precipitation patterns
* Proxy records (ice cores, tree rings) preserve evidence of past volcanic eruptions

« Studying past volcanic events helps understand their impact on climate and atmospheric physics
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Orbital changes

* Milankovitch cycles describe variations in Earth's orbit and axis tilt

* Include eccentricity (100,000-year cycle), obliquity (41,000-year cycle), and precession (23,000-year

cycle)
* Influence the distribution and intensity of solar radiation received by Earth
+ Drive glacial-interglacial cycles and long-term climate variations

+ Interaction with other climate forcings amplifies or dampens orbital effects

Greenhouse gases

* CO2, CH4, and water vapor play crucial roles in Earth's energy balance and climate

* Paleoclimate records show strong correlation between greenhouse gas concentrations and global
temperature

* Natural sources and sinks of greenhouse gases vary over geological timescales
» Feedback mechanisms (carbon cycle, water vapor feedback) amplify or dampen climate changes

» Understanding past greenhouse gas variations informs projections of future climate change
Major paleoclimate periods

Last Glacial Maximum

* Occurred approximately 21,000 years ago during the last ice age

* Global average temperatures 5-6°C cooler than present

 Extensive ice sheets covered large portions of North America and Eurasia

* Sea levels approximately 120 meters lower than present due to ice sheet expansion

» Atmospheric CO2 concentrations around 180 ppm, significantly lower than pre-industrial levels

Holocene climatic optimum

» Warm period occurring approximately 9,000 to 5,000 years ago
* Global temperatures 1-2°C warmer than pre-industrial levels
+ Characterized by enhanced monsoon systems and increased precipitation in many regions

» Caused by changes in Earth's orbit, resulting in greater summer insolation in the Northern
Hemisphere

+ Led to expansion of forests and shifts in vegetation patterns globally

Medieval Warm Period

*» Occurred approximately 950 to 1250 CE

 Characterized by relatively warm temperatures in the North Atlantic region
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» Enabled Norse settlement of Greenland and exploration of North America
* Regional rather than global phenomenon, with varying impacts across different areas

» Caused by a combination of solar activity, volcanic quiescence, and ocean circulation patterns

Little Ice Age
*» Occurred approximately 1300 to 1850 CE
» Characterized by cooler temperatures and glacier advances in many regions
» Caused crop failures, famines, and societal disruptions in parts of Europe and North America
* Linked to reduced solar activity (Maunder Minimum) and increased volcanic activity

» Demonstrates the sensitivity of climate to relatively small changes in radiative forcing

Paleoclimate modeling

General circulation models

 Simulate large-scale atmospheric and oceanic circulation patterns

* Incorporate fundamental physical laws governing fluid dynamics and thermodynamics
* Allow exploration of climate responses to various forcings and boundary conditions

» Enable testing of hypotheses about past climate states and transitions

 Continuously improved to better represent complex climate processes and feedbacks

Earth system models

« Integrate atmosphere, ocean, land surface, and cryosphere components

* Include biogeochemical cycles and ecosystem dynamics

* Allow simulation of complex interactions and feedbacks within the Earth system
» Enable investigation of long-term climate evolution and abrupt changes

* Provide insights into the role of different components in past climate variability

Model-data comparisons

« Evaluate model performance by comparing simulations with proxy-based reconstructions
* Help identify model biases and improve understanding of climate processes

» Enable assessment of model skill in reproducing past climate states and transitions

« Inform the development of more accurate climate models for future projections

« Highlight uncertainties in both proxy data interpretation and model parameterizations
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Climate transitions

Glacial-interglacial cycles

* Alternating periods of glacial (cold) and interglacial (warm) conditions over the past 2.6 million years
+ Driven primarily by Milankovitch cycles and amplified by feedback mechanisms

 Characterized by large changes in global ice volume, sea level, and atmospheric composition

* Typically last about 100,000 years, with interglacials lasting 10,000-30,000 years

* Current interglacial (Holocene) began approximately 11,700 years ago

Abrupt climate changes

+ Rapid shifts in climate occurring over decades to centuries

* Include events such as Heinrich events and the Younger Dryas

+ Often associated with changes in ocean circulation patterns and atmospheric dynamics
» Can have global impacts on temperature, precipitation, and ecosystem distribution

« Studying abrupt changes helps understand climate system thresholds and tipping points

Dansgaard-Oeschger events

» Rapid warming events followed by gradual cooling during the last glacial period
* Discovered in Greenland ice cores, showing temperature fluctuations of 5-16°C
» Occurred approximately every 1,470 years, with warming phases lasting decades to centuries
« Linked to changes in North Atlantic ocean circulation and atmospheric patterns

» Demonstrate the potential for rapid climate changes in response to internal variability

Paleoclimate vs modern climate

Natural vs anthropogenic forcings

« Natural forcings include solar variability, volcanic activity, and orbital changes

» Anthropogenic forcings primarily involve greenhouse gas emissions and land-use changes

* Modern climate change predominantly driven by human activities, unlike past climate variations
* Rate of current warming exceeds natural variability observed in paleoclimate records

» Understanding natural forcings helps contextualize and attribute current climate changes

Rate of change comparisons

* Current rate of global warming significantly faster than most past climate transitions
« Paleoclimate records show temperature changes of 5-6°C over thousands of years

* Modern warming of ~1°C has occurred in just over a century
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* Rapid changes challenge the adaptive capacity of ecosystems and human societies

« Studying past rates of change informs projections of future climate impacts and risks

Implications for future climate

+ Paleoclimate data provide context for understanding Earth's climate sensitivity

« Past warm periods offer insights into potential future climate states and impacts

» Abrupt changes in paleoclimate highlight the possibility of tipping points in the climate system
» Understanding past climate variability improves projections of future climate scenarios

+ Paleoclimate studies inform adaptation strategies and mitigation targets for climate change

Methods in paleoclimatology

Isotope geochemistry

* Analyzes ratios of stable and radioactive isotopes in various materials

» Oxygen isotopes (6180) in ice cores and marine sediments indicate past temperatures

« Carbon isotopes (613C) provide information on carbon cycle dynamics and vegetation changes
» Radioisotopes (14C, 10Be) used for dating and reconstructing past solar activity

» Enables reconstruction of past temperatures, precipitation patterns, and atmospheric composition

Dendrochronology

« Studies tree ring patterns to reconstruct past climate conditions

* Analyzes ring width, density, and isotopic composition to infer temperature and precipitation

* Provides annually resolved climate records spanning centuries to millennia

« Crossdating techniques ensure accurate dating and extend records beyond living trees

» Enables reconstruction of regional climate patterns and extreme weather events
Palynology

« Studies fossilized pollen and spores preserved in sediments

* Provides information on past vegetation composition and distribution

» Enables reconstruction of terrestrial climate conditions and ecosystem changes

* Pollen assemblages indicate temperature, precipitation, and seasonality

* Helps understand ecosystem responses to past climate changes and human impacts

Paleoclimate and atmospheric physics

Atmospheric composition changes

* Paleoclimate records reveal long-term variations in greenhouse gas concentrations

Fiveable archived study guides Page 330



* Ice cores provide direct measurements of past atmospheric composition
» Changes in CO2, CH4, and N20 concentrations correlate with global temperature variations
+ Studying past composition changes informs understanding of carbon cycle feedbacks

* Helps constrain the relationship between atmospheric composition and radiative forcing

Radiative forcing in past climates

* Paleoclimate data allow estimation of radiative forcing from various climate drivers

» Changes in greenhouse gas concentrations alter the Earth's energy balance

« Variations in solar output and orbital parameters affect incoming solar radiation

* Volcanic eruptions cause short-term changes in atmospheric opacity and radiative forcing

» Understanding past radiative forcing improves climate sensitivity estimates and future projections

Atmospheric circulation patterns

« Paleoclimate proxies provide information on past atmospheric circulation

» Changes in wind patterns affect distribution of heat, moisture, and aerosols

* Proxy records indicate shifts in monsoon systems, jet streams, and storm tracks

* Understanding past circulation changes improves models of atmospheric dynamics

* Helps interpret regional climate variations and their relationship to global changes

Paleoclimate archives

Marine sediments

» Accumulate on ocean floors, preserving long-term records of global climate change

« Contain microfossils (foraminifera, diatoms) used for temperature and salinity reconstructions
» Sediment composition reflects changes in ocean chemistry and circulation patterns

* Provide continuous records spanning millions of years

» Enable reconstruction of sea surface temperatures, ocean productivity, and ice volume changes

Lake sediments

» Accumulate in lake basins, preserving records of local and regional climate change

« Contain pollen, diatoms, and organic matter reflecting terrestrial and aquatic conditions
» Sediment composition indicates changes in lake level, temperature, and precipitation

* Provide high-resolution records of climate variability on land

 Enable reconstruction of terrestrial temperature, hydrology, and ecosystem changes
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Speleothems

» Cave deposits (stalagmites, stalactites) formed by calcium carbonate precipitation
» Growth rates and isotopic composition reflect local climate conditions

* Provide high-resolution records of temperature and precipitation changes

» Can be precisely dated using uranium-series methods

» Enable reconstruction of regional climate patterns and monsoon variability

Applications of paleoclimate studies

Climate sensitivity estimation
* Use past climate states to constrain Earth's response to radiative forcing changes
* Analyze relationships between temperature changes and greenhouse gas concentrations
* Improve understanding of feedback mechanisms amplifying or dampening climate changes
« Inform projections of future warming under different emission scenarios

* Help refine climate models and reduce uncertainties in future climate projections

Ecosystem responses to change
« Study past vegetation shifts and species migrations in response to climate variations
* Provide insights into ecosystem resilience and adaptation to rapid climate changes
« Inform conservation strategies and ecosystem management under future climate scenarios
* Help predict potential ecological tipping points and irreversible changes

+ Improve understanding of biodiversity patterns and extinction risks related to climate change

Sea level reconstructions

» Analyze past sea level changes in response to temperature variations and ice sheet dynamics
* Provide context for current and projected future sea level rise

« Improve understanding of ice sheet stability and melt rates under different climate conditions

« Inform coastal management and adaptation strategies for future sea level changes

* Help constrain uncertainties in projections of future sea level rise under various warming scenarios

7.5 Climate models

Climate models are powerful tools in atmospheric physics, simulating Earth's complex climate system.
These models integrate various components like the atmosphere, oceans, and land surface to predict
future climate conditions and analyze climate change impacts.

Understanding climate models is crucial for atmospheric physicists. From global climate models to regional
and Earth system models, each type offers unique insights into climate dynamics. Parameterizations,
numerical methods, and model inputs are key elements in creating accurate simulations.
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Fundamentals of climate models

« Climate models simulate complex interactions within Earth's climate system to predict future climate
conditions

» These models integrate principles from atmospheric physics, oceanography, and other Earth sciences
to create comprehensive representations of global climate dynamics

+ Understanding climate models is crucial for atmospheric physicists to analyze and predict climate
change impacts

Components of climate systems

» Atmosphere incorporates temperature, humidity, and wind patterns

» Oceans model heat transport, salinity, and circulation patterns (thermohaline circulation)
* Land surface includes vegetation, soil moisture, and albedo effects

« Cryosphere represents ice sheets, sea ice, and permafrost dynamics

* Biosphere accounts for carbon cycle and ecosystem interactions

Scales in climate modeling

* Global scale captures planetary-wide phenomena (El Nifio, jet streams)

» Regional scale focuses on specific geographical areas (monsoons, urban heat islands)
* Local scale models fine-grained processes (cloud formation, land-sea breezes)

» Temporal scales range from hours to centuries or millennia

* Coupling different scales ensures comprehensive climate representation

Model resolution vs complexity

* Higher resolution models provide more detailed simulations but require greater computational
resources

» Complexity increases with the number of Earth system components and processes included

* Trade-offs between resolution and complexity depend on research goals and available computing
power

« Simplified models (energy balance models) offer quick insights for specific questions

» Complex Earth System Models integrate multiple components for comprehensive climate projections

Types of climate models

+ Climate models vary in scope, complexity, and application to address different research questions and
policy needs

 Understanding various model types helps atmospheric physicists choose appropriate tools for specific
climate studies

» Each model type offers unique insights into climate dynamics and future projections
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Global climate models

 Simulate Earth's climate system on a planetary scale

* Include atmosphere, ocean, land surface, and sea ice components

* Typically use grid cells of 100-200 km resolution

« Capture large-scale phenomena like atmospheric circulation patterns and ocean currents

* Provide long-term climate projections for global policy decisions (Paris Agreement)

Regional climate models

* Focus on specific geographical areas with higher resolution (10-50 km)

» Nested within global models to provide boundary conditions

* Better represent local topography and land-sea contrasts

* Useful for studying regional climate impacts (Mediterranean climate change)

« Often employed for adaptation planning and risk assessment

Earth system models

* Incorporate biogeochemical cycles and ecosystem dynamics

* Include components like vegetation, marine ecosystems, and atmospheric chemistry
* Model carbon cycle feedbacks and interactions between climate and biosphere

« Simulate long-term Earth system responses to climate change

* Used to study complex climate-biosphere interactions (Amazon rainforest dieback)

Model parameterizations

» Parameterizations represent subgrid-scale processes that cannot be directly resolved by the model
* These techniques are crucial for accurately simulating climate dynamics in atmospheric physics

« Effective parameterizations balance computational efficiency with physical realism

Subgrid-scale processes

+ Cloud formation and precipitation occur at scales smaller than typical model grid cells
* Convection and turbulence in the planetary boundary layer require parameterization

* Land surface heterogeneity affects energy and water fluxes

» Ocean eddies and mixing processes often occur below model resolution

*» Aerosol-cloud interactions involve complex microphysics at small scales

Parameterization techniques

* Bulk formulations use simplified equations to represent aggregate effects of processes
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« Statistical approaches employ probability distributions to capture variability

» Machine learning techniques develop parameterizations from high-resolution simulations or
observational data

* Physical-based schemes derive from theoretical understanding of processes

+ Hybrid methods combine multiple approaches for improved accuracy

Limitations and uncertainties

» Parameterizations introduce uncertainties due to simplifications and assumptions

« Different parameterization schemes can lead to varying model results

» Some processes remain poorly understood, limiting parameterization accuracy (cloud feedbacks)
 Scale-awareness issues arise when applying parameterizations across different model resolutions

» Ongoing research aims to improve parameterizations through observational constraints and process
studies

Numerical methods in climate modeling

* Numerical methods translate continuous physical equations into discrete computational algorithms
* These techniques are fundamental to implementing climate models in atmospheric physics

» Choosing appropriate numerical methods impacts model accuracy, stability, and efficiency

Finite difference vs finite element

* Finite difference methods approximate derivatives using grid point values
+ Simple to implement and computationally efficient

» May struggle with complex geometries or irregular grids

* Finite element methods divide the domain into smaller elements

* Better handle irregular geometries and variable resolution

* More computationally intensive but potentially more accurate

* Spectral methods use global basis functions for spatial discretization

« Efficient for global models with smooth fields

* Less suitable for regional models or discontinuous fields

Time integration schemes

* Explicit schemes calculate future states directly from current states
« Simple to implement but may require small time steps for stability

» Examples include forward Euler and Runge-Kutta methods

* Implicit schemes solve equations for future states

« Allow larger time steps but require more computation per step
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» Backward Euler and Crank-Nicolson schemes are common implicit methods
» Semi-implicit schemes combine explicit and implicit approaches
+ Balance computational efficiency and numerical stability

+ Often used in operational weather and climate models

Model initialization

« Cold start initialization begins with idealized or climatological conditions

* Requires long spin-up periods to reach equilibrium

* May introduce biases in short-term simulations

+ Data assimilation incorporates observational data into model initial conditions

* Improves short-term forecast accuracy

* Techniques include variational assimilation and ensemble Kalman filtering

« Balanced initialization ensures dynamical consistency between model variables
* Reduces initial shocks and spurious waves in the model

* Important for maintaining model stability and accuracy

Climate model inputs

« Climate model inputs provide essential boundary conditions and forcing factors
* These inputs are crucial for simulating past, present, and future climate states in atmospheric physics

* Accurate representation of inputs is vital for reliable climate projections

Greenhouse gas concentrations

» CO2 levels derived from ice core records and modern observations

» Methane (CH4) concentrations influenced by natural and anthropogenic sources

* Nitrous oxide (N20) levels affected by agricultural practices and industrial processes

* Chlorofluorocarbons (CFCs) and their replacements impact ozone depletion and radiative forcing

* Future greenhouse gas scenarios based on socioeconomic pathways and mitigation efforts

Aerosol distributions

« Sulfate aerosols from volcanic eruptions and industrial emissions

* Black carbon from biomass burning and fossil fuel combustion

* Organic aerosols from natural (biogenic) and anthropogenic sources
* Dust particles influenced by land use changes and desertification

+ Sea salt aerosols generated by ocean surface winds
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Land use changes

* Deforestation alters surface albedo and carbon storage

+ Urbanization impacts local climate through heat island effects

+ Agricultural expansion modifies surface energy and water balances

« Afforestation and reforestation efforts influence carbon sequestration

» Changes in irrigation practices affect regional water cycles

Model outputs and analysis

« Climate model outputs provide insights into Earth's climate system behavior
+ Analysis techniques in atmospheric physics extract meaningful information from model simulations

* Interpreting model results requires understanding uncertainties and limitations

Climate variables and indicators

» Temperature metrics include global mean surface temperature and vertical profiles
* Precipitation patterns analyzed for changes in intensity, frequency, and distribution
* Sea level rise projections based on thermal expansion and ice sheet melting

» Extreme event indicators (heat waves, droughts, floods) derived from model outputs

« Circulation patterns (jet streams, monsoons) examined for shifts under climate change

Ensemble simulations

» Multiple model runs with varying initial conditions capture internal variability

* Multi-model ensembles combine results from different climate models

* Perturbed physics ensembles vary model parameters to explore uncertainties
* Ensemble means provide more robust projections than single simulations

+ Spread of ensemble members quantifies projection uncertainties

Model validation techniques

« Comparison with historical observations assesses model performance

« Skill scores measure model accuracy for specific variables or phenomena

« Pattern correlation analyzes spatial agreement between models and observations
« Taylor diagrams visualize multiple aspects of model performance simultaneously

* Perfect model experiments test internal consistency of model physics

Climate projections and scenarios

« Climate projections explore possible future climate states under various scenarios
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» Scenarios in atmospheric physics provide plausible pathways for future emissions and socioeconomic
development

* Understanding projection uncertainties is crucial for informed decision-making

Representative Concentration Pathways

* RCP2.6 represents a strong mitigation scenario with peak emissions before 2020

* RCP4.5 and RCP6.0 are intermediate scenarios with stabilization of radiative forcing

+ RCP8.5 depicts a high-emission scenario with continued growth in greenhouse gas concentrations
» Pathways defined by radiative forcing levels in 2100 (2.6, 4.5, 6.0, 8.5 W/m?)

» Used in CMIP5 simulations for the IPCC Fifth Assessment Report

Shared Socioeconomic Pathways

» SSP1 describes a sustainable development pathway with low challenges

» SSP2 represents a "middle of the road" scenario with moderate challenges

» SSP3 depicts a fragmented world with high challenges for mitigation and adaptation
» SSP4 characterizes a pathway with high inequality between and within countries

» SSP5 describes a fossil-fuel driven development with high challenges for mitigation

Uncertainty in future projections

+ Scenario uncertainty stems from unknown future emissions and socioeconomic developments
* Model uncertainty arises from differences in model structure and parameterizations

* Internal variability contributes to short-term fluctuations in climate projections

» Downscaling uncertainty affects regional and local-scale projections

« Compound uncertainties increase for longer-term projections and extreme events

Model intercomparison projects

» Model intercomparison projects facilitate systematic comparison of climate models

* These projects are essential for understanding model strengths, weaknesses, and uncertainties in
atmospheric physics

* Results inform climate change assessments and guide model development efforts

CMIP vs CORDEX

* CMIP (Coupled Model Intercomparison Project) focuses on global climate models
* Provides standardized experiments for model evaluation and projection
* CMIP6 includes a wider range of experiments than previous phases

* CORDEX (Coordinated Regional Downscaling Experiment) emphasizes regional climate modeling
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* Produces high-resolution climate projections for specific regions
* Facilitates impact studies and adaptation planning at regional scales

+ Both projects contribute to IPCC assessment reports and climate research

Multi-model ensembles

» Combine outputs from multiple climate models to improve projection robustness
« Capture structural uncertainties arising from different model formulations

« Often outperform individual models in reproducing observed climate patterns

* Allow for probabilistic climate projections based on model agreement

* Require careful consideration of model independence and performance

Model weighting strategies

» Equal weighting assigns the same importance to all models in an ensemble

+ Performance-based weighting favors models with better historical performance
* Independence weighting accounts for similarities between models

» Bayesian model averaging combines multiple weighting criteria

» Weighting strategies aim to reduce projection uncertainties and biases

Challenges in climate modeling

« Climate modeling faces numerous challenges in accurately representing Earth's complex climate
system

» Addressing these challenges is crucial for improving climate projections in atmospheric physics

» Ongoing research and technological advancements aim to overcome these limitations

Computational limitations

* High-resolution global simulations require enormous computing power

* Long-term climate projections demand extended simulation periods

« Earth System Models with many components increase computational demands
+ Data storage and analysis of large model outputs pose logistical challenges

» Balancing model complexity with available computational resources

Parameterization uncertainties

* Cloud processes remain a major source of uncertainty in climate projections
* Aerosol-cloud interactions involve complex microphysics difficult to parameterize
 Convection parameterization affects precipitation patterns and extreme events

* Land surface processes involve heterogeneous subgrid-scale phenomena
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* Improving parameterizations requires better observational constraints and process understanding

Coupling of Earth system components

» Atmosphere-ocean coupling crucial for simulating climate variability (EI Nifio)
 Land-atmosphere interactions affect regional climate and water cycles

* Biogeochemical cycles introduce feedbacks with long-term climate evolution

* Cryosphere-climate feedbacks important for polar amplification and sea level rise

+ Challenges in matching different timescales and resolutions of coupled components

Applications of climate models

« Climate models serve various purposes in atmospheric physics and related fields
* Applications range from scientific research to policy-making and risk assessment

* Understanding model capabilities and limitations is crucial for appropriate use

Climate change assessment

* Projecting global and regional temperature changes under different scenarios
* Analyzing shifts in precipitation patterns and water availability

* Assessing impacts on ecosystems and biodiversity

« Evaluating changes in extreme weather events (hurricanes, heat waves)

« Informing international climate negotiations and policy decisions (IPCC reports)

Extreme event attribution

» Quantifying the influence of climate change on specific extreme events

* Employing factual vs counterfactual simulations to isolate climate change signals
 Analyzing changes in event frequency, intensity, and duration

« Informing adaptation strategies and disaster preparedness

* Supporting climate litigation and loss and damage assessments

Policy decision support

« Evaluating potential impacts of mitigation policies (carbon pricing, renewable energy targets)
* Assessing adaptation options for vulnerable regions and sectors

* Analyzing co-benefits and trade-offs of climate action (air quality improvements)

* Supporting long-term infrastructure planning (coastal defenses, water management)

« Informing international climate finance and technology transfer decisions
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7.6 Anthropogenic climate change

Anthropogenic climate change is a critical focus in Atmospheric Physics. It examines how human activities
alter Earth's energy balance through greenhouse gas emissions, leading to global warming and various
climate impacts.

Understanding these processes is crucial for predicting future climate scenarios and developing mitigation
strategies. This topic explores emission sources, radiative forcing, observed changes, and modeling
techniques used to study human-induced climate change.

Greenhouse gas emissions

» Greenhouse gas emissions form the cornerstone of anthropogenic climate change studies in
Atmospheric Physics

» Understanding these emissions provides crucial insights into human impacts on the Earth's radiative
balance

* Analyzing emission sources, types, and trends helps predict future climate scenarios and inform
mitigation strategies

Sources of anthropogenic emissions

* Fossil fuel combustion releases significant amounts of CO2 (coal, oil, natural gas)

* Industrial processes contribute to emissions through chemical reactions and energy use
* Agricultural activities produce methane from livestock and rice cultivation

+ Deforestation reduces carbon sinks and releases stored carbon

» Waste management practices generate methane in landfills and wastewater treatment

Major greenhouse gases

« Carbon dioxide (CO2) accounts for the largest share of anthropogenic emissions

* Methane (CH4) has a higher global warming potential than CO2

* Nitrous oxide (N20) primarily results from agricultural practices and industrial processes
* Fluorinated gases (HFCs, PFCs, SF6) have extremely high global warming potentials

» Water vapor acts as a greenhouse gas but is not directly emitted by human activities

Historical emission trends

* Pre-industrial CO2 levels averaged around 280 ppm
» Rapid increase in emissions began with the Industrial Revolution in the late 18th century
* Post-World War |l economic boom led to a sharp rise in global emissions

» Emissions growth accelerated in the late 20th and early 21st centuries due to rapid industrialization in
developing countries

* Recent years have shown a slight slowdown in emission growth rates in some regions due to policy
interventions and technological advancements
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Radiative forcing

* Radiative forcing quantifies the impact of various factors on Earth's energy balance
* This concept is fundamental to understanding climate change mechanisms in Atmospheric Physics

* Analyzing radiative forcing helps scientists assess the relative importance of different climate drivers

Definition and mechanisms

+ Radiative forcing measures the change in Earth's energy balance due to a climate driver

» Expressed in watts per square meter (W/m?) at the top of the atmosphere

« Positive forcing leads to warming by increasing the amount of energy retained in the Earth system
 Negative forcing results in cooling by reducing the energy retained

* Mechanisms include absorption, emission, and reflection of radiation by various atmospheric
constituents

Positive vs negative forcings

* Positive forcings increase Earth's energy imbalance (greenhouse gases, black carbon)
* Negative forcings decrease Earth's energy imbalance (sulfate aerosols, increased surface albedo)
* Net radiative forcing determines the overall warming or cooling effect on the climate system

» Some forcings can have both positive and negative effects depending on their interaction with other
climate components

» The balance between positive and negative forcings influences the rate and magnitude of climate
change

Anthropogenic vs natural forcings

» Anthropogenic forcings result from human activities (greenhouse gas emissions, land-use changes)
+ Natural forcings occur independently of human influence (volcanic eruptions, solar variability)

* Volcanic eruptions inject aerosols into the stratosphere, causing short-term cooling

* Solar irradiance variations affect the amount of energy reaching Earth

» Anthropogenic forcings have dominated natural forcings in recent decades, driving observed climate
changes

Global warming potential

* Global warming potential (GWP) allows comparison of different greenhouse gases' climate impacts

* This metric is essential for developing comprehensive climate policies and emission reduction
strategies

» Understanding GWP helps prioritize mitigation efforts for various greenhouse gases in Atmospheric
Physics research
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Concept and calculation

* GWP compares the warming effect of a specific gas to that of CO2 over a given time period
* Calculated as the ratio of the gas's radiative forcing to that of CO2 over the chosen time horizon
* Incorporates both the gas's ability to absorb energy and its atmospheric lifetime

» Expressed as a dimensionless value relative to CO2, which has a GWP of 1 by definition
TH

[y ax-Ix(t)1dt
TH

« GWP calculation;: GWP =
[o acIrt)at

* TH = time horizon
* a = radiative efficiency

* [x(t)] = time-dependent abundance of the gas

GWP of common gases
» Methane (CH4) has a GWP of 28-36 over 100 years
* Nitrous oxide (N20) has a GWP of 265-298 over 100 years
* Hydrofluorocarbons (HFCs) range from 100 to 11,000 GWP over 100 years
« Sulfur hexafluoride (SF6) has an extremely high GWP of 23,500 over 100 years

» Some short-lived climate pollutants like black carbon have high GWPs over shorter time horizons

Time horizons in GWP

» Common time horizons used for GWP calculations include 20, 100, and 500 years

« Shorter time horizons emphasize the impact of short-lived gases (methane)

* Longer time horizons highlight the cumulative effect of long-lived gases (CO2)

+ Choice of time horizon can significantly affect policy decisions and mitigation strategies

* IPCC typically uses 100-year GWP values for consistency in reporting and policy-making

Observed climate changes

* Observed climate changes provide empirical evidence of the Earth system's response to increased
greenhouse gas concentrations

» These observations are crucial for validating climate models and projecting future changes in
Atmospheric Physics

+ Analyzing multiple climate indicators helps build a comprehensive understanding of the changing
climate system

Temperature trends

* Global mean surface temperature has increased by approximately 1°C since pre-industrial times

» Warming has accelerated in recent decades, with the last decade being the warmest on record
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* Land areas have warmed faster than oceans due to differences in heat capacity
« Arctic regions have experienced amplified warming, a phenomenon known as Arctic amplification

» Temperature increases vary spatially and temporally, with some regions experiencing more rapid
warming than others

Sea level rise

* Global mean sea level has risen by about 20 cm since 1900

* Rate of sea level rise has accelerated, reaching 3.6 mm/year in recent years

» Thermal expansion of oceans contributes approximately 50% of observed sea level rise

* Melting of land-based ice (glaciers and ice sheets) accounts for the remaining sea level rise

* Regional variations in sea level rise occur due to ocean currents, wind patterns, and vertical land
movements

Extreme weather events

* Increased frequency and intensity of heatwaves observed globally

» Changes in precipitation patterns lead to more intense rainfall events in some regions

* Drought frequency and severity have increased in certain areas (Mediterranean, Western US)
* Tropical cyclone intensity has likely increased in some ocean basins

+ Cold extremes have become less frequent and less severe in many regions

Climate modeling

+ Climate modeling is a cornerstone of Atmospheric Physics research on climate change

» These models simulate complex interactions within the Earth system to project future climate
scenarios

+ Continuous improvement of climate models enhances our ability to understand and predict climate
change impacts

General circulation models
« Simulate global climate by solving equations for mass, energy, and momentum conservation
* Include representations of atmosphere, oceans, land surface, and cryosphere
* Divide the Earth into a three-dimensional grid to perform calculations
* Incorporate parameterizations for sub-grid scale processes (cloud formation, turbulence)

» Coupled models link different components of the Earth system to capture feedbacks and interactions

Emission scenarios

» Representative Concentration Pathways (RCPs) provide standardized emission trajectories

» Shared Socioeconomic Pathways (SSPs) consider socioeconomic factors influencing emissions

Fiveable archived study guides Page 344



» Scenarios range from low-emission (RCP2.6) to high-emission (RCP8.5) pathways
* Include projections for greenhouse gas concentrations, aerosols, and land-use changes

+ Used to force climate models and project future climate under different human activity assumptions

Model uncertainties

* Arise from incomplete understanding of some physical processes (cloud feedback mechanisms)
« Internal climate variability complicates short-term predictions and regional projections
« Scenario uncertainty reflects unknown future human choices and technological developments

» Model structural uncertainty results from different representations of physical processes across
models

» Ensemble modeling approaches help quantify and reduce uncertainties in climate projections

Climate feedbacks

« Climate feedbacks play a crucial role in amplifying or dampening the initial warming caused by
greenhouse gas emissions

» Understanding these feedbacks is essential for accurate climate projections in Atmospheric Physics

» The complex interplay of various feedbacks contributes to the Earth system's overall climate
sensitivity

Positive vs negative feedbacks

* Positive feedbacks amplify initial warming, potentially leading to runaway effects

» Negative feedbacks dampen initial warming, helping to stabilize the climate system

» The balance between positive and negative feedbacks determines the overall climate sensitivity

» Some feedbacks can switch between positive and negative depending on environmental conditions

» Understanding feedback mechanisms is crucial for predicting long-term climate change impacts

Water vapor feedback

» Warmer air holds more water vapor, a potent greenhouse gas

* Increased water vapor leads to additional warming, creating a positive feedback loop

» Water vapor feedback approximately doubles the warming effect of CO2 alone

» This feedback operates on short timescales, responding quickly to temperature changes

* Interactions with cloud formation complicate the overall impact of water vapor on climate

Ice-albedo feedback

* Melting ice and snow expose darker surfaces with lower albedo
* Lower albedo leads to increased absorption of solar radiation and further warming

* This positive feedback is particularly strong in polar regions
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» Can lead to rapid changes in Arctic sea ice extent and accelerated warming

« Interactions with cloud cover and atmospheric circulation patterns influence the strength of this
feedback

Attribution studies

« Attribution studies in Atmospheric Physics aim to determine the causes of observed climate changes
* These studies are crucial for understanding the role of human activities in driving climate change

« Attribution research informs policy decisions and helps communicate climate science to the public

Detection vs attribution

* Detection identifies statistically significant changes in climate variables

« Attribution determines the causes of detected changes, including natural and anthropogenic factors
* Detection relies on long-term observational records and statistical analysis

« Attribution compares observed changes with model simulations of different forcing scenarios

* Both processes are essential for establishing the scientific basis of anthropogenic climate change
Fingerprinting methods

« Identify unique spatial and temporal patterns associated with different climate forcings

» Compare observed patterns with model-simulated patterns for various forcing combinations

* Use statistical techniques to quantify the contribution of different forcings to observed changes

* Optimal fingerprinting methods maximize the signal-to-noise ratio in detection and attribution studies

* Multi-model approaches improve the robustness of fingerprinting results

Confidence levels in attribution

+ IPCC uses standardized language to express confidence in attribution statements

« Confidence levels range from very low to very high based on evidence and scientific agreement
« Attribution of global temperature increase to human activities has very high confidence

« Confidence varies for different climate variables and regional-scale attribution

» Ongoing research aims to improve attribution confidence for extreme weather events and regional
climate changes

Future projections

« Future climate projections are essential for informing adaptation and mitigation strategies in
Atmospheric Physics

* These projections help policymakers and stakeholders prepare for potential climate change impacts

+ Continuous improvement of projection methods enhances our ability to plan for various climate
scenarios
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IPCC scenarios

» Shared Socioeconomic Pathways (SSPs) describe different socioeconomic development trajectories

» SSPs combined with Representative Concentration Pathways (RCPs) create a matrix of future
scenarios

» Scenarios range from sustainable development (SSP1) to fossil-fuel intensive growth (SSP5)

+ Each scenario provides projections for population, economic growth, energy use, and land-use
changes

+ IPCC uses these scenarios to assess potential climate impacts and mitigation challenges

Temperature projections

* Global mean temperature increase likely to exceed 1.5°C above pre-industrial levels by mid-century
* High-emission scenarios project warming of 3-5°C by 2100 relative to pre-industrial levels

* Low-emission scenarios aim to limit warming to below 2°C, requiring rapid emissions reductions

* Regional temperature changes expected to vary, with greater warming over land and in polar regions

* Increased frequency and intensity of heat waves projected for most land areas

Sea level projections

* Global mean sea level likely to rise 0.3-1.0 m by 2100, depending on emission scenario

» Some projections suggest potential for multi-meter sea level rise over longer time scales

» Regional sea level changes will vary due to ocean dynamics and vertical land movements
* Increased frequency and severity of coastal flooding events expected in many regions

* Long-term commitment to sea level rise due to thermal expansion and ice sheet dynamics

Mitigation strategies

* Mitigation strategies aim to reduce greenhouse gas emissions and limit the extent of future climate
change

* These strategies are crucial for achieving global climate goals and minimizing potential impacts

» Atmospheric Physics research informs the development and assessment of various mitigation
approaches

Emission reduction targets

* Paris Agreement aims to limit global warming to well below 2°C, preferably 1.5°C above pre-industrial
levels

» Many countries have adopted net-zero emission targets by mid-century
* Interim targets set for 2030 to ensure progress towards long-term goals

» Emission reduction pathways require rapid decarbonization across all sectors
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» Regular review and strengthening of targets needed to align with latest scientific understanding

Renewable energy transition

+ Rapid expansion of solar and wind power generation capacities

* Improvements in energy storage technologies to address intermittency issues
» Development of smart grids to integrate variable renewable energy sources

« Electrification of transportation and heating sectors to utilize clean electricity

« Exploration of emerging technologies like green hydrogen for hard-to-decarbonize sectors

Carbon capture technologies

* Direct Air Capture (DAC) removes CO2 directly from the atmosphere

» Carbon Capture and Storage (CCS) captures emissions from point sources (power plants, industrial
facilities)

* Bioenergy with Carbon Capture and Storage (BECCS) combines biomass energy with CCS
* Enhanced weathering accelerates natural CO2 absorption by rocks

» Ocean-based approaches explore carbon sequestration in marine environments

Adaptation measures

» Adaptation measures are essential for managing the impacts of climate change that cannot be
avoided through mitigation

* These strategies help reduce vulnerability and build resilience to climate-related risks

» Atmospheric Physics research informs the development of effective adaptation measures across
various sectors

Coastal protection

+ Construction of sea walls and levees to defend against sea level rise and storm surges
 Beach nourishment and dune restoration to maintain natural coastal defenses

» Managed retreat strategies relocate assets and populations away from high-risk coastal areas
* Implementation of early warning systems for coastal flooding and extreme weather events

» Ecosystem-based adaptation approaches utilize natural habitats (mangroves, salt marshes) for
coastal protection

Agricultural adaptations
» Development and adoption of drought-resistant and heat-tolerant crop varieties
* Improved irrigation techniques and water management practices
* Diversification of crop types and farming systems to reduce vulnerability

 Adjustments in planting dates and crop rotations to align with changing climate patterns
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* Implementation of precision agriculture technologies to optimize resource use

Urban resilience strategies

+ Green infrastructure development (urban forests, green roofs) to reduce urban heat island effects
» Improvement of stormwater management systems to handle increased precipitation intensity
 Implementation of cool pavements and reflective surfaces to reduce urban temperatures

» Development of resilient energy systems, including microgrids and distributed generation

« Integration of climate considerations into urban planning and building design standards

International climate policy

« International climate policy frameworks coordinate global efforts to address climate change

* These policies are informed by Atmospheric Physics research on climate impacts and mitigation
pathways

« Effective international cooperation is crucial for achieving global climate goals and managing
transboundary impacts

UNFCCC and Paris Agreement

+ United Nations Framework Convention on Climate Change (UNFCCC) established in 1992

* Paris Agreement adopted in 2015 as a legally binding international treaty on climate change

* Aims to limit global warming to well below 2°C, preferably 1.5°C, above pre-industrial levels

* Requires all countries to set emissions reduction targets and strengthen these efforts over time

+ Establishes a framework for financial, technical, and capacity-building support to developing countries

National determined contributions
* Countries submit Nationally Determined Contributions (NDCs) outlining their climate action plans
* NDCs include targets for emissions reductions and adaptation measures

 Countries required to update NDCs every five years, with each submission expected to show
increased ambition

» Aggregate effect of current NDCs insufficient to meet Paris Agreement temperature goals

» Ongoing negotiations focus on enhancing NDC ambition and implementation

Carbon pricing mechanisms
 Carbon taxes impose a direct fee on carbon emissions
» Cap-and-trade systems set an overall emissions limit and allow trading of emission permits
« International carbon markets facilitate cross-border trading of emission reduction credits

* Article 6 of the Paris Agreement provides a framework for voluntary cooperation in implementing
NDCs
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« Carbon pricing aims to internalize the social cost of carbon and incentivize low-carbon technologies

7.7 Climate change impacts

Climate change impacts are reshaping our world. Rising temperatures, sea levels, and extreme weather
events are altering ecosystems and human societies. These changes stem from increased greenhouse
gas emissions, primarily due to fossil fuel combustion and land-use changes.

Understanding climate change requires analyzing complex interactions in Earth's systems. Atmospheric
physics provides crucial insights into radiative forcing, feedback mechanisms, and climate sensitivity. This
knowledge informs climate models, projections, and strategies for mitigation and adaptation.

Observed climate changes

» Atmospheric Physics provides crucial insights into the mechanisms driving observed climate changes

» Understanding these changes requires analysis of complex interactions between the atmosphere,
oceans, land surfaces, and cryosphere

+ Long-term monitoring and data collection form the foundation for identifying climate trends and
patterns

Global temperature trends

* Global mean surface temperature increased by approximately 1.1°C since pre-industrial times
» Warming rates vary regionally with Arctic amplification showing faster warming in polar regions

» Temperature rise accelerated in recent decades attributed to increased anthropogenic greenhouse
gas emissions

* Instrumental records combined with proxy data (tree rings, ice cores) provide temperature
reconstructions spanning millennia

Sea level rise

* Global mean sea level rose by about 20 cm since 1900 due to thermal expansion and melting ice
sheets

« Satellite altimetry measurements show acceleration in sea level rise rate since the 1990s
+ Regional variations occur due to ocean currents, wind patterns, and vertical land movements

* Projections indicate potential sea level rise of 0.5-1.0 m by 2100 under high emission scenarios

Extreme weather events

* Increased frequency and intensity of heatwaves observed globally (European heatwave of 2003)
» Changes in precipitation patterns lead to more intense rainfall events and prolonged droughts

* Tropical cyclone intensity likely increased in some ocean basins linked to warmer sea surface
temperatures

« Attribution studies connect specific extreme events to climate change using probabilistic approaches
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Arctic sea ice decline

» September Arctic sea ice extent decreased by approximately 13% per decade since 1979
 Multiyear ice replaced by thinner first-year ice altering Arctic ecosystem and climate dynamics

« Positive feedback loop emerges as darker ocean water absorbs more solar radiation than reflective
ice

* Northwest Passage opens for navigation during summer months impacting global shipping routes

Greenhouse gas emissions

» Atmospheric Physics examines the radiative properties and atmospheric lifetimes of greenhouse
gases

» Understanding emission sources and sinks crucial for developing effective mitigation strategies

» Atmospheric composition changes directly impact Earth's energy balance and climate system

Carbon dioxide sources

* Fossil fuel combustion accounts for approximately 75% of anthropogenic CO2 emissions
* Deforestation and land-use changes contribute about 10-15% of CO2 emissions
* Industrial processes (cement production) release significant amounts of CO2

* Natural sources include volcanic eruptions and respiration from plants and animals

Methane and other gases

* Methane has 28 times the global warming potential of CO2 over a 100-year period
» Major anthropogenic sources include livestock, rice cultivation, and natural gas leaks
* Nitrous oxide primarily from agricultural practices and industrial processes

* Chlorofluorocarbons (CFCs) phased out by Montreal Protocol but replaced by HFCs

Historical emission patterns

» CO2 concentrations increased from 280 ppm in pre-industrial times to over 410 ppm today

+ Rapid increase in emissions since the Industrial Revolution correlates with technological
advancements

* Developed countries historically responsible for majority of cumulative emissions

» Emissions from developing countries surpassed developed countries in the early 21st century

Future emission scenarios

* Representative Concentration Pathways (RCPs) provide standardized emission scenarios for climate
modeling

* RCP2.6 represents aggressive mitigation efforts limiting warming to below 2°C

* RCP8.5 considered "business as usual" scenario with continued high emissions
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» Shared Socioeconomic Pathways (SSPs) incorporate socioeconomic factors into emission projections

Radiative forcing mechanisms

+ Radiative forcing quantifies the change in Earth's energy balance due to climate drivers

» Atmospheric Physics principles essential for understanding how different factors influence radiative
balance

+ Both natural and anthropogenic factors contribute to radiative forcing

Greenhouse effect intensification

* Increased greenhouse gas concentrations trap more outgoing longwave radiation
» CO2 accounts for about 80% of the increased radiative forcing since pre-industrial times
» Water vapor acts as a feedback amplifying warming initiated by other greenhouse gases

« Stratospheric cooling observed as a signature of enhanced greenhouse effect

Albedo changes
« Surface albedo alterations affect the amount of solar radiation reflected back to space
* Deforestation reduces surface albedo in tropical regions increasing absorbed solar radiation
* Snow and ice loss in polar regions creates positive feedback loop amplifying warming

« Urbanization and land-use changes modify local and regional albedo patterns

Aerosol impacts

* Aerosols have both direct (scattering and absorption) and indirect (cloud formation) effects on
radiation

+ Sulfate aerosols from industrial emissions generally have a cooling effect
* Black carbon aerosols from biomass burning and fossil fuel combustion contribute to warming

* Aerosol-cloud interactions remain a significant source of uncertainty in climate models

Climate system feedbacks

* Feedbacks amplify or dampen initial climate perturbations
» Understanding feedback mechanisms crucial for accurate climate sensitivity estimates

» Atmospheric Physics provides framework for analyzing complex interactions within climate system

Water vapor feedback

» Warmer atmosphere holds more water vapor increasing greenhouse effect
* Clausius-Clapeyron relation describes exponential increase in water vapor capacity with temperature
+ Positive feedback loop ampilifies initial warming by about a factor of two

» Changes in atmospheric circulation patterns influence global water vapor distribution

Fiveable archived study guides Page 352



Ice-albedo feedback

* Melting ice and snow expose darker surfaces (land or ocean) decreasing albedo
* Lower albedo leads to increased absorption of solar radiation and further warming
* Particularly important in Arctic regions where sea ice loss accelerates warming

* Potential tipping point if complete summer sea ice loss occurs

Cloud feedback

* Clouds can have both warming (longwave) and cooling (shortwave) effects on climate
* Low clouds generally have a cooling effect while high clouds tend to warm the surface
» Changes in cloud properties (height, coverage, optical depth) impact radiative balance

* Represents largest source of uncertainty in climate sensitivity estimates

Impacts on ecosystems

« Climate change alters environmental conditions affecting species distributions and interactions
» Atmospheric Physics helps predict future climate scenarios crucial for ecosystem management

» Ecosystem changes can create feedbacks affecting atmospheric composition and climate

Biodiversity loss

* Species extinction rates accelerated due to climate change and habitat destruction
» Range shifts and phenological changes disrupt ecological relationships (plant-pollinator)
« Coral reef ecosystems particularly vulnerable to ocean warming and acidification

« Cascading effects through food webs impact ecosystem stability and resilience

Habitat shifts

* Poleward and upslope migrations of species observed in response to warming temperatures
» Biome boundaries shift altering ecosystem composition and functioning
+ Rate of climate change may exceed species' ability to adapt or migrate

* Novel ecosystems emerge as species assemblages reorganize under new climate conditions

Ocean acidification

+» Approximately 25% of anthropogenic CO2 emissions absorbed by oceans lowering pH
» Carbonate ion concentration decreases affecting calcifying organisms (corals, mollusks)
« Impacts marine food webs and ecosystem services (fisheries, coastal protection)

* Potential for abrupt changes if critical thresholds in ocean chemistry crossed
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Human impacts
« Climate change affects various aspects of human society and well-being
» Atmospheric Physics informs risk assessment and adaptation planning for human systems

* Impacts vary regionally with vulnerable populations often disproportionately affected

Agriculture and food security

» Changing precipitation patterns and temperature regimes affect crop yields
* Increased frequency of extreme events (droughts, floods) threatens food production
» CO2 fertilization effect may partially offset negative impacts for some crops

« Shifts in pest and disease distributions create new challenges for agriculture

Water resources

* Altered hydrological cycles impact water availability and quality
* Glacier retreat affects water supply in mountainous regions (Himalayas)
« Sea level rise threatens coastal aquifers through saltwater intrusion

* Increased water demand due to higher temperatures exacerbates water stress

Human health effects

» Heat-related mortality increases especially in urban areas (heat island effect)
* Vector-borne diseases (malaria, dengue) expand into new regions
« Air quality degradation exacerbates respiratory and cardiovascular diseases

» Extreme weather events pose direct risks to human safety and mental health

Economic consequences

* Infrastructure damage from extreme events and sea level rise incurs high costs
« Agricultural productivity changes affect global food markets and prices
« Tourism industry impacted by changing climate conditions (ski resorts, coastal areas)

* Transition to low-carbon economy creates both challenges and opportunities

Climate modeling
» Atmospheric Physics forms the foundation for developing and improving climate models
* Models integrate complex interactions between atmosphere, oceans, land, and cryosphere
« Continuous refinement of models essential for accurate projections and policy decisions
General circulation models

 Three-dimensional representations of Earth's climate system based on physical laws
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* Divide atmosphere and oceans into grid cells to solve equations of motion and thermodynamics
* Incorporate parameterizations for sub-grid scale processes (clouds, turbulence)

+ Coupled models include interactions between different components of climate system

Climate sensitivity

» Measures temperature response to doubling of atmospheric CO2 concentration
* Equilibrium Climate Sensitivity (ECS) represents long-term response including slow feedbacks
* Transient Climate Response (TCR) describes shorter-term response relevant for policy decisions

+ Current estimates range from 1.5°C to 4.5°C for ECS with narrowing of uncertainty ongoing

Model uncertainties

» Parameterizations of small-scale processes introduce uncertainties in model projections
« Internal climate variability complicates detection and attribution of climate change signals
» Ensemble approaches used to quantify uncertainties and improve robustness of projections

+ Challenges remain in representing cloud feedbacks and regional climate changes accurately

Mitigation strategies

» Atmospheric Physics insights crucial for developing effective emission reduction technologies
» Understanding atmospheric processes informs policies to limit radiative forcing

« Mitigation efforts aim to reduce greenhouse gas emissions and enhance carbon sinks

Renewable energy transition

* Solar and wind power technologies rapidly becoming cost-competitive with fossil fuels
* Hydroelectric and geothermal energy provide baseload renewable power options
* Energy storage solutions (batteries, pumped hydro) address intermittency challenges

» Smart grid technologies optimize integration of diverse renewable energy sources

Carbon capture technologies

* Direct air capture removes CO2 directly from atmosphere for storage or utilization
 Carbon capture and storage (CCS) captures emissions from point sources (power plants)
* Bioenergy with carbon capture and storage (BECCS) aims for negative emissions

» Enhanced weathering accelerates natural CO2 absorption by crustal rocks

Land use changes

« Afforestation and reforestation increase carbon sequestration in biomass and soils

* Improved agricultural practices (no-till farming) enhance soil carbon storage
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* Wetland and peatland restoration protect important carbon sinks

« Urban greening initiatives reduce urban heat island effect and sequester carbon

Adaptation measures

» Atmospheric Physics projections guide development of adaptation strategies
» Adaptation aims to reduce vulnerability and increase resilience to climate impacts

« Combination of technological, ecological, and social approaches required

Infrastructure resilience

* Flood defenses and storm surge barriers protect coastal areas from sea level rise
* Heat-resistant materials and designs improve urban infrastructure performance
» Water management systems adapted for changing precipitation patterns

* Energy infrastructure hardened against extreme weather events

Ecosystem-based adaptation

» Mangrove restoration protects coastlines from erosion and storm surges
« Urban green spaces reduce heat island effect and manage stormwater runoff
« Agroforestry practices enhance agricultural resilience to climate variability

* Coral reef restoration maintains ecosystem services under changing ocean conditions

Socioeconomic adaptations

« Diversification of livelihoods reduces vulnerability to climate-related economic shocks
+ Early warning systems for extreme weather events save lives and protect assets
« Climate-smart agriculture practices improve food security under changing conditions

* Managed retreat from high-risk coastal areas reduces long-term vulnerability

International climate policy
» Atmospheric Physics research informs international negotiations and policy decisions
* Global cooperation essential for addressing transboundary nature of climate change

* Policy frameworks aim to balance mitigation, adaptation, and sustainable development

UNFCCC and Paris Agreement

* United Nations Framework Convention on Climate Change (UNFCCC) established in 1992

« Paris Agreement adopted in 2015 aims to limit global warming to well below 2°C above pre-industrial
levels

+ Nationally Determined Contributions (NDCs) outline country-specific climate action plans

* Global stocktake process assesses collective progress towards Paris Agreement goals
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National commitments
» Countries set emission reduction targets aligned with Paris Agreement temperature goals
« Policies include carbon pricing mechanisms (carbon taxes, cap-and-trade systems)
* Renewable energy targets and energy efficiency standards drive low-carbon transitions

» Nature-based solutions incorporated into national climate strategies

Climate finance

* Green Climate Fund supports developing countries in reducing emissions and adapting to climate
change

* Private sector investment in clean technologies accelerated through policy incentives
+ Climate bonds and green bonds provide financing for low-carbon projects

* Loss and damage mechanisms address climate impacts beyond adaptation capabilities

Future projections
» Atmospheric Physics models provide basis for climate projections under various scenarios
* Projections inform long-term planning and risk assessment across sectors

* Uncertainties in projections decrease at larger spatial and temporal scales

Temperature scenarios

+ IPCC projects global mean surface temperature increase of 1.5°C to 4°C by 2100 depending on
emission scenario

» Warming amplified in Arctic regions with potential for 4-8°C increase
* Increased frequency and intensity of heatwaves projected for most land areas

* Urban heat island effect compounds temperature increases in cities

Sea level projections
* Global mean sea level rise of 0.3-1.0 m projected by 2100 under various scenarios
* Potential for multi-meter sea level rise over centuries due to ice sheet dynamics
+ Regional variations in sea level rise due to ocean circulation changes and land movements

* Increased frequency and severity of coastal flooding events expected

Regional climate changes
» Mediterranean region likely to experience increased aridity and drought conditions
* Monsoon systems may intensify leading to more extreme rainfall in South Asia
» Amazon rainforest at risk of potential dieback under high emission scenarios

* Arctic sea ice projected to become ice-free in summer by mid-century
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Unit 8 — Atmospheric Electricity and
Lightning

8.1 Charge separation in clouds

Charge separation in clouds is a fascinating process that shapes atmospheric electricity and lightning
formation. Understanding how charges distribute within clouds provides crucial insights into storm
dynamics and helps improve weather forecasting and lightning prediction models.

The vertical charge structure in clouds typically follows a tripole pattern, with a main negative charge region
sandwiched between positive charges above and below. Horizontally, charge separation occurs due to
complex particle motions within the cloud, creating intricate patterns that influence lightning behavior.

Charge distribution in clouds
+ Charge distribution in clouds plays a crucial role in atmospheric electricity and lightning formation

 Understanding cloud charge structure provides insights into storm dynamics and potential severe
weather development

» Atmospheric physicists study charge distribution to improve weather forecasting and lightning
prediction models

Vertical charge structure

* Typical tripole structure consists of main negative charge region in the middle, with positive charges
above and below

* Negative charge region usually located between -10°C and -25°C isotherms
* Upper positive charge region extends into the anvil region of thunderstorms

* Lower positive charge region often smaller and less consistent than upper regions

Horizontal charge distribution
* Horizontal charge separation occurs due to differential motion of charged particles
« Updrafts and downdrafts create complex horizontal charge patterns within clouds
» Charge pockets can form in different areas of the cloud (core, edges, anvil)

* Horizontal charge distribution influences the location and type of lightning discharges

Mechanisms of charge separation

» Charge separation in clouds results from complex interactions between cloud particles and
atmospheric conditions

 Multiple mechanisms contribute to the overall charge distribution, often operating simultaneously

» Understanding these mechanisms is crucial for accurate modeling of cloud electrification processes
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Inductive charging process

» Occurs when polarized cloud particles collide in the presence of an existing electric field
» Requires pre-existing electric field to initiate the process
« Efficiency increases with particle size and collision frequency

* Contributes to charge separation but not considered the primary mechanism in most clouds

Non-inductive charging process

* Dominant mechanism for charge separation in thunderstorms
* Involves collisions between ice crystals and riming graupel particles
« Charge transfer depends on temperature, liquid water content, and impact velocity

« Sign of charge transfer reverses at the charge reversal temperature (typically around -15°C)

Convective charging mechanism
« Utilizes existing charge layers and cloud dynamics to enhance charge separation
« Updrafts transport charged particles vertically, creating or intensifying charge regions
» Downdrafts can bring oppositely charged particles into proximity, enhancing electric fields

« Contributes to the overall electrical structure of thunderstorms and mesoscale convective systems

Factors influencing charge separation
» Multiple factors affect the efficiency and magnitude of charge separation in clouds
» Atmospheric physicists study these factors to improve understanding of cloud electrification processes

* Interactions between various factors create complex feedback loops in cloud electrical development

Cloud microphysics

* Particle size distribution influences collision rates and charge transfer efficiency
* Presence of supercooled water droplets crucial for riming and non-inductive charging
* Ice crystal habit (shape) affects collision geometry and charge transfer characteristics

+ Concentration of cloud condensation nuclei impacts overall cloud particle population

Temperature gradients

« Vertical temperature profile determines locations of key isotherms for charge separation
* Charge reversal temperature (~-15°C) critical for non-inductive charging process
* Inversions or unusual temperature profiles can lead to atypical charge structures

+ Rate of temperature change with height influences the depth of charge regions
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Updraft strength
« Stronger updrafts support larger particles and enhance collision rates
« Vertical velocity affects the residence time of particles in different temperature regimes
« Updrafts transport charged particles, contributing to vertical charge structure

* Variations in updraft strength create complex charge distributions within storms

Charge carriers in clouds

* Various types of particles act as charge carriers within clouds
* The relative abundance and characteristics of these carriers influence overall charge distribution

* Interactions between different types of charge carriers contribute to complex electrical structures

Ice crystals vs water droplets

* Ice crystals typically carry positive charges in thunderstorms
» Water droplets can carry both positive and negative charges depending on conditions
« Coexistence of ice and water in mixed-phase regions crucial for charge separation

* Supercooled water droplets play a key role in riming processes and charge transfer

Graupel particles

* Serve as primary negative charge carriers in thunderstorms
» Formed by riming of supercooled water droplets on ice crystals or snow
+ Size and growth rate of graupel influence charge acquisition efficiency

« Falling graupel particles contribute to vertical charge separation through differential motion

Aerosols and ions

» Atmospheric aerosols can act as cloud condensation nuclei, influencing cloud particle formation
* lons produced by cosmic rays and radioactive decay contribute to background conductivity
« Aerosol composition can affect the charging characteristics of cloud particles

* High concentrations of certain aerosols may alter cloud electrification processes

Electrical field development

* Electric fields in clouds result from the spatial separation of charges

* Field development is a dynamic process influenced by cloud evolution and particle motions

» Understanding field development is crucial for predicting lightning initiation and propagation
Field strength vs cloud height

« Electric field strength generally increases with height within the cloud
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* Maximum field strengths often observed near the main negative charge region
* Typical fair-weather electric field at ground level ~100 V/m

» Thunderstorm electric fields can exceed 100 kV/m in certain regions of the cloud

Temporal evolution of fields

« Electric fields develop and intensify as charge separation processes progress
* Rapid changes in field strength often precede lightning discharges
« Field recovery occurs after lightning, followed by renewed intensification

« Lifecycle of convective cells influences the temporal patterns of electric field evolution

Measurement techniques

* Various methods employed to study charge distribution and electric fields in clouds
» Each technique offers unique advantages and limitations

« Combination of multiple measurement approaches provides comprehensive understanding

Balloon-borne instruments

* Electric field mills measure vertical component of electric field
* Disposable radiosondes equipped with electric field sensors
* Provide high-resolution vertical profiles of electric field strength

« Limited by one-time use and potential interference from balloon charging

Ground-based sensors

+ Lightning mapping arrays detect VHF radiation from lightning channels
* Electric field mills measure ground-level electric fields
* Doppler radar used to infer charge regions based on particle motions

» Networks of sensors provide spatial and temporal coverage of storm electrical activity

Satellite observations

« Lightning imaging sensors detect optical emissions from lightning
» Geostationary Lightning Mapper (GLM) provides continuous coverage over large areas
» Microwave sensors infer cloud microphysical properties related to electrification

* Global perspective on distribution and frequency of electrified storms

Modeling charge separation

* Numerical models simulate charge separation processes in clouds

» Models range from detailed microphysical simulations to parameterized representations
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« Continuous improvement in modeling techniques enhances our understanding of cloud electrification

Numerical simulation approaches
« Explicit electrification models simulate individual particle collisions and charge transfers
* Bulk charging schemes represent average charge separation rates for particle categories
» Coupled dynamic-microphysics-electrical models capture feedbacks between processes

+ High-resolution simulations provide insights into small-scale charge separation mechanisms

Parameterization in weather models

« Simplified representations of charge separation for use in larger-scale models
» Based on empirical relationships between cloud properties and electrical characteristics
« Often utilize temperature, liquid water content, and vertical velocity as key parameters

 Challenges in accurately representing sub-grid scale electrical processes

Implications for lightning
+ Charge distribution and electric field development directly influence lightning activity
 Understanding these processes crucial for improving lightning forecasting and risk assessment

» Research in this area has important applications for aviation safety and severe weather prediction

Lightning initiation thresholds
* Electric field strength must exceed breakdown threshold for lightning initiation
* Typical breakdown field in clouds ~3 x 1025 V/m at sea level pressure
* Local enhancements of electric field (streamers) can lower initiation threshold

* Presence of hydrometeors further reduces the required field strength for breakdown

Polarity of lightning discharges
» Determined by the charge structure and location of initiation within the cloud
* Negative cloud-to-ground lightning most common in typical storms
* Positive cloud-to-ground lightning often associated with severe weather

« Intracloud lightning polarity depends on the vertical charge structure

Global variations

» Charge separation processes vary across different geographic regions and climate zones

» Understanding these variations important for global lightning climatology and atmospheric electricity
studies

* Regional differences in cloud electrification influence local weather patterns and climate
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Tropical vs midlatitude clouds

* Tropical thunderstorms often have higher cloud tops and more intense updrafts
+ Midlatitude storms frequently associated with frontal systems and have different vertical structures
» Charge reversal temperature may occur at different altitudes due to varying freezing levels

* Tropical electrified clouds contribute significantly to global electrical circuit

Maritime vs continental differences

+ Continental storms typically have stronger updrafts and more intense electrification
 Maritime clouds often have lower cloud bases and different aerosol characteristics
+ Sea salt aerosols in maritime environments can influence cloud particle charging

« Continental regions generally experience higher lightning flash rates than oceanic areas

Climate change impacts

» Changing climate conditions may alter cloud electrification processes
« Potential impacts on global lightning distribution and frequency

» Understanding these changes crucial for future weather prediction and climate modeling

Altered charge separation processes

» Warmer temperatures may shift charge reversal levels higher in the atmosphere
» Changes in atmospheric moisture content could affect supercooled water availability
* Altered aerosol concentrations may influence cloud microphysics and charging efficiency

+ Potential for more intense updrafts in a warmer climate, enhancing charge separation

Frequency of electrified storms

» Some models predict an increase in severe thunderstorm frequency with climate change
* Potential for more frequent lightning in some regions, while others may see decreases
» Changes in storm tracks and intensity could redistribute global lightning patterns

« Implications for wildfire ignition, infrastructure damage, and human safety in changing climate

8.2 Lightning formation

Lightning formation is a complex process driven by electrical charge separation in thunderstorms. It
involves interactions between ice particles, graupel, and supercooled water droplets, leading to the buildup
of electric fields within clouds.

When these fields exceed critical thresholds, lightning is initiated through electron avalanches and leader
formation. Different types of lightning, such as cloud-to-ground and intracloud, result from varied discharge
paths and polarities, each with unique characteristics and implications for atmospheric physics.
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Electrical charge separation

« Electrical charge separation forms the foundation for lightning formation in thunderstorms
» Understanding this process is crucial for predicting and analyzing lightning activity in the atmosphere

» Charge separation involves complex interactions between various cloud particles and atmospheric
conditions

Cloud electrification processes

* Non-inductive charging dominates cloud electrification

* Involves collisions between ice particles in the presence of supercooled water droplets
» Temperature gradient within the cloud influences charge transfer direction

* Rebounding collisions between particles lead to net charge accumulation

* Updrafts and downdrafts in the cloud contribute to charge separation

Ice particle collisions

* Ice crystals and graupel particles collide in mixed-phase regions of clouds
» Smaller ice crystals typically acquire positive charge

« Larger graupel particles tend to acquire negative charge

+ Collision efficiency depends on particle size, shape, and relative velocities

» Temperature and liquid water content affect the charge transfer magnitude

Graupel and ice crystal interactions

* Graupel forms through riming of supercooled water droplets on ice particles

* Serves as the primary charge carrier in thunderstorms

* Descends through the cloud due to its larger size and weight

+ Collides with smaller ice crystals rising in updrafts

» Charge reversal temperature (~-15°C) influences the polarity of charge transfer

« Differential fall speeds between graupel and ice crystals enhance charge separation
Lightning initiation

* Lightning initiation marks the transition from charge accumulation to discharge

» Occurs when electric fields within the cloud exceed critical thresholds

* Involves complex processes of electron avalanches and leader formation

» Understanding initiation mechanisms is crucial for accurate lightning forecasting

Electric field thresholds

« Conventional breakdown requires fields of ~3 x 1076 V/m at sea level
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* Actual observed fields in clouds are typically an order of magnitude lower
* Runaway breakdown theory explains initiation at lower field strengths
» Cosmic rays contribute to the initial ionization process

* Local field enhancements near hydrometeors lower the required threshold

Stepped leader formation

* Negatively charged stepped leader initiates the lightning discharge
* Propagates in discrete steps of ~50 meters

+ Each step lasts for ~1 microsecond

* Branches out in multiple directions as it descends

* Creates an ionized channel connecting the cloud to the ground

+ Stepped leader velocity ranges from 1075 to 10"6 m/s

Return stroke mechanism

* Occurs when the stepped leader approaches the ground

» Upward-moving connecting leader meets the descending stepped leader
* Creates a continuous ionized channel from cloud to ground

» Massive current surge (~30,000 amperes) flows upward

* Heats the channel to temperatures exceeding 30,000 K

* Produces the bright flash and thunder associated with lightning

Types of lightning

* Lightning manifests in various forms depending on the discharge path and polarity
« Each type has unique characteristics and implications for atmospheric physics

» Understanding different lightning types is essential for accurate detection and risk assessment

Cloud-to-ground vs intracloud

* Cloud-to-ground (CG) lightning connects the cloud to the Earth's surface
* Intracloud (IC) lightning occurs entirely within the cloud

* CG lightning poses greater risks to human safety and infrastructure

« IC lightning typically precedes CG lightning in storm development

* IC:CG ratio varies with latitude, season, and storm type

* Total lightning (IC + CG) provides better insight into storm intensity

Positive vs negative discharges

* Negative CG lightning transfers negative charge to the ground
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+ Accounts for ~90% of CG lightning strikes

* Positive CG lightning transfers positive charge to the ground

* Less common but typically more powerful and destructive

* Positive CG often associated with severe weather and sprite formation

* Polarity influences the electromagnetic signature and detection methods

Ball lightning phenomenon

* Rare and poorly understood form of lightning

» Appears as luminous spheres lasting several seconds

* Reported to move horizontally and pass through solid objects

* Theories include vaporized silicon, oxidizing nanoparticles, and microwave cavity formation
« Difficult to study due to its unpredictable and short-lived nature

* Remains a subject of scientific debate and investigation

Lightning detection methods

* Accurate lightning detection is crucial for weather forecasting and safety
* Various techniques are employed to detect and locate lightning discharges

« Combining multiple detection methods enhances coverage and accuracy

Ground-based networks

« Utilize sensors that detect electromagnetic signals from lightning

« Time-of-arrival and magnetic direction finding techniques determine strike location
* National Lightning Detection Network (NLDN) covers the continental United States
+ Detection efficiency varies with sensor density and lightning type

* Provide real-time data for weather services and research applications

 Can detect both cloud-to-ground and some intracloud lightning

Satellite-based observations

* Geostationary Lightning Mapper (GLM) on GOES-R series satellites

* Detects optical emissions from lightning in both day and night

* Provides continuous coverage over a large area (Western Hemisphere)
* Helps track storm development and intensity changes

» Complements ground-based networks for global lightning monitoring

« Useful for detecting lightning in remote or oceanic regions
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Lightning mapping arrays
* Consist of multiple VHF receivers in a local network
* Map the three-dimensional structure of lightning channels
* Provide detailed information on lightning initiation and propagation
« Useful for studying lightning physics and storm electrification processes
* Help distinguish between different types of lightning discharges

« Typically cover smaller areas with high spatial and temporal resolution

Thunderstorm electrification

» Thunderstorm electrification drives the charge separation process
* Involves complex interactions between cloud dynamics and microphysics

» Understanding these processes is key to predicting lightning activity

Convective updrafts

« Strong updrafts transport water vapor and cloud particles upward

* Create mixed-phase regions where ice and supercooled water coexist
» Enhance collision rates between ice particles and graupel

« Contribute to the vertical charge separation within the cloud

+ Updraft strength correlates with the intensity of electrification

* Typically reach speeds of 10-50 m/s in mature thunderstorms

Charge distribution in clouds

* Tripole structure common in mature thunderstorms

* Main negative charge region typically located at -10 to -20°C level

+ Upper positive charge region found above -20°C isotherm

+ Lower positive charge region near the freezing level

* Screening layer of opposite charge often forms at cloud boundaries

 Charge structure can vary with storm type and stage of development

Non-inductive charging mechanism

* Primary mechanism for charge separation in thunderstorms

* Relies on collisions between ice crystals and riming graupel

* Does not require pre-existing electric fields

* Charge transfer direction depends on temperature and liquid water content

« Explains observed charge structures in various types of storms
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* Laboratory experiments have validated this mechanism

Lightning frequency and distribution
« Lightning occurrence varies significantly across the globe
» Understanding these patterns is crucial for climate studies and risk assessment

* Influenced by various geographical and meteorological factors

Global lightning patterns
« Lightning flash rate density highest in tropical and subtropical regions
« African continent experiences the most lightning activity globally
» South America and Southeast Asia also have high lightning frequencies
* Lightning chimney over the Catatumbo River in Venezuela
* Ocean lightning less frequent but still significant in some areas

* Global average of ~44 + 5 lightning flashes per second

Seasonal variations

« Lightning activity peaks during local summer in most regions

» Monsoon seasons greatly influence lightning patterns in Asia

* Spring and fall secondary peaks observed in some mid-latitude areas

» Winter lightning more common in certain coastal and mountainous regions
« El Nifio and La Nina cycles affect global lightning distribution

* Long-term climate changes may alter seasonal lightning patterns

Land vs ocean occurrence

« Lightning occurs ~10 times more frequently over land than oceans

 Land-sea temperature contrast drives convection in coastal areas

» Maritime thunderstorms typically less intense but can produce unique phenomena

* Warm ocean currents can enhance lightning activity in certain regions
« Ship tracks may influence cloud electrification over oceans

« Island effect can locally increase lightning frequency in oceanic areas
Lightning physics
« Lightning involves complex physical processes at various scales

» Understanding these processes is crucial for accurate modeling and prediction

» Spans from microscopic electron interactions to large-scale atmospheric effects
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Plasma channel formation

« Lightning channel consists of highly ionized air (plasma)

« Initial breakdown creates a weakly ionized path

* Stepped leader propagation further ionizes the channel

* Return stroke rapidly heats the channel to ~30,000 K

* Channel diameter expands from ~1 cm to ~10 cm during return stroke

» Subsequent strokes often reuse the existing ionized channel

Electromagnetic radiation emission

« Lightning emits electromagnetic radiation across a wide spectrum

» Radio frequency emissions used for lightning detection and location

* Optical emissions in visible and infrared wavelengths

» X-ray and gamma-ray emissions observed during leader propagation

* Terrestrial gamma-ray flashes associated with upper atmospheric discharges

* Electromagnetic pulse (EMP) can affect electronic systems

Thunder generation

* Rapid heating of lightning channel causes explosive expansion

+ Creates a shock wave that transitions to an acoustic wave

» Thunder can be heard up to ~25 km from the lightning strike

* Low-frequency components of thunder can travel further

* Multiple return strokes and channel tortuosity affect thunder characteristics

» Thunder propagation influenced by atmospheric temperature and wind profiles

Environmental factors

« Various environmental conditions influence lightning formation and characteristics
» Understanding these factors is crucial for accurate forecasting and risk assessment

* Interactions between different environmental factors can lead to complex effects

Temperature and humidity effects

« Higher temperatures generally increase convection and lightning probability
» Humidity provides the moisture necessary for thunderstorm development

* Dry air entrainment can enhance or suppress lightning depending on altitude
* Freezing level height affects the depth of the mixed-phase region

* Inversions can inhibit convection and reduce lightning activity
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* Diurnal temperature variations influence thunderstorm timing and intensity

Atmospheric instability

+ Convective Available Potential Energy (CAPE) correlates with lightning frequency
« Lifted Index and K-Index used to assess lightning potential

» Wind shear influences storm organization and longevity

» Capping inversions can suppress or enhance convection depending on strength

» Mesoscale boundaries (fronts, sea breezes) can trigger thunderstorm development

* Orographic lifting enhances instability in mountainous regions

Aerosol concentration impact
* Aerosols serve as cloud condensation nuclei and ice nuclei
» Can increase or decrease lightning activity depending on concentration
* Urban heat islands and pollution may enhance lightning in some areas
» Smoke from wildfires can suppress or invigorate convection
* Desert dust affects cloud microphysics and electrification processes

* Long-range transport of aerosols influences global lightning patterns

Lightning protection
« Lightning protection is crucial for safeguarding lives and infrastructure
* Involves various strategies to mitigate the risks associated with lightning strikes

« Continuous research and development improve protection technologies

Lightning rods and grounding
* Franklin rod provides a preferential strike point for lightning
» Faraday cage principle used to protect buildings and sensitive equipment
* Proper grounding essential for effective lightning protection
* Surge protection devices safeguard electrical and electronic systems
* Rolling sphere method used to determine protected zones

* Regular maintenance and inspection crucial for system effectiveness

Aircraft lightning protection

« Aircraft often initiate lightning strikes while flying
» Composite materials present unique challenges for protection
» Faraday cage principle applied to aircraft fuselage

« Static dischargers reduce charge buildup during flight

Fiveable archived study guides Page 370



* Fuel tanks and critical systems require special protection measures

« Certification standards ensure aircraft can withstand lightning strikes

Personal safety measures

* "When thunder roars, go indoors" - primary safety rule

+ 30-30 rule: seek shelter if thunder follows lightning within 30 seconds
* Avoid tall objects and open areas during thunderstorms

« Stay away from windows, plumbing, and electrical equipment indoors
* Avoid water activities during thunderstorms

» Wait 30 minutes after the last thunder before resuming outdoor activities

Climate change impacts

« Climate change affects various aspects of lightning activity

» Understanding these impacts is crucial for long-term risk assessment and adaptation

» Complex interactions between climate variables and lightning processes

Lightning frequency projections
* Global warming expected to increase lightning frequency
* Projections suggest ~12% increase per degree Celsius of warming
* Regional variations in lightning changes likely to occur
» Some areas may experience decreased lightning activity
» Changes in storm dynamics and microphysics influence projections

* Uncertainty remains due to complex interactions in the climate system

Wildfire ignition potential
+ Lightning is a significant natural cause of wildfire ignition
* Increased lightning frequency may lead to more wildfire starts
» Changes in precipitation patterns affect fuel moisture and fire susceptibility
* Positive polarity strikes more likely to ignite fires
* Dry thunderstorms pose a particular risk for wildfire ignition

» Feedback loops between wildfires, aerosols, and lightning possible

Atmospheric composition effects

« Lightning produces nitrogen oxides (NOx) in the atmosphere
* NOx influences ozone formation and overall air quality

» Changes in lightning patterns affect global NOx distribution
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* Potential feedbacks between air pollution and lightning activity
* Lightning-produced NOx impacts methane lifetime in the atmosphere

» Understanding these effects crucial for climate and air quality modeling

8.3 Types of lightning

Lightning is a fascinating atmospheric phenomenon that plays a crucial role in energy transfer and
chemical reactions. From cloud-to-ground strikes to rare ball lightning, understanding different types helps
meteorologists predict severe weather and assess potential hazards.

Lightning formation involves complex charge separations in clouds, leading to stepped leaders and
powerful return strokes. Characteristics like duration, temperature, and electromagnetic emissions make
lightning unique, while various detection methods help scientists study its impacts on the environment and
human activities.

Types of lightning

« Lightning plays a crucial role in atmospheric physics by facilitating energy transfer and chemical
reactions in the atmosphere

« Different types of lightning occur due to variations in charge distribution and atmospheric conditions

» Understanding lightning types helps meteorologists predict severe weather patterns and assess
potential hazards

Cloud-to-ground lightning
* Most common and well-known type of lightning
+ Occurs when negatively charged cloud base discharges to positively charged ground
* Typically follows a stepped leader path from cloud to ground
» Can cause significant damage to structures, trees, and electrical systems

* Responsible for majority of lightning-related injuries and fatalities

Intracloud lightning

» Most frequent type of lightning discharge

» Takes place entirely within a single cloud

* Results from charge separation between upper and lower regions of a thundercloud
 Often appears as diffuse flashes or sheet lightning

* Helps meteorologists gauge storm intensity and development

Cloud-to-cloud lightning

» Occurs between two separate charged regions in different clouds
+ Often observed as bright flashes connecting adjacent thunderstorms

» Can span large distances, sometimes exceeding 10 kilometers
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* Indicates complex charge distributions in multi-cell storm systems

* Provides valuable information about storm structure and dynamics

Ground-to-cloud lightning
* Less common type of lightning
« Initiates from tall structures or elevated terrain features
* Propagates upward from ground to meet descending stepped leader
+ Often observed in mountainous regions or near tall buildings

+ Can trigger upward-propagating lightning from other nearby structures

Ball lightning
* Rare and poorly understood atmospheric phenomenon
* Appears as luminous, spherical objects lasting several seconds
* Typically observed during thunderstorms, but can occur in fair weather
* Ranges in size from pea-sized to several meters in diameter
* Theories suggest plasma formations or chemical reactions as possible causes

* Remains an active area of research in atmospheric physics

Lightning formation process

+ Lightning formation involves complex interactions between charged particles within clouds and
between clouds and the ground

* Understanding this process is crucial for predicting lightning occurrence and studying its effects on
atmospheric chemistry

» The formation process encompasses several stages, from initial charge separation to the final
discharge

Charge separation in clouds

* Occurs primarily in cumulonimbus clouds due to strong updrafts

* Ice crystals and graupel particles collide and exchange electrons

« Lighter ice crystals carry positive charges to cloud top

» Heavier graupel particles with negative charges remain in cloud base
* Results in a tripole charge structure within the thundercloud

» Charge separation creates an electric field gradient within the cloud

Stepped leader development

« Initiates when electric field strength exceeds air's breakdown voltage

» Negatively charged plasma channel forms and propagates downward

Fiveable archived study guides Page 373



» Advances in discrete steps, typically 50 meters long
« Each step lasts about 1 microsecond, followed by a 50-microsecond pause
* Branches out in search of optimal path to ground

* Creates ionized path for main lightning discharge to follow

Return stroke mechanism

* Occurs when stepped leader nears ground or tall object

» Upward-moving positively charged leader meets descending stepped leader
+ Connection point determines exact location of lightning strike

» Massive surge of current flows upward through ionized channel

* Produces bright flash and intense heating of air column

 Can reach peak currents of 30,000 amperes or more

Continuing current phase

* Follows initial return stroke in some lightning discharges

* Involves sustained current flow through established lightning channel
* Typically lasts for tens to hundreds of milliseconds

+ Can cause significant heating and damage to struck objects

+ Often responsible for igniting fires in trees or structures

* Important factor in assessing lightning strike severity

Characteristics of lightning

« Lightning exhibits unique physical properties that distinguish it from other atmospheric phenomena

» These characteristics are essential for understanding lightning's impacts on the environment and
human activities

« Studying lightning characteristics helps improve detection methods and safety measures

Duration and intensity

+ Lightning flashes typically last less than a second

* Return stroke phase lasts about 30 microseconds

* Continuing current can extend duration to several hundred milliseconds
* Peak current ranges from 5,000 to 200,000 amperes

* Average lightning strike carries about 20 coulombs of charge

* Multiple return strokes can occur within a single lightning flash
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Temperature and energy release
* Lightning channel can reach temperatures of 30,000 Kelvin
* Hotter than the surface of the sun (5,800 Kelvin)
* Rapid heating causes explosive expansion of air (thunder)
* Energy release ranges from 100 million to 1 billion joules per strike
* Equivalent to detonating several hundred kilograms of TNT

» Generates intense pressure waves and electromagnetic pulses

Electromagnetic spectrum emissions

* Produces emissions across wide range of electromagnetic spectrum

* Visible light results from ionization and recombination of air molecules
» Emits radio waves detectable by lightning detection systems

» Generates X-rays and gamma rays during leader formation

« Infrared emissions indicate heating of air and objects struck

« Ultraviolet radiation produced by corona discharges around lightning channel

Thunder production

* Results from rapid heating and expansion of air in lightning channel

« Creates shock wave that propagates outward as sound wave

« Initial crack sound caused by portion of lightning closest to observer

* Rumbling effect due to sound arriving from different parts of lightning path
» Thunder can be heard up to 25 kilometers away from lightning strike

* Provides valuable information about lightning distance and intensity

Lightning detection methods

+ Accurate lightning detection is crucial for weather forecasting, aviation safety, and scientific research
* Various methods are employed to detect and locate lightning strikes with high precision

» Advances in technology have improved the coverage and accuracy of lightning detection systems

Ground-based detection systems

+ Utilize network of sensors to detect electromagnetic signals from lightning

* Time of arrival (TOA) method measures arrival times at multiple sensors

» Magnetic direction finding (MDF) determines strike location using crossed-loop antennas
» Combines TOA and MDF for improved accuracy (IMPACT method)

+ Can detect cloud-to-ground and some intracloud lightning
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* Provides real-time data for severe weather warnings and power grid management

Satellite-based observations

« Offer global coverage, including remote and oceanic areas

* Geostationary Lightning Mapper (GLM) on GOES satellites detects optical emissions

 Low Earth Orbit (LEO) satellites use radio frequency sensors for detection

» Can observe both cloud-to-ground and intracloud lightning

* Provide valuable data for climate studies and global lightning distribution

» Complement ground-based systems for comprehensive lightning monitoring
Lightning mapping arrays

* Consist of multiple VHF receivers spread over large area

* Detect radio emissions from lightning leader development

* Provide three-dimensional mapping of lightning structure

« Offer insights into lightning initiation and propagation processes

* Useful for studying complex lightning phenomena (sprites, elves)

* Aid in understanding charge distribution within thunderstorms

Effects of lightning
« Lightning impacts various aspects of the environment and human activities
» Understanding these effects is crucial for developing protective measures and assessing risks

* Lightning's influence extends from local ecosystems to global atmospheric processes

Environmental impacts

* Triggers wildfires in forests and grasslands

« Contributes to nitrogen fixation in soil, enhancing plant growth

* Produces ozone and other reactive nitrogen species in the atmosphere
* Alters local magnetic fields and generates electromagnetic pulses

» Can cause localized soil vitrification (fulgurites)

* Influences global atmospheric electric circuit

Biological effects

* Direct strikes can cause severe injuries or fatalities in humans and animals
* Induces cellular damage through electrical current and intense heat
» Can lead to cardiac arrest, burns, and neurological problems

« Affects plant growth and morphology in struck vegetation
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* May influence microbial communities in soil near strike points

* Potential role in evolutionary processes through genetic mutations

Structural damage

« Causes direct physical damage to buildings and infrastructure

« Can ignite fires in structures, leading to extensive property loss

» Damages electrical systems and electronic equipment

* Induces power surges in electrical grids, causing widespread outages
« Affects transportation systems (aircraft, trains, traffic signals)

» Requires specialized protection for critical infrastructure (communication towers, wind turbines)

Electromagnetic interference

* Generates strong electromagnetic pulses (EMP)

* Disrupts radio and television broadcasts

* Interferes with GPS and other navigation systems

» Can cause data loss or corruption in electronic devices

+ Affects sensitive scientific instruments and measurements

» Requires shielding and surge protection for vulnerable equipment

Lightning safety
+ Lightning poses significant risks to human safety and property
» Implementing effective safety measures can greatly reduce lightning-related injuries and fatalities

 Education and awareness play crucial roles in lightning risk mitigation

Risk assessment

+ Consider local climate and lightning frequency

+ Evaluate outdoor activities and their duration

* Assess proximity to tall structures or open areas
 Account for availability of safe shelter options

« Consider special risks (metal equipment, water activities)

« Use lightning detection apps or services for real-time information

Protective measures

« Install lightning protection systems on buildings
* Use surge protectors for electronic devices

* Avoid using corded phones or electrical appliances during storms
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« Stay away from windows, doors, and metal objects indoors
+ Unplug sensitive equipment if possible

* Implement lightning safety plans for outdoor events and activities

30-30 rule

» Count seconds between lightning flash and thunder

* Seek shelter if time is 30 seconds or less (lightning within 10 km)

» Wait 30 minutes after last thunder before resuming outdoor activities
* Provides simple guideline for assessing lightning danger

* Applicable in most situations without specialized equipment

* Encourages proactive safety measures before storm arrives

Indoor vs outdoor safety

« Indoors offers significantly better protection than outdoors

+ Substantial buildings with plumbing and wiring are safest

* Avoid small structures (picnic shelters, dugouts) and open vehicles
« If caught outdoors, avoid tall objects and open areas

+ Seek low-lying areas if no safe indoor location is available

* In groups, spread out to reduce multiple casualty risk

Global lightning distribution
« Lightning occurrence varies significantly across the globe
* Understanding this distribution is crucial for climate studies and risk assessment

« Patterns of lightning activity provide insights into atmospheric dynamics and energy transfer

Lightning hotspots
 Lake Maracaibo in Venezuela experiences highest lightning frequency
» Congo Basin in Africa has extensive lightning activity
» Himalayan foothills in India and Bangladesh see frequent lightning
* Florida in the United States known as "lightning capital" of North America
+ Singapore has one of the highest lightning rates for a country

* Malacca Strait between Malaysia and Indonesia experiences intense lightning

Seasonal variations

« Lightning activity generally peaks during warmer months

* Tropical regions experience lightning year-round with less seasonality
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» Mid-latitudes see strong summer maximum in lightning occurrence
» Monsoon seasons greatly influence lightning patterns in affected regions
» Some areas experience secondary peaks during transition seasons

* Winter lightning less common but can be severe (winter thunderstorms)

Climate change effects

* Potential increase in global lightning frequency with warming climate

« Shifts in geographical distribution of lightning-prone areas

» Changes in intensity and duration of lightning seasons

* Possible impacts on wildfire ignition rates in vulnerable regions

* Alterations in nitrogen oxide production affecting atmospheric chemistry

» Feedback mechanisms between lightning, climate, and vegetation patterns
Lightning in atmospheric physics
« Lightning plays a multifaceted role in atmospheric processes

« Studying lightning provides insights into energy transfer and chemical reactions in the atmosphere

» Understanding these processes is crucial for climate modeling and weather prediction

Role in global circuit

» Maintains Earth's global electrical circuit

» Generates upward current flow from thunderstorms to ionosphere
+ Balances fair-weather current flowing from ionosphere to ground
* Influences ionospheric potential and atmospheric conductivity

+ Contributes to charge separation in non-thunderstorm clouds

+ Affects propagation of radio waves in Earth-ionosphere waveguide

Nitrogen fixation

» Converts atmospheric nitrogen (N2) into reactive nitrogen species

* Produces nitric oxide (NO) through high-temperature reactions

« Contributes to formation of nitric acid (HNOs) in precipitation

» Enhances soil fertility through nitrogen deposition

* Influences biogeochemical cycles in terrestrial and aquatic ecosystems

* Accounts for significant portion of natural nitrogen fixation

Ozone production

» Generates ozone (Os) through electrical discharges
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+ Contributes to tropospheric ozone formation

« Affects local air quality and oxidation capacity of atmosphere

* Influences vertical distribution of ozone in troposphere

* Interacts with other trace gases (NOx, VOCs) in complex chemical reactions

* Impacts radiative balance and climate through ozone's greenhouse effect

Sprite and elve phenomena

« Triggers upper atmospheric transient luminous events (TLEs)

* Sprites occur above thunderstorms, extending up to ionosphere

* Elves appear as expanding rings of light at lower edge of ionosphere
* Provide insights into coupling between lower and upper atmosphere
« Influence ionospheric chemistry and electron density

« Serve as indicators of powerful lightning discharges

Lightning research

« Lightning research encompasses various scientific disciplines
» Ongoing studies aim to improve understanding of lightning physics and its impacts

» Advancements in technology and modeling drive progress in lightning science

Current scientific questions

» Mechanisms of lightning initiation in thunderclouds

* Role of cosmic rays in triggering lightning discharges

* Factors influencing positive vs negative cloud-to-ground lightning

* Relationship between lightning activity and severe weather development
+ Long-term trends in global lightning distribution and frequency

* Impacts of aerosols and pollution on lightning characteristics

Observation techniques

* High-speed video cameras for detailed lightning structure analysis
* Lightning mapping arrays for 3D visualization of lightning channels
+ Instrumented rockets for triggering and studying lightning

+ Balloon-borne electric field meters for in-situ measurements

* Acoustic and infrasound detection of lightning-generated waves

» Unmanned aerial vehicles (UAVSs) for close-range lightning observations
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Modeling and simulation
* Numerical models of charge separation in thunderclouds
» Computational fluid dynamics simulations of lightning channel development
+ Electromagnetic models of lightning-generated radio emissions
+ Climate models incorporating lightning parameterizations
« Statistical models for lightning prediction and risk assessment

» Machine learning approaches for lightning detection and classification

Future research directions
* Improved understanding of ball lightning formation and behavior
» Development of more accurate long-range lightning forecasting methods
* Investigation of lightning's role in atmospheric chemistry and climate
+ Exploration of lightning on other planets and exoplanets
« Advancements in lightning protection technologies

* Integration of lightning data into severe weather warning systems

8.4 Thunder

Thunder is the auditory component of lightning, providing crucial insights into atmospheric electrical
phenomena. It results from rapid air expansion caused by lightning strikes, creating shock waves that
transition into sound waves as they propagate through the atmosphere.

Understanding thunder helps meteorologists track storms, predict severe weather, and study energy
transfer in the atmosphere. Its characteristics, such as frequency and duration, offer valuable information
about storm intensity and distance, contributing to public safety and atmospheric research.

Definition of thunder

» Thunder represents the acoustic manifestation of lightning discharges in the atmosphere
* Plays a crucial role in understanding electrical phenomena within storms and cloud systems

* Provides valuable insights into the energy transfer processes occurring during atmospheric
disturbances

Physical characteristics of thunder
* Loud, rumbling sound produced by rapid air expansion caused by lightning
* Frequency range typically between 20 Hz and 120 Hz
* Duration varies from sharp, brief claps to extended rolling sounds lasting several seconds
* Intensity decreases with distance from the lightning strike

 Can travel up to 10 miles (16 km) from its source under favorable conditions
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Thunder vs lightning
» Thunder serves as the auditory component of a lightning event
* Lightning represents the visual manifestation of electrical discharges

» Thunder follows lightning due to the difference in speed between light and sound

* Time delay between lightning and thunder helps estimate storm distance (5 seconds = 1 mile)

« Lightning can occur without audible thunder (heat lightning)

» Thunder never occurs without an associated lightning strike

Formation of thunder

Rapid air expansion
« Lightning channel heats surrounding air to temperatures up to 50,000°F (27,760°C)
» Extreme heat causes air to expand explosively at supersonic speeds
» Expansion creates a pressure wave that propagates outward from the lightning channel
« Initial expansion occurs within milliseconds of the lightning strike

» Air molecules in the channel collide violently, contributing to the sound production

Shock wave creation

* Supersonic expansion of air forms a cylindrical shock wave

» Shock wave initially travels faster than the speed of sound

« As it propagates, the shock wave decelerates to the speed of sound

» Shock wave front contains a sharp increase in pressure, temperature, and density

* Energy of the shock wave dissipates as it moves away from the source

Sound wave propagation

» Shock wave transitions into a sound wave as it slows to the speed of sound

» Sound waves travel at approximately 343 m/s (1,235 km/h) at sea level and 20°C

» Atmospheric conditions affect the speed and direction of sound wave propagation
* Refraction of sound waves can occur due to temperature inversions or wind shear

 Low-frequency components of thunder can travel further than high-frequency components

Types of thunder

Claps and peals
+ Claps characterized by sharp, sudden bursts of sound

+ Often associated with close proximity lightning strikes

Fiveable archived study guides

Page 382



* Peals involve longer duration sounds with varying intensity
« Claps and peals can occur in rapid succession during intense thunderstorms

* Intensity and duration influenced by the lightning channel's length and tortuosity

Rolling thunder
* Prolonged, rumbling sound that seems to move across the sky
» Caused by sound waves reflecting off various surfaces (clouds, terrain)
+ Multiple lightning strikes within a short time can contribute to rolling effect
* Duration can extend up to 30 seconds or more

* Often associated with distant thunderstorms or complex storm systems

Rumbling thunder
* Low-frequency, continuous sound lasting several seconds
* Typically heard from more distant lightning strikes
* Results from the attenuation of high-frequency components over long distances
» Can be mistaken for other low-frequency sounds (heavy machinery, explosions)

* Provides information about storm intensity and movement when observed over time

Factors affecting thunder

Distance from lightning strike

» Sound intensity decreases with increasing distance from the source

« High-frequency components attenuate more rapidly than low-frequency components
» Thunder becomes inaudible beyond approximately 10 miles (16 km) from the strike
« Distance affects the perceived duration and character of the thunder sound

« Time delay between lightning and thunder increases with distance (5 seconds = 1 mile)

Atmospheric conditions

» Temperature inversions can cause sound waves to refract and travel further
+ Wind direction and speed influence the propagation of sound waves

* Humidity affects sound absorption, with higher humidity reducing attenuation
« Air pressure variations can impact the speed of sound propagation

* Presence of precipitation (rain, hail) can alter the perceived sound of thunder

Terrain and topography

* Mountains and hills can reflect or absorb sound waves, altering thunder perception
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* Valleys and canyons may amplify or focus thunder sounds
+ Urban environments with tall buildings can create complex sound reflection patterns
« Large bodies of water can enhance sound propagation over long distances

* Dense forests can attenuate high-frequency components of thunder

Measurement and detection

Thunder detection methods

* Acoustic sensors (microphones) designed to detect low-frequency sounds

« Infrasound detectors capable of sensing sub-audible frequencies associated with thunder
+ Lightning detection networks that infer thunder occurrence from lightning data

* Doppler radar systems used to identify thunderstorm structures and intensity

« Satellite-based lightning imagers that provide global coverage of thunderstorm activity

Range estimation techniques

* Flash-to-bang method: counting seconds between lightning and thunder (5 seconds = 1 mile)
« Triangulation using multiple acoustic sensors to pinpoint thunder source

« Time-of-arrival differences between multiple detectors to calculate storm distance

* Integration of lightning detection data with acoustic measurements for improved accuracy

» Machine learning algorithms applied to thunder recordings for source localization

Thunder in atmospheric physics

Relationship to electrical discharges

» Thunder serves as an indicator of electrical activity within storms

* Provides information about the intensity and frequency of lightning discharges

* Helps in understanding the charge separation processes in thunderclouds

« Contributes to the study of atmospheric electricity and ionosphere-troposphere coupling

+ Aids in investigating the role of aerosols and particulates in lightning initiation

Energy transfer processes

» Thunder represents the acoustic manifestation of energy released by lightning

» Approximately 1% of lightning energy converted into acoustic energy (thunder)

* Remaining energy dissipated as heat, light, and electromagnetic radiation

« Study of thunder helps quantify the total energy released during lightning events

* Contributes to understanding the overall energy balance in thunderstorms
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Effects of thunder

Acoustic impact on environment

» Can cause temporary hearing loss or discomfort in humans and animals

* May trigger avalanches or landslides in unstable terrain

« Vibrations from thunder can affect sensitive scientific instruments or equipment
* Potential to cause structural damage to buildings in extreme cases

* Influences animal behavior, particularly in wildlife and domesticated animals

Psychological effects on humans

« Can induce fear, anxiety, or excitement in individuals

» May trigger post-traumatic stress responses in some people

« Often associated with childhood fears and phobias (astraphobia)
* Used in various cultures for spiritual or religious significance

+ Can create a sense of awe or wonder, inspiring artistic and literary works

Thunder myths and folklore

Cultural interpretations

» Ancient Norse mythology attributed thunder to Thor's hammer strikes

» Greek mythology associated thunder with Zeus, the king of gods

* Native American cultures often viewed thunder as a powerful spirit or deity
» Some African traditions consider thunder as the voice of ancestors or spirits

* In Japanese folklore, thunder gods (raijin) were believed to create thunder sounds

Scientific explanations vs myths

» Myth: Thunder is caused by clouds colliding - actually results from rapid air expansion

* Folklore: Thunder is the sound of angels bowling - scientifically explained by lightning

« Superstition: Thunder sours milk - no scientific evidence to support this claim

« Belief: Thunder can strike people directly - lightning is the actual dangerous component

» Misconception: Thunder and lightning occur simultaneously - sound travels slower than light

Applications in meteorology

Storm tracking

* Used in conjunction with lightning detection to map thunderstorm movement

* Helps meteorologists identify the most electrically active parts of a storm
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* Contributes to understanding storm structure and intensity evolution
+ Aids in differentiating between single-cell, multi-cell, and supercell thunderstorms

* Supports the development and improvement of numerical weather prediction models

Severe weather prediction

* Rapid increases in thunder frequency can indicate storm intensification

* Helps identify potential for tornadoes, large hail, or damaging winds

+ Used to validate and refine severe thunderstorm warning criteria

+ Contributes to the development of machine learning algorithms for storm prediction

 Supports public safety by providing early warning of approaching severe weather

Safety considerations

Lightning safety guidelines
» Seek shelter in a substantial building or hard-topped vehicle when thunder is heard
» Wait 30 minutes after the last thunder before resuming outdoor activities
* Avoid open areas, hilltops, and isolated tall objects during thunderstorms
« Stay away from water bodies and wet items, as water conducts electricity

* Unplug electronic devices and avoid using corded phones during thunderstorms

Thunder as warning system

+ Serves as a natural alert system for approaching or ongoing thunderstorms

* Helps individuals make informed decisions about outdoor activities

* Used in conjunction with lightning detection systems for public safety warnings

« Contributes to the effectiveness of outdoor event management and safety protocols

* Supports the development of personal thunder detection devices for individual use

8.5 Global electric circuit

The global electric circuit is a complex system connecting Earth's atmosphere, ionosphere, and
magnetosphere. It facilitates the continuous flow of electric current between the planet's surface and upper
atmosphere, playing a crucial role in atmospheric electricity and weather patterns.

Key components include the ionosphere, thunderstorms as generators, and fair weather regions. The
circuit involves charge separation mechanisms, electric field distribution, and current flow patterns.
Understanding these elements helps explain atmospheric phenomena and their impacts on weather and
climate.

Components of global electric circuit

* Global electric circuit encompasses Earth's atmosphere, ionosphere, and magnetosphere
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* Facilitates continuous flow of electric current between Earth's surface and upper atmosphere

* Crucial for understanding atmospheric electricity and its impact on weather patterns

lonosphere and magnetosphere
+ lonosphere forms conductive layer 60-1000 km above Earth's surface
« Contains ionized particles created by solar radiation and cosmic rays
* Magnetosphere extends beyond ionosphere, shaped by Earth's magnetic field

* Acts as protective shield against solar wind and cosmic radiation

Thunderstorms as generators

* Function as primary generators in global electric circuit
* Separate electrical charges within cloud structure
* Produce upward currents that maintain potential difference between Earth and ionosphere

» Generate approximately 1000-2000 thunderstorms active globally at any given time
Fair weather regions

* Areas without active thunderstorms or electrified clouds

* Exhibit downward flow of electric current from ionosphere to Earth's surface

» Maintain balance in global electric circuit by completing current loop

+ Characterized by relatively constant electric field of about 100 V/m near ground level
Charge separation mechanisms

Convection in thunderclouds

+ Updrafts and downdrafts within thunderclouds create charge separation
« Lighter ice crystals carried upward become positively charged
* Heavier graupel particles fall and acquire negative charge

* Results in tripole charge structure (positive top, negative middle, small positive bottom)

Ice crystal interactions
* Collisions between ice particles in mixed-phase regions of clouds
» Smaller ice crystals tend to acquire positive charge
* Larger ice particles or graupel become negatively charged
» Temperature and liquid water content influence charge transfer efficiency

Cosmic ray ionization

* High-energy particles from space create ion pairs in atmosphere
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* lonization rate varies with altitude, peaking at about 15 km
+ Contributes to background conductivity of atmosphere

* Influences fair weather electric field and current density

Electric field distribution

Vertical profile in atmosphere

* Electric field strength decreases exponentially with altitude
« Strongest near Earth's surface, typically 100-150 V/m in fair weather
* Reverses direction at about 50-60 km altitude

» Becomes nearly constant in ionosphere

Diurnal variations
* Global electric field exhibits 24-hour cycle known as Carnegie curve
e Minimum around 03:00-04:00 UTC, maximum around 19:00-20:00 UTC
* Reflects global thunderstorm activity and ionospheric potential variations

» Amplitude of diurnal variation about 20% of mean value

Latitudinal differences

« Electric field strength generally higher at mid-latitudes
* Lower values observed near equator due to increased thunderstorm activity
+ Polar regions show complex patterns influenced by solar wind and magnetosphere

» Seasonal variations more pronounced at higher latitudes

Current flow patterns

Upward currents from thunderstorms

* Convective currents carry positive charge upward in thundercloud updrafts
« Lightning discharges contribute to upward current flow
* Total upward current estimated at 1000-2000 amperes globally

+ Maintain ionospheric potential of 200-300 kV relative to Earth's surface

Downward fair weather currents

 Steady downward flow of positive charge in fair weather regions
+ Current density typically 2-3 pA/m? near Earth's surface
+ Balances upward currents from thunderstorms and other generators

* Influenced by local aerosol concentration and atmospheric conductivity
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Horizontal currents in ionosphere

» Dynamo currents driven by atmospheric tides and solar heating
 Equatorial electrojet flows eastward along magnetic equator
* Auroral electrojets flow in high-latitude regions

« Contribute to global magnetic field variations observed on Earth's surface

Measurement techniques

Ground-based electric field meters

* Measure vertical electric field near Earth's surface
* Field mill sensors use rotating shutter to induce alternating current
» Require careful site selection to minimize local disturbances

* Provide continuous monitoring of fair weather electric field variations

Balloon-borne conductivity probes

* Measure atmospheric conductivity at various altitudes
» Use Gerdien condensers to determine positive and negative ion concentrations
« Allow vertical profiling of electrical properties up to 30-35 km altitude

* Help validate theoretical models of atmospheric electricity

Satellite observations

* Provide global coverage of electric and magnetic field distributions
* Measure ionospheric potential and current systems
+ Detect lightning activity on global scale (OTD, LIS instruments)

* Monitor solar wind parameters and magnetospheric conditions

Global circuit variations

Seasonal changes

* Northern Hemisphere thunderstorm activity peaks in summer
» Southern Hemisphere shows less pronounced seasonal variation
* Global electric field generally stronger in Northern Hemisphere winter

* Reflect changes in global generator (thunderstorm) distribution

Solar cycle effects

* 11-year solar cycle modulates cosmic ray flux reaching Earth

+ Solar maximum reduces cosmic ray ionization in lower atmosphere
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* Influences fair weather conductivity and electric field strength

» May affect global lightning frequency and distribution

Climate change impacts
+ Potential increase in thunderstorm frequency and intensity
» Changes in atmospheric composition affect conductivity profile
* Altered circulation patterns may modify global electric field distribution

* Long-term monitoring required to assess climate change effects on global circuit
Atmospheric conductivity

lon production and loss
* Primary ion production by cosmic rays and radioactive decay from Earth
» Secondary ionization by energetic particles in thunderstorms
* lon-ion recombination and ion-aerosol attachment as loss processes

» Balance between production and loss determines local ion concentration

Altitude dependence
» Conductivity increases exponentially with altitude
* Near-surface values typically 107** S/m
» Reaches about 1077 S/m at 60 km altitude

» Rapid increase in ionosphere due to solar UV ionization
Aerosol effects

* Aerosols act as sinks for atmospheric ions

* Reduce air conductivity, especially in polluted regions

* Influence vertical electric field profile and current density

« Vary with location, altitude, and atmospheric conditions

Lightning in global circuit

Types of lightning discharges
* Cloud-to-ground (CG) lightning transfers charge between cloud and Earth
* Intracloud (IC) lightning occurs within single cloud or cloud system

* Cloud-to-air discharges extend from cloud to clear air

+ Gigantic jets connect thunderstorms to ionosphere
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Charge transfer processes

« Stepped leader propagates charge downward in CG lightning
* Return stroke rapidly transfers charge upward, neutralizing leader channel
+ Continuing currents maintain charge flow after initial return stroke

* Multiple stroke sequences common in single lightning flash

Global lightning distribution

* Lightning concentrated over tropical landmasses
* Africa, South America, and Maritime Continent as major lightning hotspots
+ Diurnal and seasonal variations in lightning activity

* Global flash rate estimated at 40-100 flashes per second

Coupling with other systems

Influence on cloud physics
« Electric fields affect droplet collision-coalescence processes
» May enhance ice crystal formation and growth in mixed-phase clouds
+ Contribute to precipitation development and intensity

* Potential feedback between electrification and cloud dynamics

Interactions with space weather

« Solar wind variations modulate ionospheric potential
» Geomagnetic storms perturb global electric circuit
* Energetic particle precipitation enhances ionization at high latitudes

 Coupling between magnetosphere and ionosphere affects current systems

Links to atmospheric chemistry

* Lightning produces nitrogen oxides (NOXx) in upper troposphere
» Electric fields influence ion-induced nucleation of aerosols
* Potential effects on ozone chemistry and greenhouse gas concentrations

* Electrical processes may impact formation and transport of atmospheric oxidants

Applications and implications

Weather modification potential

* Hypothetical manipulation of charge distribution to influence cloud processes

+ Challenges in scaling laboratory results to real atmospheric conditions
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« Ethical and legal considerations for intentional weather modification

» Need for comprehensive understanding of atmospheric electricity-cloud interactions

Atmospheric electricity hazards

+ Lightning strikes pose risk to human safety and infrastructure
« Aircraft charging and potential for triggered lightning in flight
* Electrostatic discharge hazards in industrial processes

« Interference with electronic systems and communications

Biological effects of electric fields

« Potential influence on plant growth and development
« Effects on insect behavior and navigation
* Hypothesized links to animal migration patterns

« Consideration of long-term exposure to fair weather electric fields in human health studies

8.6 Sprites and other upper atmospheric discharges

Upper atmospheric discharges are electrical phenomena occurring above thunderstorms. These events,
including sprites, blue jets, elves, and gigantic jets, transfer energy between atmospheric layers and impact
global electrical circuits. Understanding them provides insights into atmospheric physics and potential
climate interactions.

Sprites, the most common type, appear as reddish-orange tendrils at 50-90 km altitudes. They last
milliseconds and often occur in clusters. Blue jets, elves, and gigantic jets have distinct characteristics,
altitudes, and durations. These phenomena reveal complex interactions between Earth's atmosphere and
electrical processes.

Types of upper atmospheric discharges

» Upper atmospheric discharges encompass various electrical phenomena occurring above
thunderstorms in Earth's atmosphere

* These discharges play crucial roles in energy transfer between different atmospheric layers and
impact global electrical circuits

* Understanding these phenomena provides insights into atmospheric physics, chemistry, and potential
climate interactions

Sprites vs blue jets

« Sprites occur at higher altitudes (50-90 km) characterized by reddish-orange tendrils extending
upward

* Blue jets propagate from cloud tops to about 40 km altitude with a distinctive blue color
« Sprites typically last for milliseconds while blue jets can persist for several hundred milliseconds

« Sprites often appear in clusters while blue jets tend to be more isolated events
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Elves and halos

* Elves (Emission of Light and Very Low Frequency perturbations due to Electromagnetic Pulse
Sources) manifest as rapidly expanding rings at altitudes around 100 km

* Halos appear as diffuse reddish glows at altitudes of 70-80 km, often preceding or accompanying
sprites

* Elves last for less than a millisecond while halos can persist for several milliseconds

» Both phenomena result from electromagnetic pulses generated by lightning strokes
Gigantic jets

* Gigantic jets bridge the gap between tropospheric thunderstorms and the ionosphere, reaching
altitudes of 70-90 km

» They exhibit a tree-like structure with a blue trunk transitioning to red at higher altitudes
« Gigantic jets transfer large amounts of charge from the troposphere to the ionosphere

» These events are relatively rare compared to other upper atmospheric discharges

Physical characteristics of sprites

Morphology and structure

* Sprites typically consist of a bright head region followed by tendrils extending both upward and
downward

* The overall shape can vary from columnar to carrot-like structures
* Sprite clusters can cover horizontal areas of up to 50 km in diameter

* Fine-scale filamentary structures within sprites have diameters of 10-100 meters

Color and luminosity

» Dominant red color results from nitrogen molecular emissions in the first positive band
* Blue hues occasionally observed in the lower portions due to ionized molecular nitrogen
* Sprite brightness can range from 10 to 100 kR (kilorayleigh)

* Luminosity varies with altitude, peaking around 65-75 km

Temporal evolution

« Sprite initiation occurs within a few milliseconds after the parent lightning stroke
* The bright head region develops first, followed by the downward-propagating tendrils
* Total sprite duration typically ranges from 10 to 100 milliseconds

» Secondary sprite events, called afterglows, can occur in the same region within seconds of the initial
sprite
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Formation mechanisms

Quasi-electrostatic field theory

 Explains sprite formation through the buildup and relaxation of electric fields above thunderstorms

» Charge moment changes in the underlying lightning create transient electric fields at mesospheric
altitudes

* When the field exceeds the local breakdown threshold, it initiates electron avalanches and streamer
formation

* This theory accounts for the observed time delay between lightning and sprite initiation

Electromagnetic pulse theory
« Attributes sprite triggering to the electromagnetic pulse (EMP) generated by lightning return strokes
» The EMP propagates upward and creates a region of enhanced electric field in the lower ionosphere
* This enhanced field can initiate electron avalanches and subsequent sprite formation

 Explains the rapid formation of elves and the upper portions of sprites

Runaway electron breakdown

* Involves the acceleration of high-energy electrons in the presence of strong electric fields

» These runaway electrons collide with atmospheric molecules, producing secondary electrons and
initiating avalanches

* The process can occur at lower electric field strengths compared to conventional breakdown

» May contribute to the initial stages of sprite formation and the production of X-rays associated with
sprites

Sprite triggering conditions

Relationship to lightning
« Sprites typically associated with positive cloud-to-ground (+CG) lightning strokes
» Charge moment change of the parent lightning crucial for sprite initiation (typically >300 C km)
* Time delay between lightning and sprite varies from a few to tens of milliseconds

 Multiple sprites can be triggered by a single lightning stroke

Meteorological factors

* Sprites predominantly occur above mature mesoscale convective systems (MCS)
« Stratiform precipitation regions of MCS provide favorable conditions for sprite production
+ Cloud top temperatures and heights correlate with sprite occurrence probability

 Convective available potential energy (CAPE) influences the likelihood of sprite-producing storms
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lonospheric conditions
* Lower ionospheric electron density affects sprite initiation and morphology
« Sporadic E layers can inhibit sprite formation by screening out the quasi-electrostatic field
« Variations in the D-region of the ionosphere impact sprite characteristics and occurrence rates

* Solar activity and geomagnetic conditions modulate ionospheric properties relevant to sprite formation

Observation techniques

Ground-based optical methods

* Low-light video cameras with image intensifiers capture sprite emissions
» Photometers provide high-temporal resolution measurements of sprite luminosity
* Spectroscopic observations reveal the molecular species involved in sprite emissions

* Triangulation techniques using multiple camera sites determine sprite altitudes and spatial extents

Satellite observations

» Space-based imagers on satellites (ISUAL, GLIMS) provide global coverage of sprite occurrences
« Limb observations allow for vertical profiling of sprite structures

+ Satellite measurements complement ground-based observations by covering oceanic and remote
regions

+ Detection of sprite-induced perturbations in the ionosphere using radio occultation techniques

Radio frequency detection
* VLF (Very Low Frequency) radio receivers detect electromagnetic signatures associated with sprites

* ELF (Extremely Low Frequency) observations provide information on the charge moment changes of
sprite-producing lightning

» Broadband HF (High Frequency) measurements capture the impulsive radio emissions from sprite
streamers

+ Lightning mapping arrays help correlate sprite occurrences with specific lightning events
Global distribution of sprites

Geographical patterns
* Sprites occur most frequently over continental regions with high lightning activity
* Hotspots include the Great Plains of North America, Central Africa, and South America
+ Oceanic sprite occurrences less common but observed over marine storm systems

« Latitudinal distribution shows a preference for mid-latitude and tropical regions
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Seasonal variations

« Sprite activity follows the seasonal migration of thunderstorm activity
 Northern Hemisphere experiences peak sprite occurrence during summer months (June-August)
» Southern Hemisphere sprite maximum occurs during austral summer (December-February)

» Some regions (Central Africa) show less pronounced seasonal variations due to year-round
thunderstorm activity

Diurnal cycle

* Sprite occurrence generally peaks during nighttime hours
« Afternoon to evening transition period shows increased sprite activity in many regions
« Diurnal patterns vary with geographical location and local thunderstorm climatology

+» Observations biased towards nighttime due to easier optical detection in darkness

Effects on atmospheric chemistry

Nitrogen oxide production

« Sprites generate significant amounts of nitric oxide (NO) and nitrogen dioxide (NOZ2) in the
mesosphere

» NOx production rates estimated at 10727 to 10228 molecules per sprite event
* These nitrogen oxides can persist for hours to days in the upper atmosphere

* Potential impact on ozone chemistry and energy balance in the mesosphere and lower thermosphere

Ozone depletion potential

* Sprite-produced NOXx participates in catalytic ozone destruction cycles
* Local ozone depletion of up to 15% possible in active sprite regions
* Long-term effects on global ozone budget still under investigation

* Interaction between sprite-induced chemistry and solar-driven processes affects ozone dynamics

lonization of upper atmosphere

* Sprites create localized regions of enhanced ionization in the mesosphere and lower ionosphere
* Electron densities in sprite streamers can reach 1046 to 108 cm”-3
* lonization effects can persist for several minutes after the sprite event

* Potential impact on radio wave propagation and atmospheric electrical properties
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Sprites in planetary atmospheres

Jovian sprites

* Theoretical predictions suggest sprite occurrence in Jupiter's upper atmosphere

« Differences in atmospheric composition and pressure profiles affect potential Jovian sprite
characteristics

« Lightning observations by spacecraft (Voyager, Galileo, Juno) provide context for possible sprite
activity

* Challenges in direct observation due to Jupiter's bright dayside and limitations of current instruments

Venusian electrical discharges

» Ongoing debate about the existence of lightning on Venus
« If present, Venusian lightning could potentially trigger sprite-like phenomena
« Differences in atmospheric chemistry (CO2-dominated) would result in unique emission spectra

* Future missions with enhanced detection capabilities needed to confirm Venusian upper atmospheric
discharges

Potential for exoplanetary sprites

* Theoretical models suggest the possibility of sprite-like phenomena on exoplanets with Earth-like
atmospheres

« Variations in planetary magnetic fields, atmospheric composition, and pressure profiles would
influence sprite characteristics

+ Detection of exoplanetary sprites could provide insights into atmospheric properties and electrical
activity

+ Challenges in observation due to the small scale and transient nature of sprite events

Research challenges and future directions

Improved detection methods

» Development of more sensitive optical instruments for ground-based and space-based sprite
detection

« Implementation of multi-spectral imaging techniques to better characterize sprite emissions
» Advancement in radio detection methods to capture sprite-associated electromagnetic signatures

* Integration of machine learning algorithms for automated sprite identification and classification

Modeling and simulation

* Refinement of 3D sprite initiation and propagation models incorporating detailed plasma physics
+ Coupling of sprite models with global atmospheric chemistry and climate models

+ Improved simulations of sprite-induced chemical reactions and their long-term atmospheric effects
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» Development of planetary sprite models for various solar system bodies and exoplanets

Climate change impacts

* Investigation of potential changes in sprite occurrence due to shifting global thunderstorm patterns
+ Analysis of sprite-induced chemical perturbations in a warming atmosphere
* Exploration of possible feedback mechanisms between sprite activity and climate variables

* Long-term monitoring of sprite characteristics and distributions as indicators of upper atmospheric
changes
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Unit 9 — Boundary layer meteorology

9.1 Structure of the planetary boundary layer

The planetary boundary layer (PBL) is the lowest part of the atmosphere directly influenced by Earth's
surface. It plays a crucial role in atmospheric physics, mediating exchanges of heat, moisture, and
momentum between the surface and free atmosphere.

The PBL's structure varies diurnally and consists of multiple sublayers with distinct characteristics.
Understanding its vertical structure, turbulence patterns, and interactions with different surfaces is
essential for weather forecasting, air quality modeling, and climate predictions.

Planetary boundary layer definition

+ Lowest part of the troposphere directly influenced by Earth's surface
» Responds to surface forcings on timescales of about an hour or less

* Plays crucial role in atmospheric physics by mediating exchanges of heat, moisture, and momentum
between surface and free atmosphere

Characteristics of PBL

* Turbulent flow dominates air motion within the layer

« Strong diurnal variations in temperature, humidity, and wind speed
* Depth varies from hundreds of meters to a few kilometers
 Contains most atmospheric aerosols and water vapor

» Experiences rapid mixing of air parcels due to surface-induced turbulence

PBL vs free atmosphere

* PBL exhibits stronger vertical mixing compared to the free atmosphere
* Turbulence intensity decreases rapidly above PBL in the free atmosphere

» Wind in free atmosphere approaches geostrophic balance, while PBL winds are influenced by surface
friction

» Temperature lapse rate in PBL often differs from the standard atmospheric lapse rate
* Moisture content typically higher in PBL than in the free atmosphere above

Vertical structure of PBL

* Consists of multiple sublayers with distinct characteristics
« Structure evolves throughout the day in response to surface heating and cooling

» Understanding vertical structure crucial for weather forecasting and air quality modeling

Surface layer

* Lowest 10% of the PBL where vertical fluxes are nearly constant with height
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 Characterized by strong vertical gradients in temperature, humidity, and wind speed
» Monin-Obukhov similarity theory applies to describe turbulent fluxes
* Roughness length determines the effect of surface elements on wind flow

* Logarithmic wind profile typically observed in this layer

Mixed layer

* Occupies bulk of the daytime PBL, extending from surface layer to entrainment zone
» Well-mixed due to strong convective turbulence

+ Potential temperature, specific humidity, and wind speed nearly constant with height
» Capped by a temperature inversion that limits vertical mixing

* Depth varies diurnally and spatially, typically 1-2 km in mid-latitudes

Entrainment zone

* Transition region between mixed layer and free atmosphere
 Characterized by strong gradients in temperature, humidity, and wind

« Site of entrainment processes where free atmosphere air mixes into PBL
* Thickness varies but typically 10-20% of the PBL depth

* Plays crucial role in PBL growth and evolution throughout the day

Diurnal cycle of PBL
* PBL structure undergoes significant changes over a 24-hour period
* Driven primarily by diurnal variations in solar heating and surface cooling

» Understanding diurnal cycle essential for accurate weather and air quality predictions

Daytime convective boundary layer
* Develops after sunrise as surface heating generates buoyant thermals
« Characterized by strong vertical mixing and turbulent eddies
» Grows in depth throughout the day, reaching maximum height in late afternoon
 Convective mixing results in nearly uniform potential temperature profile

» Cumulus clouds often form at the top of the convective boundary layer

Nocturnal stable boundary layer

» Forms after sunset as surface cools radiatively, creating temperature inversion
 Characterized by weak, sporadic turbulence and suppressed vertical mixing
* Typically shallow, ranging from tens to a few hundred meters in depth

» Wind speeds often increase with height, forming nocturnal low-level jet
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* Fog and dew formation common in this layer due to radiative cooling

Residual layer

» Remnant of the daytime mixed layer that persists above nocturnal stable layer

* Neutrally stratified with weak turbulence and minimal vertical mixing

* Retains characteristics of the previous day's mixed layer (temperature, humidity)
+ Can influence the development of the following day's convective boundary layer

« Often contains elevated pollution layers from previous day's emissions

Turbulence in PBL

» Dominant mechanism for transport and mixing within the planetary boundary layer
* Crucial for understanding and predicting weather patterns and air quality

 Characterized by irregular fluctuations in wind velocity, temperature, and humidity

Mechanical turbulence

» Generated by wind shear and surface roughness

» Dominant in neutral and stable atmospheric conditions

* Intensity increases with wind speed and surface roughness
* Creates eddies that mix air vertically and horizontally

« Important for dispersing pollutants near the surface in urban areas

Thermal turbulence

« Driven by buoyancy forces due to surface heating or cooling

* Dominates in unstable atmospheric conditions (daytime convective boundary layer)
* Creates larger-scale eddies that efficiently mix the entire boundary layer

» Responsible for formation of thermals and cumulus clouds

» Enhances vertical transport of heat, moisture, and pollutants

Turbulent kinetic energy

* Measure of the intensity of turbulence in the PBL

* Defined as the mean kinetic energy per unit mass associated with eddies

» TKE budget equation describes production, transport, and dissipation of turbulence
» Key parameter in many PBL parameterization schemes used in numerical models

» Can be measured directly using sonic anemometers or estimated from wind variance
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PBL height determination

« Critical parameter for understanding atmospheric processes and air quality
* Defines the volume of air directly influenced by surface processes

« Varies diurnally, seasonally, and with different synoptic conditions

Methods of measurement

» Radiosonde profiles analyze vertical gradients of temperature, humidity, and wind

« Lidar systems detect aerosol gradients at the top of the PBL
 Sodar instruments use acoustic backscatter to identify the PBL top
» Radar wind profilers detect changes in refractive index at the PBL top

* Ceilometers measure cloud base height, often correlated with PBL height

Factors affecting PBL height

« Surface heat flux drives convective growth during the day
» Atmospheric stability influences the rate of PBL growth or decay

* Large-scale subsidence can suppress PBL growth

* Surface characteristics (albedo, roughness) affect energy balance and turbulence

+ Synoptic conditions (high/low pressure systems) impact PBL development

Temperature profiles in PBL

* Reflect the balance between surface heating/cooling and atmospheric mixing
« Critical for understanding atmospheric stability and potential for convection

* Vary significantly between day and night and with different surface types

Potential temperature gradients

* Indicate atmospheric stability and mixing potential

* Negative gradient (decreasing with height) indicates unstable conditions

* Positive gradient (increasing with height) indicates stable conditions

» Near-zero gradient indicates neutral conditions typical of well-mixed layers

» Superadiabatic layer often observed near surface during strong daytime heating

Inversion layers

* Layers where temperature increases with height, suppressing vertical mixing
+ Surface-based inversions form at night due to radiative cooling

* Elevated inversions often mark the top of the mixed layer
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« Strength and depth of inversions affect pollutant dispersion and fog formation

* Persistent inversions can lead to air quality problems in urban areas

Wind profiles in PBL

* Reflect the balance between pressure gradient force, Coriolis force, and surface friction
« Critical for understanding transport of heat, moisture, and pollutants

« Vary significantly with height and atmospheric stability conditions

Ekman spiral

+ Describes wind direction change with height due to balance of forces in PBL
» Wind veers (turns clockwise) with height in Northern Hemisphere

» Magnitude of turning typically 20-40 degrees through the PBL depth

* Results from decreasing influence of surface friction with height

» Geostrophic wind approximation valid above the PBL

Logarithmic wind profile

* Describes wind speed increase with height in the surface layer
» Based on Monin-Obukhov similarity theory for neutral conditions
» Wind speed proportional to natural log of height above surface
* Roughness length parameter characterizes surface drag effects

+ Deviations from log profile occur in unstable or stable conditions

Moisture in PBL

* Plays crucial role in energy balance, cloud formation, and precipitation processes
« Distribution strongly influenced by surface evaporation and atmospheric mixing

» Understanding moisture dynamics essential for weather prediction and climate modeling

Water vapor distribution

* Typically decreases with height in the PBL due to surface moisture source
» Well-mixed in convective boundary layer during daytime

« Strong gradients often observed in nocturnal stable boundary layer

+ Entrainment of dry air from free atmosphere affects PBL moisture content

* Horizontal advection can lead to significant moisture variability

Cloud formation processes

» Cumulus clouds often form at top of convective boundary layer
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« Lifting condensation level determines cloud base height
+ Entrainment of dry air can lead to cloud evaporation (cumulus humilis)
« Stratocumulus clouds common in marine boundary layers

* Fog formation in stable boundary layer due to radiative cooling or advection

PBL over different surfaces

« Surface characteristics strongly influence PBL structure and dynamics
» Understanding these variations crucial for accurate weather and climate predictions

« Different surface types lead to distinct energy balances and turbulence regimes

Land surface interactions

» Heterogeneous surface properties create complex PBL structures

« Soil moisture affects partitioning of surface energy into sensible and latent heat fluxes
* Vegetation influences surface roughness, albedo, and evapotranspiration

» Topography creates local circulations (mountain/valley breezes) affecting PBL

» Urban heat island effect modifies PBL structure over cities

Marine boundary layer

* Generally more uniform and stable than over land

« Strong influence of sea surface temperature on PBL structure

+ Often capped by strong temperature inversion due to large-scale subsidence
« Stratocumulus clouds common, especially in eastern ocean basins

» Coastal zones experience complex interactions between marine and continental air masses

Urban boundary layer

 Modified by anthropogenic heat sources and urban surface properties

* Typically warmer and drier than surrounding rural areas (urban heat island)
* Increased surface roughness leads to stronger mechanical turbulence

« Air pollution often trapped within urban boundary layer

» Complex flow patterns around buildings affect local dispersion of pollutants

Atmospheric stability in PBL

+ Determines the tendency for vertical motions and mixing in the atmosphere
* Crucial for understanding pollutant dispersion, cloud formation, and severe weather potential

* Varies diurnally and with different synoptic conditions
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Static stability

» Based on vertical temperature profile compared to dry adiabatic lapse rate
+ Unstable conditions promote vertical mixing (superadiabatic lapse rate)

« Stable conditions suppress vertical motions (temperature inversion)

* Neutral conditions neither enhance nor suppress vertical mixing

* Potential temperature used to account for pressure changes with height

Dynamic stability
« Considers both temperature profile and wind shear
* Richardson number quantifies ratio of buoyancy to shear production of turbulence
+ Critical Richardson number determines onset of turbulence in stable conditions
* Low-level wind shear can destabilize otherwise stable layers

« Important for predicting formation and intensity of convective storms

Modeling the PBL

+ Essential component of numerical weather prediction and climate models
* Challenges arise from small-scale processes occurring within the PBL

* Accurate representation of PBL processes crucial for model performance

Parameterization schemes

* Represent sub-grid scale processes that cannot be explicitly resolved

+ K-theory approaches model turbulent fluxes using eddy diffusivity coefficients
» Non-local schemes account for large-eddy transport in convective conditions
* Mellor-Yamada scheme popular for operational weather forecasting models

* Pleim-Xiu scheme designed for air quality modeling applications

Numerical weather prediction

» PBL schemes crucial for accurate surface temperature and moisture forecasts

« Vertical resolution near surface important for capturing PBL structure

+ Land surface models coupled with PBL schemes to represent surface-atmosphere interactions
+ Data assimilation techniques incorporate observations to improve PBL representation

» Ensemble forecasting accounts for uncertainties in PBL processes

PBL and air quality

* PBL structure and dynamics strongly influence pollutant concentrations
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» Understanding PBL processes crucial for effective air quality management

+ Diurnal variations in PBL height impact pollution levels near the surface

Pollutant dispersion

* Turbulent mixing in PBL primary mechanism for dispersing pollutants

« Stable conditions (temperature inversions) trap pollutants near the surface

» Convective mixing during daytime generally improves air quality

* Horizontal wind speed and direction affect transport of pollutants

» Fumigation process brings elevated plumes to surface as PBL grows
Mixing height impact

* Defines volume of air available for pollutant dilution

» Low mixing heights lead to higher pollutant concentrations

+ Diurnal variations in mixing height cause fluctuations in air quality

» Seasonal changes in PBL depth affect long-term air quality patterns

» Urban heat island effect can increase mixing height over cities

Climate change effects on PBL

* Alterations in PBL structure and dynamics expected with global warming
» Changes in PBL processes can feedback on larger-scale climate system

» Understanding these effects crucial for accurate climate projections

Temperature inversion changes

* Frequency and strength of inversions may change with warming climate
* Potential for more persistent inversions in some regions (Arctic)

» Changes in land-sea temperature contrasts may affect coastal inversions
« Altered inversion patterns impact air quality and fog formation

» Feedback effects on low-level cloud formation and radiation balance

Altered PBL dynamics

* Increased surface heating may lead to deeper convective boundary layers
» Changes in soil moisture affect partitioning of surface energy fluxes

+ Potential for more intense but less frequent turbulent mixing

« Shifts in global circulation patterns may affect large-scale subsidence

» Changes in PBL depth and structure impact cloud formation and precipitation patterns
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9.2 Surface energy balance

The surface energy balance is a crucial concept in atmospheric physics, describing how energy is
exchanged between Earth's surface and the atmosphere. It involves various components like solar
radiation, terrestrial radiation, and heat fluxes, which drive weather patterns and climate dynamics.

Understanding the surface energy balance helps explain phenomena like temperature variations, humidity
levels, and air circulation. It's essential for accurate weather forecasting, climate modeling, and addressing
environmental challenges. The balance varies across ecosystems and is affected by factors like land
cover, soil moisture, and atmospheric conditions.

Components of surface energy balance

+ Surface energy balance plays a crucial role in atmospheric physics by describing the exchange of
energy between the Earth's surface and the atmosphere

» Understanding these components helps explain local and global climate patterns, weather
phenomena, and ecosystem dynamics

» The balance of incoming and outgoing energy fluxes at the Earth's surface drives atmospheric
processes and influences temperature, humidity, and air circulation

Solar radiation

* Incoming shortwave radiation from the sun serves as the primary energy source for the Earth's
surface

* Varies with latitude, season, time of day, and atmospheric conditions (clouds, aerosols)
* Divided into direct and diffuse components, affecting the total amount of energy reaching the surface

» Measured in watts per square meter (W/m?) using pyranometers or radiometers

Terrestrial radiation

» Longwave radiation emitted by the Earth's surface based on its temperature

« Follows the Stefan-Boltzmann law: E = gT*#, where O is the Stefan-Boltzmann constant and T is the
surface temperature in Kelvin

* Influenced by surface properties (emissivity) and atmospheric composition (greenhouse gases)
* Plays a crucial role in the greenhouse effect and nocturnal cooling processes

Sensible heat flux
* Transfer of heat energy between the surface and atmosphere through conduction and convection
+ Driven by temperature gradients between the surface and the air above it
« Affects atmospheric stability and boundary layer development
» Measured using sonic anemometers or temperature profile methods

Latent heat flux

* Energy transfer associated with phase changes of water (evaporation, transpiration, condensation)
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* Crucial for the hydrological cycle and atmospheric moisture content
« Influenced by surface moisture availability, vegetation type, and atmospheric conditions

» Measured using lysimeters, eddy covariance systems, or derived from energy balance equations

Ground heat flux

* Heat transfer between the surface and subsurface layers of the Earth
» Depends on soil thermal properties, moisture content, and temperature gradients
* Important for soil temperature dynamics and energy storage in the ground

» Measured using heat flux plates or calculated from soil temperature profiles

Diurnal cycle of energy balance

* The diurnal cycle of surface energy balance is fundamental to understanding daily weather patterns
and local climate variations

* This cycle drives the development of the atmospheric boundary layer and influences phenomena such
as sea breezes and urban heat islands

« Studying diurnal variations helps improve weather forecasting models and climate predictions

Daytime energy partitioning

* Solar radiation dominates the energy input during daylight hours

« Surface heating leads to increased sensible and latent heat fluxes

* Bowen ratio (ratio of sensible to latent heat flux) varies depending on surface moisture and vegetation
» Ground heat flux typically directed into the soil during the day

» Peak energy fluxes often occur around solar noon, with slight lag due to thermal inertia

Nighttime energy partitioning
» Absence of solar radiation results in net radiative cooling of the surface
* Terrestrial radiation becomes the dominant energy flux
+ Sensible heat flux often reverses direction, transferring heat from the air to the cooler surface
*» Ground heat flux typically directed upward, releasing stored heat from the soil

» Dew formation and frost can occur due to surface cooling and condensation processes

Seasonal variations

» Changes in solar angle and day length affect the magnitude and duration of energy fluxes
* Vegetation phenology influences latent heat flux through transpiration rates
» Snow cover alters surface albedo and energy partitioning in winter months

+ Soil moisture variations affect the Bowen ratio and ground heat flux throughout the year
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* Monsoon cycles and seasonal wind patterns can significantly impact energy balance in some regions

Factors affecting surface energy balance

« Various factors influence the surface energy balance, creating complex interactions between the land
surface and atmosphere

» Understanding these factors is crucial for accurate modeling of weather and climate systems

» Changes in these factors can lead to significant alterations in local and regional climate patterns

Surface albedo

* Ratio of reflected to incoming solar radiation, ranging from 0 to 1

* Varies with surface type, color, and texture (snow: ~0.8-0.9, water: ~0.06, vegetation: ~0.1-0.3)
« Affects the amount of solar energy absorbed by the surface

» Changes seasonally due to vegetation cover, snow, and soil moisture

* Influences local temperature patterns and climate feedback mechanisms

Land cover types

« Different ecosystems and land uses exhibit unique energy balance characteristics

* Forests typically have lower albedo and higher latent heat flux compared to grasslands
« Urban areas often experience higher sensible heat flux due to impervious surfaces

» Wetlands and irrigated croplands have high latent heat fluxes due to water availability

* Land cover changes (deforestation) can significantly alter regional energy balance

Soil moisture content

« Affects the partitioning between sensible and latent heat fluxes

+ Higher soil moisture increases latent heat flux through evaporation and plant transpiration
* Influences soil thermal properties and ground heat flux

* Impacts surface temperature and near-surface atmospheric humidity

* Plays a crucial role in land-atmosphere feedbacks and precipitation patterns

Atmospheric conditions

+ Cloud cover modulates incoming solar radiation and outgoing terrestrial radiation
» Atmospheric humidity affects the efficiency of latent heat transfer

» Wind speed influences the magnitude of sensible and latent heat fluxes

* Aerosols and air pollution can alter the radiation balance and energy partitioning

» Atmospheric stability affects the vertical mixing of heat and moisture
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Energy balance equations

* Energy balance equations provide a mathematical framework for understanding and quantifying
surface-atmosphere interactions

*» These equations form the basis for many meteorological and climatological models

* Accurate representation of energy balance is crucial for improving weather forecasts and climate
projections

Net radiation equation
» Fundamental equation describing the balance of incoming and outgoing radiation at the surface
*Rn = (5in = Sout) + (Lin = Lout)
* Rp: net radiation
* Sin: incoming shortwave radiation
* Sout: reflected shortwave radiation
+ Lin: incoming longwave radiation
» Lout: outgoing longwave radiation

» Often expressed as Rn = H + LE + G, where H is sensible heat flux, LE is latent heat flux, and G is
ground heat flux

» Forms the basis for energy balance closure studies and flux measurements

Bowen ratio

« Ratio of sensible heat flux to latent heat flux: 8 = H/LE

* Indicates the dominant mode of energy transfer between the surface and atmosphere
* Values < 1 indicate dominance of latent heat flux (moist surfaces)

* Values > 1 indicate dominance of sensible heat flux (dry surfaces)

* Used in estimating evapotranspiration and surface energy partitioning

* Varies with surface type, moisture availability, and vegetation characteristics

Penman-Monteith equation

» Widely used method for estimating evapotranspiration based on energy balance and aerodynamic
principles

» Combines energy balance and mass transfer concepts

ARy — G) + pacp'e-!

‘LE= A+y(1+D)

« A: slope of saturation vapor pressure curve
» Pa: air density

+ Cp: specific heat of air
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%

: saturation vapor pressure
- €a: actual vapor pressure

« I'a: aerodynamic resistance

« I's: surface resistance

+ ¥: psychrometric constant

+ Used in agriculture, hydrology, and climate studies to estimate water loss from vegetated surfaces

Measurement techniques

 Accurate measurement of surface energy balance components is essential for understanding
atmospheric processes and validating models

+ Various instruments and methods are employed to quantify different aspects of the energy balance

+ Continuous improvements in measurement techniques contribute to advancements in atmospheric
physics and climate science

Radiation instruments
» Pyranometers measure incoming and reflected shortwave radiation
» Pyrgeometers measure longwave radiation fluxes
* Net radiometers provide direct measurements of net radiation
» Spectroradiometers analyze the spectral distribution of radiation

» Albedometers determine surface albedo by measuring incoming and reflected radiation
simultaneously

Eddy covariance method
» Advanced technique for measuring turbulent fluxes of heat, water vapor, and trace gases
* Uses high-frequency measurements of vertical wind speed and scalar quantities
* Requires sonic anemometers and gas analyzers (infrared gas analyzer)
* Provides direct measurements of sensible and latent heat fluxes
» Widely used in flux tower networks for long-term ecosystem monitoring

* Challenges include energy balance closure and complex terrain effects

Bowen ratio method
* Indirect method for estimating sensible and latent heat fluxes
* Utilizes measurements of temperature and humidity gradients above the surface
» Assumes similarity in transfer coefficients for heat and water vapor
* Requires accurate measurements of net radiation and ground heat flux

* Less expensive than eddy covariance systems but with lower temporal resolution
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« Limitations in conditions with very small temperature or humidity gradients

Surface energy balance in different ecosystems

« Surface energy balance varies significantly across different ecosystems due to variations in
vegetation, soil properties, and climate

» Understanding these differences is crucial for accurate regional and global climate modeling

» Ecosystem-specific energy balance characteristics influence local weather patterns and
biogeochemical cycles

Forests vs grasslands

* Forests generally have lower albedo than grasslands, absorbing more solar radiation

* Forests exhibit higher latent heat flux due to greater transpiration from deep root systems

* Grasslands often have higher sensible heat flux and surface temperatures during dry periods
» Canopy structure in forests creates a more complex radiation environment

» Seasonal changes in leaf area index affect energy partitioning differently in forests and grasslands

Urban vs rural areas

» Urban areas experience the urban heat island effect due to altered surface properties

* Higher sensible heat flux in urban areas from impervious surfaces and building materials

* Reduced evapotranspiration in cities leads to lower latent heat flux compared to rural areas
» Anthropogenic heat sources (buildings, vehicles) contribute to the urban energy balance

» Urban geometry affects radiation trapping and wind patterns, altering energy distribution

Coastal vs inland regions

* Coastal areas experience moderated temperature fluctuations due to the thermal inertia of water
bodies

 Sea breezes influence energy transport and local climate in coastal regions
* Inland areas typically have larger diurnal and seasonal temperature variations
* Coastal fog and marine layer intrusions affect radiation balance in nearshore environments

« Differences in soil moisture availability impact energy partitioning between coastal and inland areas

Climate change impacts

« Climate change alters the surface energy balance, leading to cascading effects on weather patterns,
ecosystems, and human activities

» Understanding these impacts is crucial for developing effective mitigation and adaptation strategies

» Changes in surface energy balance contribute to feedback mechanisms that can amplify or dampen
climate change effects
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Altered surface energy partitioning

* Increased greenhouse gas concentrations enhance the atmospheric greenhouse effect
* Rising temperatures lead to higher sensible and latent heat fluxes from the surface

» Changes in precipitation patterns affect soil moisture and energy partitioning

* Melting snow and ice reduce surface albedo, increasing solar radiation absorption

» Vegetation changes alter transpiration rates and surface roughness, affecting energy fluxes

Feedback mechanisms

* Ice-albedo feedback: melting ice exposes darker surfaces, increasing absorption of solar radiation

» Water vapor feedback: warmer temperatures increase atmospheric water vapor, enhancing the
greenhouse effect

+ Cloud feedback: changes in cloud cover and properties affect both shortwave and longwave radiation
balance

» Carbon cycle feedback: warming can release stored carbon from soils and permafrost, amplifying
climate change

* Vegetation feedback: shifts in plant communities alter surface albedo and evapotranspiration patterns

Implications for regional climate

+ Altered energy balance contributes to more frequent and intense heatwaves

» Changes in soil moisture and energy partitioning affect drought frequency and severity
« Shifts in temperature and moisture gradients impact atmospheric circulation patterns

+ Coastal regions face increased risks from sea-level rise and changing storm patterns

» Urban areas may experience exacerbated heat island effects due to climate change

Modeling surface energy balance

+ Accurate modeling of surface energy balance is essential for weather forecasting, climate projections,
and understanding Earth system dynamics

» Models range from simple empirical formulations to complex physically-based representations

» Ongoing research aims to improve model accuracy and reduce uncertainties in surface-atmosphere
interactions

Land surface models

+ Simulate exchanges of energy, water, and carbon between the land surface and atmosphere
» Range from simple bucket models to complex multi-layer representations of soil and vegetation

* Include parameterizations for various processes (photosynthesis, stomatal conductance, soil heat
transfer)

* Often coupled with atmospheric models to provide lower boundary conditions
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* Examples include the Community Land Model (CLM) and NOAH Land Surface Model

Coupling with atmospheric models

+ Land surface models are integrated with atmospheric models to represent surface-atmosphere
feedbacks

» Coupled models exchange information on energy fluxes, moisture, and momentum
+ Improve representation of boundary layer processes and local climate features
+ Challenges include matching spatial and temporal scales between land and atmospheric components

» Examples of coupled systems include the Weather Research and Forecasting (WRF) model and Earth
System Models

Parameterization challenges

* Representing sub-grid scale heterogeneity in land surface properties

* Accurately simulating energy partitioning over diverse land cover types

« Capturing the effects of vegetation dynamics and phenology on energy balance
» Modeling complex urban environments and their impact on local climate

* Improving representation of soil moisture-atmosphere interactions and feedbacks

Applications of surface energy balance

» Understanding and modeling surface energy balance has numerous practical applications across
various fields

*» These applications contribute to improved decision-making in sectors affected by weather and climate

» Ongoing research in surface energy balance enhances our ability to address environmental
challenges

Weather forecasting

* Accurate representation of surface energy balance improves short-term weather predictions
* Helps forecast temperature extremes, fog formation, and convective precipitation

» Enhances prediction of boundary layer development and stability

* Improves forecasts of frost occurrence and duration for agriculture

« Contributes to better air quality predictions by modeling pollutant dispersion

Climate predictions

* Long-term energy balance trends inform projections of future climate change
* Helps assess regional impacts of global warming on temperature and precipitation patterns
* Improves understanding of climate feedbacks and tipping points

« Informs policy decisions related to climate change mitigation and adaptation strategies
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* Enhances projections of extreme weather events under different climate scenarios

Agricultural management

+ Guides irrigation scheduling based on evapotranspiration estimates

* Helps predict crop water requirements and optimize water use efficiency

« Informs decisions on planting dates and crop selection based on local energy balance characteristics
* Assists in frost protection strategies for sensitive crops

« Contributes to yield forecasting models by accounting for energy-related stress factors

Urban planning

« Informs strategies to mitigate urban heat island effects through green infrastructure

* Guides building design for improved energy efficiency and thermal comfort

* Helps optimize placement of renewable energy installations (solar panels)

« Informs urban forestry initiatives to enhance ecosystem services and local climate regulation

* Assists in designing urban drainage systems by considering changes in surface energy partitioning

Energy balance closure problem

» The energy balance closure problem refers to the frequent observation that measured energy fluxes
do not fully account for the available energy at the surface

+ This discrepancy challenges our understanding of surface-atmosphere interactions and the accuracy
of flux measurements

+ Addressing the closure problem is an active area of research in atmospheric sciences and
micrometeorology

Measurement uncertainties

* Instrument errors and calibration issues contribute to flux measurement uncertainties

+ Different measurement footprints for various instruments can lead to spatial mismatches
* High-frequency flux contributions may be missed due to inadequate sampling rates

» Sensor separation in eddy covariance systems can introduce co-location errors

* Uncertainties in net radiation measurements, particularly longwave components

Energy storage terms

» Unaccounted heat storage in the canopy and surface layer
 Energy used in photosynthesis and other biochemical processes

* Heat storage in urban structures and anthropogenic surfaces

» Thermal inertia of water bodies in coastal or wetland environments

* Subsurface heat storage, particularly in areas with high soil moisture or permafrost
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Advection effects

* Horizontal transport of energy not captured by vertical flux measurements

* More pronounced in heterogeneous landscapes and complex terrain

+ Can lead to underestimation or overestimation of local energy balance components
* Challenging to quantify without extensive spatial measurements

* May require consideration of larger-scale atmospheric circulation patterns

9.3 Turbulent fluxes

Turbulent fluxes are key players in atmospheric physics, driving the vertical transport of heat, moisture, and
momentum within the boundary layer. These fluxes shape weather patterns and climate dynamics by
facilitating energy and mass exchanges between Earth's surface and the atmosphere.

Understanding turbulent fluxes is crucial for grasping atmospheric processes. From the eddy covariance
method to flux towers, various techniques help measure and analyze these fluxes. Factors like surface
roughness and atmospheric stability influence flux behavior, impacting energy balance, water cycle, and
carbon exchange.

Fundamentals of turbulent fluxes

« Turbulent fluxes play a crucial role in atmospheric physics by facilitating the vertical transport of heat,
moisture, and momentum within the atmospheric boundary layer

» Understanding turbulent fluxes helps explain energy and mass exchanges between the Earth's
surface and the atmosphere, influencing weather patterns and climate dynamics

Definition and importance

* Turbulent fluxes represent the transfer of properties (heat, moisture, momentum) through irregular
fluid motions in the atmosphere

« Contribute significantly to the vertical mixing of air in the lower atmosphere, affecting temperature,
humidity, and wind profiles

* Drive the formation of the atmospheric boundary layer, influencing local and regional weather patterns

* Play a critical role in the global energy balance by redistributing heat and moisture vertically in the
atmosphere

Turbulence in atmospheric boundary layer

» Characterized by chaotic, irregular fluid motions with varying scales of eddies
» Generated by mechanical forces (wind shear) and buoyancy forces (thermal convection)
+ Leads to enhanced mixing and transport of atmospheric properties compared to molecular diffusion

+ Exhibits a cascade of energy from larger to smaller eddies, ultimately dissipating as heat at the
smallest scales

* Varies in intensity and structure depending on surface conditions and atmospheric stability
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Eddy covariance method

» Widely used technique for measuring turbulent fluxes in the atmosphere

+ Based on the principle of correlating vertical wind velocity fluctuations with fluctuations in the property
of interest (temperature, humidity, gas concentration)

* Requires high-frequency measurements (typically 10-20 Hz) to capture small-scale turbulent motions
+ Calculates fluxes by averaging the product of instantaneous deviations from mean values

* Provides direct measurements of fluxes without relying on empirical relationships or assumptions
about the flow

Types of turbulent fluxes

* Turbulent fluxes in the atmosphere encompass various forms of energy and momentum transfer

» Understanding different types of fluxes helps in comprehending the complex interactions between the
surface and the atmosphere

Momentum flux

* Represents the vertical transfer of horizontal momentum in the atmosphere

+» Quantifies the drag force exerted by the surface on the air flow above it

* Calculated as the covariance between vertical and horizontal wind velocity fluctuations

« Influences the vertical wind profile and the development of the atmospheric boundary layer

* Plays a crucial role in the formation and evolution of weather systems (cyclones, fronts)

Sensible heat flux

* Describes the transfer of heat energy through turbulent motions in the atmosphere

« Calculated as the covariance between vertical wind velocity and temperature fluctuations
« Contributes to the heating or cooling of the atmospheric boundary layer

* Influences the development of convection and the formation of clouds

« Varies diurnally and seasonally, affecting local and regional climate patterns

Latent heat flux

» Represents the transfer of energy associated with water vapor in the atmosphere

« Calculated as the covariance between vertical wind velocity and water vapor concentration
fluctuations

* Plays a crucial role in the hydrological cycle and energy balance of the Earth-atmosphere system
* Influences cloud formation, precipitation patterns, and atmospheric humidity

+ Contributes to the cooling of the surface through evaporation and transpiration processes
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Flux measurement techniques

* Accurate measurement of turbulent fluxes requires specialized instruments and techniques

» Advanced sensors and data analysis methods enable high-resolution flux observations in various
environments

Sonic anemometers

* Measure three-dimensional wind velocities using ultrasonic sound waves

* Provide high-frequency (10-100 Hz) measurements of wind speed and direction

* Operate based on the principle of sound travel time between transducer pairs

« Offer advantages of no moving parts, minimal flow distortion, and all-weather operation

* Essential for calculating momentum flux and as a core component of eddy covariance systems

Gas analyzers

» Measure concentrations of atmospheric gases (CO2, H20, CH4) at high frequencies

« Utilize various technologies including infrared gas analysis and laser spectroscopy

» Open-path analyzers measure in situ without sample extraction, reducing time lag

* Closed-path analyzers draw air samples through a tube, allowing for more stable measurements

* Enable the calculation of trace gas fluxes when combined with sonic anemometer data

Flux towers

* Provide platforms for long-term, continuous measurements of turbulent fluxes

* Typically equipped with multiple levels of instruments to capture vertical profiles

* Include supporting measurements (radiation, soil heat flux, meteorological variables)
* Range in height from a few meters to over 100 meters, depending on the ecosystem

» Form networks (FLUXNET) for studying ecosystem-atmosphere interactions globally
Flux calculations

* Accurate flux calculations require sophisticated data processing and analysis techniques

* Understanding these methods helps interpret flux measurements and assess their reliability
Reynolds decomposition

» Fundamental technique in turbulence analysis, separating variables into mean and fluctuating
components

» Expresses instantaneous values as the sum of a time-averaged mean and a fluctuating term

+ Allows for the calculation of turbulent fluxes using covariances of fluctuating components
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 Mathematically represented as U = ( + u’, where U is the instantaneous value, U is the mean, and u’
is the fluctuation

* Forms the basis for eddy covariance flux calculations and turbulence statistics

Covariance and correlation

» Covariance measures the degree to which two variables change together

* Calculated as the average product of deviations from mean values for two variables

* Used to compute turbulent fluxes (momentum flux = w'u’, sensible heat flux = w'T)

« Correlation coefficient normalizes covariance, providing a measure of linear relationship strength

* Helps in assessing the quality of flux measurements and identifying potential errors

Flux footprint analysis

» Determines the spatial extent of the surface area contributing to measured fluxes

* Accounts for the fact that fluxes measured at a point integrate contributions from upwind areas
* Influenced by measurement height, surface roughness, and atmospheric stability

« Utilizes models (analytical, Lagrangian, large-eddy simulations) to estimate source areas

« Essential for interpreting flux measurements in heterogeneous landscapes and designing flux tower
networks

Factors affecting turbulent fluxes

« Various environmental and atmospheric conditions influence the magnitude and characteristics of
turbulent fluxes

» Understanding these factors helps in interpreting flux measurements and modeling atmospheric
processes

Surface roughness

* Describes the irregularity and texture of the Earth's surface at various scales
* Influences the generation of mechanical turbulence through wind shear

« Affects the vertical profiles of wind speed and turbulence intensity

« Varies widely across different land cover types (smooth ice to rough forests)

* Impacts the partitioning of energy between sensible and latent heat fluxes

Atmospheric stability

» Characterizes the tendency of air parcels to move vertically in the atmosphere
» Ranges from stable (suppresses vertical motion) to unstable (enhances vertical motion)
* Influences the intensity and structure of turbulence in the boundary layer

* Affects the magnitude and direction of turbulent fluxes
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« Often quantified using dimensionless parameters (Richardson number, Monin-Obukhov length)

Wind speed and direction

» Wind speed directly affects the intensity of mechanical turbulence generation

* Higher wind speeds generally lead to increased turbulent mixing and larger fluxes
» Wind direction determines the fetch area and source region for measured fluxes

* Influences the applicability of flux footprint models and data quality assessment

« Interacts with surface features and topography to create complex flow patterns

Turbulent flux parameterizations

» Parameterizations allow for the estimation of turbulent fluxes in models and situations where direct
measurements are not possible

» These methods bridge the gap between small-scale turbulent processes and larger-scale atmospheric
dynamics

Bulk aerodynamic formulas

* Provide simple relationships to estimate surface fluxes based on mean atmospheric variables
« Utilize transfer coefficients (drag coefficient, heat transfer coefficient) to relate fluxes to gradients

+ Generally expressed as F = CxU(Xs — X;), where F is the flux, Cx is the transfer coefficient, U is
wind speed, and Xs and X are surface and reference level values

» Widely used in weather forecasting and climate models due to their simplicity

* Require empirical determination of transfer coefficients for different surface types and conditions

Monin-Obukhov similarity theory

* Describes the structure of turbulence in the atmospheric surface layer under different stability
conditions

» Based on dimensional analysis and the concept of similarity in scaled variables
* Provides universal functions for vertical profiles of wind speed, temperature, and humidity
+ Allows for the calculation of surface fluxes from gradient measurements

* Incorporates stability corrections through the Monin-Obukhov length scale

K-theory vs higher-order closure

* K-theory (first-order closure) assumes fluxes are proportional to local gradients of mean quantities
« Utilizes eddy diffusivity coefficients to parameterize turbulent transport

+ Simple to implement but limited in capturing non-local transport and counter-gradient fluxes

+ Higher-order closure schemes (second-order, third-order) include additional turbulence statistics

* Provide more accurate representations of turbulent processes but increase computational complexity
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Applications in atmospheric physics
* Turbulent fluxes play a crucial role in various atmospheric processes and Earth system interactions

» Understanding and quantifying these fluxes helps improve weather forecasting, climate modeling, and
environmental assessments

Energy balance

* Turbulent fluxes contribute significantly to the surface energy balance equation

+ Sensible and latent heat fluxes represent major components of energy exchange between surface
and atmosphere

* Influence the partitioning of available energy into different heat fluxes (ground heat flux, radiative
fluxes)

« Affect the diurnal and seasonal variations in surface temperature and atmospheric boundary layer
development

« Critical for understanding urban heat island effects and land use change impacts on local climate

Water cycle

* Latent heat flux directly relates to evaporation and transpiration processes

« Influences the distribution of water vapor in the atmosphere, affecting cloud formation and
precipitation patterns

* Plays a key role in the coupling between land surface hydrology and atmospheric processes
+ Impacts the energy balance through the release of latent heat during condensation

+ Essential for understanding drought dynamics, irrigation effects, and ecosystem water use efficiency

Carbon cycle

* Turbulent fluxes of CO2 represent a major pathway for carbon exchange between ecosystems and
the atmosphere

» Enable the quantification of net ecosystem exchange (NEE) and its components (photosynthesis,
respiration)

* Provide insights into the response of terrestrial carbon sinks and sources to climate variability and
change

+ Crucial for assessing the global carbon budget and feedbacks between the biosphere and
atmosphere

+ Support the development and validation of terrestrial biosphere models and Earth system models

Challenges in flux measurements

» Measuring turbulent fluxes accurately presents various technical and methodological challenges

» Addressing these challenges helps improve the reliability and interpretation of flux data
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Flux sampling errors
* Arise from the finite sampling time and frequency of measurements
+ Can lead to underestimation of total flux, especially for larger-scale turbulent motions
+ Affected by the choice of averaging period and the stationarity of atmospheric conditions
» Require careful selection of sampling strategies and data processing techniques

» Can be assessed and partially corrected using spectral analysis and ogive tests

Instrument limitations

+ Sensor response times may not capture all relevant turbulent scales

» Path averaging in sonic anemometers can attenuate small-scale turbulence measurements

» Gas analyzers may suffer from cross-sensitivity to other atmospheric constituents

« Calibration drift and environmental factors (temperature, humidity) can affect sensor accuracy

* Require regular maintenance, calibration, and data quality checks to ensure reliable measurements

Data quality control

« Essential for identifying and filtering out erroneous or non-representative flux data

* Includes checks for instrument malfunctions, meteorological conditions, and flux stationarity
* Requires the development and application of robust quality control algorithms

* Involves the treatment of gaps in flux time series through various gap-filling techniques

* Necessitates careful documentation of data processing steps and quality flags for data users

Turbulent fluxes in climate models

* Representing turbulent fluxes accurately in climate models is crucial for simulating Earth system
processes

* Challenges arise from the disparity between model resolution and the scales of turbulent motions

Subgrid-scale parameterizations

* Represent the effects of turbulent processes occurring at scales smaller than the model grid

« Utilize bulk formulas, similarity theories, or statistical approaches to estimate fluxes

» Require careful tuning and validation against observational data

+ Vary in complexity from simple flux-gradient relationships to higher-order turbulence closure schemes

* Impact model performance in simulating boundary layer structure, clouds, and precipitation

Land-atmosphere interactions

* Turbulent fluxes mediate the exchange of energy, water, and carbon between land and atmosphere

» Require coupled land surface models to represent surface properties and processes
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* Influence the development of the planetary boundary layer and local/regional climate

* Play a crucial role in simulating feedbacks between vegetation, soil moisture, and atmospheric
conditions

 Challenge models to capture the heterogeneity of land surfaces and their impact on fluxes

Ocean-atmosphere exchanges

* Turbulent fluxes drive the transfer of heat, moisture, and momentum between the ocean and
atmosphere

* Influence the formation and evolution of marine boundary layers and sea surface temperature patterns
* Play a critical role in tropical cyclone development and air-sea coupling in climate phenomena (ENSO)
» Require parameterizations that account for wave states, sea spray, and complex air-sea interactions

* Present challenges in representing fluxes over sea ice and in coastal regions

Future directions

» Ongoing research and technological advancements continue to improve our understanding and
measurement of turbulent fluxes

» These developments have implications for atmospheric science, climate modeling, and environmental
monitoring

Advanced flux measurement technologies

» Development of new sensor technologies with improved accuracy and reduced power consumption
* Unmanned aerial vehicles (UAVs) for spatial mapping of fluxes and boundary layer profiling

« Scintillometry for measuring area-averaged fluxes over heterogeneous landscapes

» Advances in satellite-based remote sensing for global-scale flux estimations

* Integration of ground-based, airborne, and space-based measurements for comprehensive flux
assessments

Machine learning in flux analysis
* Application of artificial intelligence techniques for gap-filling and quality control of flux data
» Development of data-driven models for flux prediction and upscaling
* Improved pattern recognition for detecting flux anomalies and extreme events
* Integration of machine learning with process-based models for hybrid flux modeling approaches

* Potential for real-time flux data processing and analysis in operational monitoring systems

Turbulent fluxes in changing climate

* Investigating the impact of climate change on turbulent flux patterns and intensities

« Studying feedbacks between changing surface conditions (vegetation, ice cover) and turbulent fluxes
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* Assessing the role of turbulent fluxes in amplifying or mitigating climate change impacts
* Improving parameterizations to account for non-stationary conditions in a changing climate

+ Exploring the implications of altered turbulent fluxes for ecosystem functioning and biogeochemical
cycles

9.4 Monin-Obukhov similarity theory

Monin-Obukhov similarity theory is a cornerstone of atmospheric boundary layer physics. It provides a
framework for understanding turbulent flows near the Earth's surface, using dimensional analysis to
describe vertical turbulence structure.

The theory assumes a homogeneous surface layer with constant fluxes and negligible Coriolis effects. It
uses dimensionless groups to construct universal functions, leading to the logarithmic wind profile and
stability corrections for non-neutral conditions.

Fundamentals of Monin-Obukhov theory

* Monin-Obukhov similarity theory provides a framework for understanding turbulent flows in the
atmospheric surface layer

* Applies dimensional analysis to describe the vertical structure of turbulence near the Earth's surface

» Forms the basis for many boundary layer parameterizations used in atmospheric models

Key assumptions
* Surface layer is horizontally homogeneous with constant fluxes
* Turbulent fluxes dominate over molecular diffusion
« Coriolis force effects are negligible in the surface layer
* Flow is statistically stationary over the averaging period

« Assumes a flat, uniform surface with no obstacles

Dimensional analysis approach

» Uses Buckingham Pi theorem to derive dimensionless groups
« Identifies relevant physical parameters (friction velocity, buoyancy flux, height)
» Constructs universal functions based on dimensionless ratios
* Leads to logarithmic wind profile in neutral conditions
* Incorporates stability corrections for non-neutral atmospheres
Obukhov length scale
* Fundamental length scale in Monin-Obukhov theory

ul

* Defined as L = ~ K@IBIHIRC,

* Represents the height where buoyancy production equals shear production

» Negative values indicate unstable conditions, positive values stable conditions
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» Magnitude indicates the strength of stability effects
* Large |L| suggests near-neutral conditions

» Small |L| indicates strong stability influence

Similarity functions

* Describe how atmospheric variables deviate from neutral conditions
+ Express turbulent fluxes and gradients as functions of stability parameter z/L

« Enable prediction of vertical profiles in the surface layer

Momentum similarity function

* Denoted as ¢m(z/L), describes wind shear in non-neutral conditions
» Approaches 1 in neutral conditions (z/L - 0)

+ Decreases in unstable conditions (z/L < 0) due to enhanced mixing

* Increases in stable conditions (z/L > 0) due to suppressed turbulence

* Often expressed as ¢m(z/L) = (1 - az/L)*-B for unstable conditions

Heat similarity function

* Represented by ¢h(z/L), describes temperature gradient in non-neutral conditions
* Approaches Prandtl number (= 0.74) in neutral conditions

* Decreases more rapidly than ¢m in unstable conditions

* Increases more steeply than ¢m in stable conditions

» Can be expressed as ¢h(z/L) = B(1 - yz/L)*-1/2 for unstable conditions

Moisture similarity function

» Denoted as ¢q(z/L), describes water vapor gradient in non-neutral conditions
» Generally assumed to be equal to dh(z/L) in most applications

+ Reflects similarity between heat and moisture transport in turbulent flows

* May deviate from ¢h in very stable or unstable conditions

* Crucial for estimating evaporation and latent heat fluxes

Stability parameters

* Quantify the relative importance of buoyancy and shear in turbulence production
+ Used to classify atmospheric stability and determine appropriate similarity functions

* Essential for parameterizing turbulent fluxes in numerical models
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Richardson number

* Dimensionless ratio of buoyancy to shear production of turbulence

, , , — 9_a0
» Gradient Richardson number defined as R/ = %(;U//:ZZ)z

» Negative values indicate unstable conditions, positive values stable conditions
« Critical value (Ri = 0.25) often used as threshold for turbulence suppression

« Difficult to measure directly due to required vertical gradient measurements

Bulk Richardson number

+ Simplified version of Richardson number using finite differences

. ghzhe
« Calculated as Rig = 8(8U)?

« Easier to compute from standard meteorological measurements
* Used in many numerical weather prediction models

* May not accurately represent local stability in strongly stratified layers

Flux Richardson number

* Ratio of buoyancy flux to shear production of turbulent kinetic energy

. - 0)w'e’
 Defined as Riy = 9w
u'w'aU/oz

* Directly related to turbulent fluxes rather than mean gradients

* More physically relevant for describing turbulence dynamics

* Challenging to measure due to required eddy covariance measurements
Flux-profile relationships

+ Connect turbulent fluxes to mean vertical gradients in the surface layer

» Form the basis for estimating surface fluxes from routine meteorological measurements

* Incorporate stability corrections through universal functions

Momentum flux profile

* Relates momentum flux to wind speed gradient

- Expressed as £232 = ¢m(z/L)

* Integrates to logarithmic wind profile with stability correction
* Used to estimate surface stress and friction velocity

* Crucial for modeling wind profiles in the atmospheric boundary layer

Heat flux profile

+ Connects sensible heat flux to potential temperature gradient
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Kz30 —

* Given by 5557 = ¢n(2/L)
* Integrates to logarithmic temperature profile with stability correction
+ Allows estimation of surface sensible heat flux

* Important for understanding thermal structure of the boundary layer

Moisture flux profile
* Links water vapor flux to specific humidity gradient
- Formulated as £252 = ¢q(2/L)
* Assumes similarity between heat and moisture transport
» Enables estimation of surface latent heat flux and evaporation

» Critical for modeling water vapor distribution and cloud formation

Surface layer scaling

* Provides characteristic scales for velocity, temperature, and moisture in the surface layer
« Allows normalization of turbulent quantities for universal representation

* Facilitates comparison of measurements from different sites and conditions

Velocity scales

* Friction velocity (u*) serves as primary velocity scale

* Defined as ., =V —u'w’

* Represents intensity of turbulent momentum transport
* Used to normalize wind speed profiles and turbulence statistics

* Typically ranges from 0.1 to 1 m/s in the atmospheric surface layer

Temperature scales
» Temperature scale (6*) characterizes turbulent heat transport
- Defined as 8+ = —w'8’/u «
* Used to normalize temperature profiles and heat flux measurements
» Negative in unstable conditions, positive in stable conditions

» Magnitude typically ranges from 0.01 to 1 K in the surface layer

Moisture scales

* Specific humidity scale (q*) represents turbulent moisture transport

» Defined analogously to temperature scale: g~ = —w'q’/u «

* Used to normalize humidity profiles and latent heat flux measurements
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* Positive for upward moisture flux (evaporation), negative for downward flux

» Magnitude depends on surface moisture availability and atmospheric conditions

Limitations and extensions

» Monin-Obukhov theory has known limitations in certain atmospheric conditions
* Various extensions and modifications have been proposed to address these issues

» Understanding these limitations critical for proper application of the theory

Validity in different conditions

» Theory works best in near-neutral and moderately unstable conditions

* Breaks down in strongly stable conditions (z/L > 1) due to intermittent turbulence
* May not apply in very unstable conditions (free convection limit)

» Assumes horizontal homogeneity, limiting applicability over complex terrain

* Requires steady-state conditions, challenging in rapidly changing weather

Non-dimensional gradients

« Universal functions may vary between sites and stability ranges

« Different formulations proposed for stable and unstable conditions

* Some researchers suggest separate functions for momentum, heat, and moisture
» Ongoing debate about the exact form of stability functions in very stable conditions

* Recent studies explore non-local effects on gradient-flux relationships

Roughness sublayer effects

» Theory assumes measurements above the roughness sublayer

* Roughness sublayer depth varies with surface characteristics (typically 2-5 times canopy height)
+ Additional corrections needed for flux-profile relationships within roughness sublayer

« Affects flux footprint calculations and interpretation of near-surface measurements

* Important consideration for flux measurements over forests and urban areas

Applications in atmospheric modeling

* Monin-Obukhov theory forms the basis for many surface layer parameterizations
» Widely used in numerical weather prediction and climate models

» Enables estimation of surface fluxes from routine meteorological observations

Boundary layer parameterization

* Provides lower boundary conditions for planetary boundary layer schemes
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* Used to calculate surface drag, heat flux, and moisture flux
* Incorporates stability-dependent eddy diffusivity profiles
* Influences vertical mixing and turbulent transport throughout the boundary layer

« Critical for accurate representation of near-surface weather conditions

Surface flux estimation

« Allows calculation of momentum, heat, and moisture fluxes from standard measurements
« Utilizes bulk aerodynamic formulas based on Monin-Obukhov similarity

* Requires input of surface roughness length and stability functions

» Widely used in agricultural meteorology and hydrology applications

» Forms basis for evapotranspiration estimation in land surface models

Turbulence closure schemes

* Provides scaling relationships for higher-order turbulence closure models
+ Used to parameterize turbulent kinetic energy and dissipation rate profiles
* Informs eddy viscosity and diffusivity formulations in k-¢ and k-w models

* Helps constrain turbulence length scales in mixing length approaches

« Crucial for representing subgrid-scale processes in large-scale atmospheric models

Experimental validation

« Extensive efforts to validate Monin-Obukhov theory through various experimental approaches
» Combination of field measurements, laboratory studies, and numerical simulations

» Ongoing research to refine and extend the theory based on observational evidence

Field measurements

» Eddy covariance techniques used to directly measure turbulent fluxes

* Flux-gradient methods employed to test similarity functions

« Tall tower measurements provide vertical profiles in the surface layer

« Aircraft observations used to study spatial variability and heterogeneity effects

* Long-term datasets (FLUXNET, AmeriFlux) enable validation across diverse ecosystems

Wind tunnel studies

« Controlled experiments to isolate specific processes and parameters
* Allow systematic variation of stability conditions and surface characteristics
* Used to study roughness sublayer effects and complex terrain influences

* Provide detailed measurements of turbulence statistics and spectra
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* Help validate similarity functions and flux-profile relationships

Large eddy simulations

» Numerical experiments to study surface layer dynamics at high resolution

+ Enable investigation of processes difficult to measure in the field

* Used to test assumptions of horizontal homogeneity and constant flux layer

* Provide insights into non-local effects and internal boundary layer development

* Help refine parameterizations for coarser-resolution atmospheric models

Monin-Obukhov vs other theories

» Monin-Obukhov theory complements and extends other approaches to boundary layer turbulence

* Important to understand relationships and differences between various theoretical frameworks

» Each approach has strengths and limitations for different applications

Comparison with K-theory

» K-theory assumes downgradient diffusion with constant or height-dependent eddy diffusivity

» Monin-Obukhov theory provides stability-dependent scaling for eddy diffusivity
» K-theory simpler to implement but lacks universal applicability across stability ranges
* Monin-Obukhov approach captures non-local effects through similarity functions

« Hybrid approaches combine K-theory with Monin-Obukhov scaling in some models

Relation to mixing length theory

» Mixing length theory assumes turbulent eddies have characteristic length scale

* Monin-Obukhov theory incorporates stability effects on effective mixing length

* Obukhov length serves as stability-dependent limit on mixing length in stable conditions
 Mixing length approaches often use Monin-Obukhov scaling in the surface layer

* Both theories contribute to development of more advanced turbulence closure schemes

Recent developments

» Ongoing research continues to refine and extend Monin-Obukhov similarity theory
* New approaches address limitations and expand applicability to complex conditions
* Incorporation of advanced measurement techniques and high-resolution modeling

Non-local effects

» Recognition of importance of large-scale eddies in unstable conditions

» Development of convective velocity scale and mixed-layer similarity
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* Inclusion of entrainment effects at the top of the boundary layer
« Exploration of non-local flux-gradient relationships in strongly unstable conditions

* Incorporation of top-down and bottom-up diffusion concepts

Heterogeneous surfaces

 Extension of theory to account for surface heterogeneity and patchiness

» Development of blending height concept for transitions between surface types

« Study of internal boundary layer development over changing surface conditions

* Incorporation of footprint models to interpret flux measurements over heterogeneous terrain

 Exploration of mosaic approaches for subgrid-scale surface variability in models

Stable boundary layer modifications

* Recognition of limitations of traditional theory in very stable conditions

» Development of z-less scaling for strongly stable stratification

* Incorporation of intermittency and non-stationarity in flux-profile relationships
* Exploration of anisotropic turbulence effects in stable boundary layers

* Investigation of low-level jets and their impact on surface layer structure

9.5 Urban boundary layers

Urban boundary layers shape city climates and air quality. They're complex structures with unique layers,
each influencing local conditions differently. Understanding these layers helps explain urban heat islands,
pollution patterns, and energy exchange in cities.

Urban areas modify wind patterns, energy balance, and pollution dispersion. This affects everything from
building design to public health. Modeling and measuring urban boundary layers is crucial for city planning,
climate adaptation, and creating more livable urban environments.

Structure of urban boundary layer

» Urban boundary layers play a crucial role in atmospheric physics by influencing local climate, air
quality, and energy exchange in cities

» Understanding the structure of urban boundary layers helps explain urban-specific phenomena such
as heat islands and pollution dispersion

» The complex geometry of urban areas creates unique atmospheric conditions not found in rural
environments

Urban canopy layer

» Extends from ground level to average building height in urban areas
 Characterized by complex interactions between buildings, streets, and local atmospheric conditions

» Experiences significant variations in temperature, wind speed, and air quality over short distances
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« Strongly influenced by anthropogenic activities (traffic emissions, building heat exhaust)

Urban roughness sublayer

* Located immediately above the urban canopy layer, extending to 2-5 times the average building
height

« Exhibits highly turbulent flow due to the irregular urban surface and building wakes
+ Experiences strong vertical mixing of heat, moisture, and pollutants

» Wind speed and direction vary greatly both horizontally and vertically within this layer

Urban mixing layer

» Extends from the top of the roughness sublayer to the top of the urban boundary layer
 Characterized by more homogeneous turbulence compared to lower layers
* Influenced by larger-scale atmospheric processes and regional weather patterns

* Plays a crucial role in diluting and dispersing urban pollutants vertically

Urban heat island effect

» Urban heat islands significantly impact local climate and energy consumption in cities
» This phenomenon results from the modification of land surfaces and human activities in urban areas

» Understanding urban heat islands is crucial for urban planning and climate change mitigation
strategies

Causes of urban heat islands
* Replacement of natural surfaces with impervious materials (concrete, asphalt)
* Reduced vegetation cover and evapotranspiration in urban areas
» Anthropogenic heat release from buildings, vehicles, and industrial processes
* Urban geometry trapping heat and reducing wind speeds

* Increased greenhouse gas concentrations in urban atmospheres
Thermal properties of urban surfaces

* Higher heat capacity of urban materials compared to natural surfaces

* Lower albedo of urban surfaces leading to increased absorption of solar radiation

* Reduced sky view factor in urban canyons affecting longwave radiation exchange

» Thermal inertia of buildings causing delayed cooling at night

« Variation in surface temperatures based on material properties (roofing, pavement types)
Impacts on local climate

* Increased average temperatures in urban areas compared to surrounding rural regions
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* Altered precipitation patterns due to changes in atmospheric stability and convection
» Extended growing seasons and shifts in plant phenology within cities
* Increased energy consumption for cooling during summer months

» Exacerbation of heat-related health risks for urban populations

Urban air pollution

* Urban air pollution poses significant health and environmental challenges in cities worldwide

 Understanding pollution dynamics in urban areas is crucial for developing effective air quality
management strategies

» Urban boundary layers play a key role in the transport and dispersion of air pollutants

Sources of urban pollutants

* Vehicle emissions (carbon monoxide, nitrogen oxides, particulate matter)

* Industrial processes releasing various gaseous and particulate pollutants

* Residential and commercial heating systems (sulfur dioxide, carbon dioxide)
« Construction activities generating dust and particulate matter

* Photochemical reactions producing secondary pollutants (ozone)

Dispersion in urban environments

* Influenced by urban geometry and building arrangements
« Street canyons can trap pollutants and limit vertical mixing
* Turbulence generated by buildings enhances local mixing but can also create pollution hotspots
» Thermal stratification in the urban boundary layer affects vertical dispersion
+ Urban heat island effect can create local circulation patterns affecting pollutant transport
Air quality monitoring
» Networks of ground-based monitoring stations measuring criteria pollutants
* Mobile monitoring units for high-resolution spatial mapping of air quality
« Satellite-based remote sensing for regional-scale air quality assessment
* Low-cost sensor networks providing real-time data on neighborhood-level air quality

* Integration of monitoring data with atmospheric models for improved forecasting and analysis

Urban wind patterns

» Urban wind patterns significantly differ from those in rural areas due to the complex urban geometry

» Understanding urban wind dynamics is crucial for assessing pollutant dispersion, thermal comfort, and
building design
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* Urban boundary layers modify wind speed, direction, and turbulence characteristics

Wind flow around buildings

+ Creation of vortices and recirculation zones in building wakes

* Acceleration of wind between buildings due to the Venturi effect

» Formation of downwash flows on the windward side of tall buildings

* Development of corner streams and channeling effects in urban canyons

« Influence of building shape and orientation on local wind patterns

Urban street canyons

* Characterized by reduced wind speeds compared to above-roof levels

» Development of helical flow patterns within canyons for certain wind directions

* Influence of canyon aspect ratio (height-to-width) on wind flow regimes

» Formation of secondary circulations driven by differential heating of canyon surfaces

* Trapping of pollutants within canyons under certain meteorological conditions

Turbulence in urban areas

* Enhanced mechanical turbulence due to surface roughness and obstacles

» Thermal turbulence generated by urban heat island effect and surface heating

« Intermittent turbulence caused by vehicle movement and anthropogenic activities
* Variation in turbulence intensity and scales across different urban layers

* Impact of urban turbulence on pollutant dispersion and pedestrian comfort

Energy balance in urban areas

» Urban energy balance differs significantly from rural areas due to modified surface properties and
anthropogenic activities

» Understanding urban energy fluxes is crucial for assessing urban climate, thermal comfort, and energy
consumption

» The urban boundary layer plays a key role in modulating energy exchanges between the urban
surface and atmosphere

Radiation budget

« Altered shortwave radiation balance due to urban geometry and surface properties

» Reduced outgoing longwave radiation caused by the urban heat island effect

* Impact of urban aerosols on incoming solar radiation through scattering and absorption
« Variation in surface albedo across different urban land use types

* Influence of sky view factor on radiative exchanges in urban canyons
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Anthropogenic heat sources

* Heat release from buildings (HVAC systems, appliances, lighting)
* Vehicle emissions contributing to sensible heat flux

* Industrial processes and power generation releasing waste heat
» Metabolic heat production from urban population

» Seasonal and diurnal variations in anthropogenic heat flux

Urban surface energy fluxes

» Reduced latent heat flux due to limited vegetation and impervious surfaces
* Increased storage heat flux in urban materials (buildings, roads)

» Modified sensible heat flux patterns influenced by urban geometry

* Impact of urban water bodies on local energy partitioning

« Spatial and temporal variability of energy fluxes across different urban landscapes

Urban boundary layer modeling

» Modeling urban boundary layers is essential for understanding and predicting urban climate and air
quality

+ Urban boundary layer models incorporate the complex interactions between urban surfaces and the
atmosphere

» These models are crucial tools for urban planning, climate change adaptation, and air quality
management

Computational fluid dynamics

* High-resolution simulations of airflow and pollutant dispersion in urban areas

* Incorporation of detailed building geometry and urban surface characteristics

+ Ability to resolve complex flow patterns around individual buildings and street canyons
* Used for studying urban microclimate and pedestrian-level wind conditions

* Requires significant computational resources and careful validation against observations

Urban canopy models

« Simplified representations of urban surfaces for use in mesoscale atmospheric models
» Parameterization of urban effects on energy, momentum, and mass exchanges

* Inclusion of anthropogenic heat sources and modified surface properties

* Ability to simulate urban heat island effect and its impact on boundary layer structure

« Often coupled with building energy models for improved energy flux estimations
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Parameterization techniques

» Development of urban surface energy balance schemes for regional and global models

» Representation of subgrid-scale urban processes in coarse-resolution models

* Bulk approaches treating urban areas as homogeneous surfaces with modified properties
» Multi-layer schemes accounting for vertical structure of the urban canopy

* Tile approaches representing different urban land use types within a model grid cell

Urban climate modification

+ Urban climate modification strategies aim to mitigate the negative impacts of urbanization on local
climate

» These approaches focus on altering urban surface properties and incorporating natural elements into
the built environment

 Understanding urban boundary layer processes is crucial for developing effective climate modification
techniques

Urban planning strategies

* Implementation of urban growth boundaries to limit urban sprawl

* Optimization of building heights and arrangements for improved ventilation

« Creation of urban corridors to facilitate air movement and pollutant dispersion
* Integration of water bodies and green spaces into urban design

» Development of compact city models to reduce transportation emissions and energy consumption

Green infrastructure

* Implementation of urban forests and street trees to provide shade and evaporative cooling
« Installation of green roofs and walls to reduce building heat gain and enhance insulation

* Creation of urban parks and green corridors to mitigate the urban heat island effect

+ Use of permeable pavements to increase water infiltration and reduce surface runoff

» Development of urban agriculture to enhance local food security and reduce heat absorption

Urban heat mitigation measures
* Application of high-albedo materials on roofs and pavements to reflect solar radiation
* Implementation of cool roof technologies using reflective coatings or materials
« Installation of shading devices and structures in public spaces
* Use of water features and misting systems for evaporative cooling in hot climates

» Development of district cooling systems to reduce individual building energy consumption
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Measurement techniques

» Accurate measurements of urban boundary layer characteristics are essential for understanding urban
climate processes

» A combination of ground-based and remote sensing techniques provides comprehensive data on
urban atmospheric conditions

» These measurements are crucial for validating urban climate models and assessing the effectiveness
of mitigation strategies

Remote sensing of urban areas
+ Satellite-based thermal infrared imaging for urban heat island mapping
* LiDAR technology for high-resolution urban surface and building geometry mapping
» Radar systems for measuring urban precipitation patterns and intensity
» Multispectral imaging for assessing urban vegetation cover and land use changes

» Atmospheric sounders for profiling temperature and humidity in the urban boundary layer

In-situ observations

» Networks of weather stations measuring temperature, humidity, wind, and precipitation

* Mobile measurement platforms for high-resolution spatial mapping of urban climate variables
+ Deployment of air quality sensors for monitoring urban pollutant concentrations

+ Use of sonic anemometers for measuring three-dimensional wind components and turbulence

* Installation of radiation sensors for quantifying urban surface energy balance components

Urban flux towers

* Tall towers equipped with instruments to measure vertical profiles of atmospheric variables
» Eddy covariance systems for direct measurement of energy, momentum, and mass fluxes
+ Long-term monitoring of carbon dioxide and other greenhouse gas fluxes in urban areas

» Assessment of anthropogenic heat flux through energy balance residual method

» Comparison of flux measurements between different urban land use types and rural areas

Urban boundary layer vs rural boundary layer

« Urban and rural boundary layers exhibit significant differences due to contrasting surface properties
and human activities

* Understanding these differences is crucial for accurately modeling and predicting urban climate and
air quality

» The urban-rural contrast in boundary layer characteristics has important implications for regional
climate and pollution transport
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Differences in structure

* Greater depth of the urban boundary layer compared to rural areas

» More complex vertical structure in urban areas due to the presence of distinct sublayers
* Increased turbulence intensity and mixing in the urban boundary layer

* Persistence of a nocturnal urban boundary layer compared to rural stable layer formation

* Influence of urban roughness elements on wind profiles and turbulence characteristics

Contrasting energy balances

* Higher sensible heat flux in urban areas due to reduced evapotranspiration

* Increased storage heat flux in urban materials compared to rural soils

* Presence of anthropogenic heat sources in urban energy balance

* Modified radiation balance in urban areas due to complex geometry and surface properties

+ Delayed cooling of urban areas at night compared to rapid rural surface cooling

Pollution concentration disparities

* Generally higher pollutant concentrations in urban areas due to increased emissions
* More complex spatial distribution of pollutants in urban environments

* Longer residence times of pollutants in urban boundary layers

» Formation of urban pollution domes extending downwind of cities

« Differences in chemical processing of pollutants due to urban-specific conditions (higher
temperatures, altered photochemistry)

Urban boundary layer dynamics

* Urban boundary layer dynamics exhibit unique characteristics due to the complex urban environment
» Understanding these dynamics is crucial for predicting urban weather, air quality, and climate

» The urban boundary layer responds to both local urban influences and larger-scale atmospheric
patterns

Diurnal variations

* Delayed morning growth of the urban boundary layer compared to rural areas

* Persistence of a shallow nocturnal urban boundary layer due to heat storage and anthropogenic heat
release

* More pronounced urban heat island effect during nighttime and early morning hours
* Diurnal cycles of pollutant concentrations influenced by traffic patterns and boundary layer height

« Variation in turbulence characteristics throughout the day affected by surface heating and urban
geometry
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Seasonal changes

* Modification of the urban heat island intensity across seasons

» Changes in anthropogenic heat flux related to seasonal energy consumption patterns
 Seasonal variations in urban vegetation phenology affecting surface energy balance
* Impact of snow cover on urban-rural contrasts in boundary layer characteristics

» Seasonal shifts in prevailing wind patterns affecting urban pollution dispersion

Influence of weather patterns
* Interaction between urban heat island circulation and sea breeze in coastal cities
» Modification of precipitation patterns by urban areas under different synoptic conditions
* Impact of large-scale atmospheric stability on urban boundary layer depth and mixing

* Enhancement or suppression of convective storms by urban areas depending on environmental
conditions

* Influence of regional climate phenomena (monsoons, El Nifio) on urban boundary layer characteristics
9.6 Air-sea interactions

Air-sea interactions are crucial in shaping global climate and weather patterns. The ocean-atmosphere
interface facilitates complex exchanges of heat, momentum, and gases, influencing everything from daily
weather to long-term climate trends.

Understanding these interactions is key to predicting climate variability and change. From energy
exchange processes to ocean circulation patterns, air-sea interactions drive atmospheric dynamics and
play a vital role in Earth's climate system.

Fundamentals of air-sea interactions

« Air-sea interactions play a crucial role in atmospheric physics by influencing global climate patterns
and weather systems

* The interface between the ocean and atmosphere serves as a dynamic boundary for exchanging heat,
momentum, and various gases

» Understanding these interactions helps predict climate variability and long-term changes in the Earth's
atmospheric conditions

Ocean-atmosphere interface

« Thin layer where ocean and atmosphere meet facilitates complex exchanges of energy, gases, and
particles

« Surface microlayer consists of organic compounds and microorganisms affecting air-sea gas
exchange rates

» Wave action at the interface influences aerosol production and sea spray generation

« Salinity and temperature gradients in this layer impact heat and moisture fluxes
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Energy exchange processes

« Solar radiation absorption and reflection at the ocean surface drive energy transfer

« Sensible heat flux occurs through direct conduction between air and water molecules

« Latent heat transfer involves evaporation and condensation processes

» Long-wave radiation emitted by the ocean surface contributes to the Earth's energy balance

« Diurnal cycle of solar heating creates temperature variations affecting energy exchange rates

Momentum transfer mechanisms

» Wind stress on the ocean surface generates waves and currents

+ Surface roughness of the ocean influences the efficiency of momentum transfer

» Langmuir circulation develops from wind-wave interactions, enhancing vertical mixing
* Momentum flux varies with wind speed and atmospheric stability conditions

« Coriolis effect modifies wind-driven currents, creating Ekman spirals in the upper ocean

Heat fluxes across air-sea boundary

+ Heat fluxes between the ocean and atmosphere significantly impact global heat distribution
* These fluxes drive atmospheric circulation patterns and influence weather systems

» Understanding heat transfer mechanisms aids in predicting climate variability and extreme weather
events

Sensible heat flux

* Direct transfer of heat through conduction and convection between ocean and atmosphere
* Depends on temperature difference between sea surface and overlying air

* Influenced by wind speed and atmospheric stability

* Typically smaller in magnitude compared to latent heat flux

» Can be enhanced in regions with strong temperature gradients (Gulf Stream)

Latent heat flux

* Heat transfer associated with phase changes of water (evaporation and condensation)
+ Largest component of heat exchange between ocean and atmosphere

» Depends on difference in water vapor concentration between sea surface and air

* Influenced by wind speed, relative humidity, and sea surface temperature

* Plays crucial role in tropical cyclone intensification and global water cycle

Radiative heat transfer

* Involves absorption and emission of electromagnetic radiation
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* Incoming solar radiation (shortwave) heats the ocean surface

+ Outgoing longwave radiation from the ocean surface cools the water

* Net radiative flux depends on cloud cover, atmospheric composition, and surface albedo

» Greenhouse gases in the atmosphere affect the balance of incoming and outgoing radiation

* Diurnal and seasonal variations in solar radiation impact radiative heat transfer patterns

Ocean circulation and atmosphere

» Ocean circulation patterns strongly influence global climate and weather systems
* Interactions between ocean currents and atmospheric circulation create feedback loops

 Understanding these relationships aids in predicting long-term climate trends and variability

Thermohaline circulation

* Global ocean conveyor belt driven by temperature and salinity differences

* Transports heat from equatorial regions to higher latitudes

* Influences climate patterns on timescales of decades to centuries

* North Atlantic Deep Water formation plays crucial role in maintaining circulation

» Changes in thermohaline circulation can lead to abrupt climate shifts

Wind-driven surface currents

» Ekman transport creates surface currents flowing 45 degrees to the right of wind direction in Northern
Hemisphere

» Geostrophic currents result from balance between pressure gradient and Coriolis forces
» Western boundary currents (Gulf Stream) intensify due to Earth's rotation
» Equatorial currents driven by trade winds create upwelling and downwelling patterns

» Seasonal monsoon winds influence surface currents in regions like the Indian Ocean

Upwelling and downwelling

+ Coastal upwelling brings nutrient-rich deep waters to the surface, supporting marine ecosystems
+ Equatorial upwelling occurs due to divergence of surface currents

» Downwelling in subtropical gyres creates oceanic deserts with low productivity

» Wind-driven Ekman pumping influences vertical motion in the upper ocean

» Upwelling and downwelling affect local climate and fisheries productivity

Atmospheric boundary layer over oceans

» Marine atmospheric boundary layer (MABL) plays crucial role in air-sea interactions

» Understanding MABL processes aids in improving weather forecasting and climate models

Fiveable archived study guides Page 441



* Characteristics of MABL differ significantly from boundary layers over land surfaces

Marine boundary layer structure

* Typically consists of mixed layer, cloud layer, and inversion layer

» Mixed layer height varies from tens to thousands of meters depending on conditions
« Strong temperature inversion often caps the marine boundary layer

* Moisture content generally decreases with height within the boundary layer

* Diurnal variations in MABL structure less pronounced compared to land

Sea surface roughness effects

» Roughness length of ocean surface varies with wind speed and wave state
« Affects momentum and heat transfer between ocean and atmosphere

* Influences drag coefficient used in flux parameterizations

» Swell waves can modify atmospheric turbulence in low wind conditions

» Breaking waves enhance aerosol production and gas exchange

Turbulent mixing processes

* Mechanical turbulence generated by wind shear at the ocean surface

» Buoyancy-driven turbulence caused by surface heating or cooling

+ Entrainment at the top of the boundary layer affects its growth and structure
» Langmuir circulation enhances vertical mixing in the upper ocean

« Stable stratification in the MABL can suppress turbulent mixing

Air-sea gas exchange

» Gas exchange between ocean and atmosphere influences global biogeochemical cycles
» Understanding these processes aids in predicting climate change impacts and ocean acidification

+ Air-sea gas fluxes depend on concentration gradients, solubility, and transfer velocities

Carbon dioxide flux

* Ocean acts as both source and sink for atmospheric CO2

* Flux direction depends on partial pressure difference between air and sea surface

* Biological pump removes CO2 from surface waters through photosynthesis and export
* Solubility pump driven by temperature-dependent CO2 solubility in seawater

» Anthropogenic CO2 uptake by oceans leads to ocean acidification
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Oxygen exchange
» Oxygen flux influenced by biological production, respiration, and physical processes
« Supersaturation of oxygen in surface waters due to photosynthesis drives outgassing
» Oxygen minimum zones in deep waters result from respiration and limited ventilation
* Air-sea oxygen exchange important for maintaining marine ecosystem health

« Climate change affects oxygen solubility and stratification, impacting oxygen dynamics

Water vapor transfer

 Evaporation from ocean surface primary source of atmospheric water vapor

« Latent heat flux associated with water vapor transfer influences energy balance
* Relative humidity at air-sea interface affects evaporation rates

» Sea spray evaporation contributes to total water vapor flux

» Water vapor transfer crucial for global hydrological cycle and cloud formation

Ocean-atmosphere coupling in climate

+» Coupled ocean-atmosphere systems drive major climate patterns and variability
» Understanding these interactions essential for improving climate predictions

» Feedback mechanisms between ocean and atmosphere can amplify or dampen climate signals

El Nino-Southern Oscillation (ENSO)

+ Coupled ocean-atmosphere phenomenon in tropical Pacific with global climate impacts
* Characterized by alternating warm (EI Nifio) and cold (La Nifia) phases

» Walker circulation weakens during El Nifo, altering global atmospheric patterns

« Affects monsoon systems, tropical cyclone formation, and global temperature anomalies

* Teleconnections link ENSO to climate variations in remote regions

Monsoon systems

» Seasonal reversal of winds driven by land-sea temperature contrasts

» Ocean heat content and sea surface temperatures influence monsoon intensity
* Indian Ocean Dipole interacts with monsoon circulation patterns

» Monsoons affect global atmospheric circulation and hydrological cycle

+ Climate change may alter monsoon timing, intensity, and variability

Tropical cyclone formation

» Warm sea surface temperatures (>26°C) essential for tropical cyclone development
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* Ocean heat content influences cyclone intensification and maximum potential intensity
+ Air-sea fluxes of heat and moisture fuel cyclone energy
» Cool wakes left by cyclones can provide negative feedback on storm intensity

« Climate change may affect tropical cyclone frequency, intensity, and distribution

Measurement techniques for air-sea interactions

 Accurate measurements crucial for understanding and modeling air-sea interactions
» Combination of in-situ and remote sensing techniques provides comprehensive data

 Long-term observations essential for detecting climate change signals

Buoy systems

* Moored buoys provide continuous time series of meteorological and oceanographic data

* Measure air temperature, humidity, wind speed, sea surface temperature, and wave height
* Flux towers on buoys directly measure turbulent fluxes of heat, moisture, and momentum

« Drifting buoys track ocean currents and provide wide spatial coverage

+ Data from buoy networks used for weather forecasting and climate monitoring

Satellite observations

* Provide global coverage of sea surface temperature, wind speed, and wave height
« Scatterometers measure ocean surface wind vectors

* Altimeters measure sea surface height and derive ocean currents

» Microwave radiometers retrieve atmospheric water vapor and precipitation

* Infrared and visible sensors detect cloud patterns and sea surface temperature

Ship-based measurements

» Research vessels equipped with sophisticated instrumentation for detailed measurements
* Direct flux measurements using eddy covariance technique

» Conductivity-Temperature-Depth (CTD) profiles of ocean water properties

* Acoustic Doppler Current Profilers (ADCP) measure ocean current velocities

« Provide calibration and validation data for satellite observations and models

Modeling air-sea interactions

» Numerical models essential for understanding and predicting air-sea interaction processes
* Range from simple bulk parameterizations to complex coupled ocean-atmosphere models

 Continuous improvement in model physics and resolution enhances predictive capabilities
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Coupled ocean-atmosphere models

« Simulate interactions between ocean and atmosphere components

* Include feedbacks between sea surface temperature, winds, and heat fluxes
» Range from regional to global scales with varying complexity

* Used for climate projections, seasonal forecasting, and process studies

* Require significant computational resources for high-resolution simulations

Parameterization of air-sea fluxes

+ Bulk formulas relate fluxes to easily measurable variables (wind speed, temperature difference)
» COARE algorithm widely used for calculating turbulent fluxes

» Wave-dependent roughness length parameterizations improve flux estimates

* Gas transfer velocity parameterizations based on wind speed or surface roughness

» Ongoing research to improve parameterizations for extreme conditions

Model validation techniques

» Comparison with in-situ observations from buoys, ships, and aircraft

« Satellite data used for large-scale validation of model outputs

« Statistical metrics (root mean square error, correlation coefficient) assess model performance
» Ensemble approaches quantify model uncertainties

* Process-based validation focuses on specific phenomena (ENSO, monsoons)

Air-sea interaction in climate change

« Air-sea interactions play crucial role in Earth's response to increasing greenhouse gases
* Changes in ocean heat uptake and circulation impact global climate sensitivity

» Understanding these processes essential for accurate climate change projections

Sea surface temperature trends

* Global sea surface temperatures increasing due to anthropogenic warming

» Warming patterns vary regionally, with faster warming in some areas (Western Boundary Currents)
* Changes in SST gradients affect atmospheric circulation patterns

» Marine heatwaves becoming more frequent and intense

* Impacts on marine ecosystems, including coral bleaching and species distribution shifts

Ocean acidification effects

* Increased CO2 uptake by oceans leads to decreasing pH and carbonate ion concentrations
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« Affects calcifying organisms (corals, shellfish) and marine food webs
» Changes in seawater chemistry may alter air-sea gas exchange processes
* Potential feedbacks on atmospheric CO2 concentrations as ocean CO2 uptake capacity changes

* Impacts on biogeochemical cycles and ecosystem services

Sea level rise implications

» Thermal expansion of seawater and melting land ice contribute to global sea level rise
» Changes in ocean circulation patterns affect regional sea level variations

* Rising sea levels increase coastal flooding and erosion risks

« Saltwater intrusion into coastal aquifers threatens freshwater resources

» Feedback between sea level rise and ice sheet dynamics may accelerate future rise

Fiveable archived study guides Page 446



Unit 10 — Remote Sensing & Atmospheric
Instruments

10.1 Radar meteorology

Principles of radar meteorology

Radar meteorology uses electromagnetic waves to detect and analyze atmospheric phenomena. These
principles form the backbone of weather observation and forecasting, and understanding them is essential
for interpreting radar data accurately.

Electromagnetic wave propagation

Electromagnetic waves travel at the speed of light in a vacuum, but atmospheric conditions alter their
propagation through refraction and attenuation. Weather radars operate at wavelengths typically ranging
from 1 to 10 cm, which correspond to three common bands:

» S-band (~10 cm): Best penetration through heavy precipitation, but lower spatial resolution. Used by
the WSR-88D (NEXRAD) network.

» C-band (~5 cm): A middle ground between penetration and resolution. Common in European radar
networks.

» X-band (~3 cm): Highest resolution, but attenuates significantly in heavy rain. Often used in portable
or gap-filling radars.

The trade-off is straightforward: longer wavelengths see through rain better, while shorter wavelengths
resolve finer details.

Radar equation fundamentals

The radar equation relates the power received back at the radar to the transmitted power and the
properties of the target:

_ P:G’A%a
Pr (4n)3r4

where:
+ Pr = received power
+ Pt = transmitted power
G = antenna gain
+ A = wavelength
» 0 = radar cross-section of the target
* I' = range (distance) to the target

The r* term in the denominator is key: it accounts for the signal traveling out to the target and then back to
the radar, with inverse-square losses in each direction. This means received power drops off very quickly
with distance.

Fiveable archived study guides Page 447



Pulse repetition frequency

Pulse repetition frequency (PRF) is how often the radar transmits pulses. Typical weather radar PRF
values range from 300 to 1200 Hz.

PRF creates a fundamental trade-off:

* Higher PRF - more pulses per second — better velocity sampling, but the radar "listens" for a shorter
time between pulses, which reduces the maximum unambiguous range (the farthest distance it can
measure without confusion).

» Lower PRF - longer listening window — greater unambiguous range, but fewer velocity samples and a
lower Nyquist velocity limit.

You can't optimize both range and velocity simultaneously with a single PRF. This is called the Doppler
dilemma, and it drives many of the techniques discussed later (like dual-PRF methods).

Radar hardware components

Weather radar systems consist of several interconnected hardware elements. Each component plays a
specific role in transmitting, receiving, and processing radar signals.

Transmitter and receiver systems

The transmitter generates high-power microwave pulses that probe the atmosphere. Two common power
sources are:

« Klystron tubes: High power, stable frequency, but expensive and bulky. Preferred when precise
frequency control matters (e.g., Doppler applications).

» Magnetron tubes: Cheaper and more compact, but less frequency-stable. Common in smaller or older
radar systems.

The receiver detects the extremely weak return signals from atmospheric targets. Low-noise amplifiers
boost the signal, and mixers convert the received microwave frequency down to a lower intermediate
frequency that's easier to process digitally.

Antenna types and designs

 Parabolic dish antennas focus the radar beam into a narrow cone for directional transmission. The
dish physically rotates to scan the atmosphere. Most operational weather radars use this design.

* Phased array antennas use many small radiating elements whose signals are combined
electronically. By adjusting the phase of each element, the beam can be steered without moving parts,
allowing much faster scanning.

» Antenna gain determines how tightly the beam is focused. Higher gain means better sensitivity and
angular resolution.

+ Dual-polarization antennas transmit and receive in both horizontal and vertical orientations
simultaneously, enabling the polarimetric measurements covered below.

Signal processing units

Signal processors convert the raw analog return signal into usable digital data. Their main tasks include:

1. Analog-to-digital conversion of the received signal
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2. Filtering to remove noise and ground clutter

3. Moment estimation: calculating reflectivity, radial velocity, and spectrum width from the processed
returns

4. Generating radar products and formatting data for display and distribution

Radar reflectivity

Radar reflectivity measures how much transmitted power is scattered back to the radar. It provides
information about the size, concentration, and type of hydrometeors (rain, snow, hail, etc.) in the
atmosphere.

Rayleigh scattering theory

Rayleigh scattering applies when the radar wavelength is much larger than the target particle. For weather
radar, this condition holds for most raindrops and ice crystals.

The critical result: scattering intensity is proportional to the sixth power of the particle diameter (D®). This
means a raindrop twice as large scatters 2 = 64 times more power. A few large drops dominate the
return signal far more than many small ones.

Rayleigh scattering breaks down when particles become comparable in size to the wavelength, such as
large hail observed by shorter-wavelength radars. In those cases, Mie scattering theory is needed.

Reflectivity factor Z

The reflectivity factor Z sums the sixth powers of all particle diameters in a unit volume of air:

r
Z=2Df
i=1

Units are mm®/m?>. Because Z depends on D, it's extremely sensitive to the largest particles in the
sample. This is why hail produces such high reflectivity values even when relatively few hailstones are
present.

dBZ scale and interpretation

Because Z spans many orders of magnitude, it's expressed on a logarithmic scale:
dBZ = 10'0910 (Z)
where Z is in mm®/m3.

Approximate interpretation:

dBZ Range Typical Precipitation
<20dBZ Light drizzle or mist
20-30 dBz Light rain

30-40 dBZ Moderate rain

40-50 dBZ Heavy rain

> 50 dBZ Very heavy rain or hail

> 65 dBZ
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Doppler radar principles

Doppler radar measures the motion of targets relative to the radar by exploiting the Doppler effect. This
capability is essential for detecting wind patterns, storm rotation, and wind shear.

Doppler effect in meteorology

When a target moves relative to the radar, the frequency of the returned signal shifts:

where Af is the frequency shift, Vr is the radial velocity of the target, and A is the radar wavelength. The
factor of 2 accounts for the round trip (out and back).

» Motion toward the radar — positive frequency shift (higher frequency)
» Motion away from the radar — negative frequency shift (lower frequency)

Only the radial component of velocity (along the beam direction) is measured. A target moving
perpendicular to the beam produces zero Doppler shift, even if it's moving fast.

Radial velocity measurements

Radial velocity is derived from the phase shift between successive returned pulses, not from measuring
frequency directly. By convention:

* Positive values = motion toward the radar
» Negative values = motion away from the radar

This data reveals wind patterns, mesocyclone rotation in supercells, low-level wind shear near airports,
and the overall motion of storms.

Nyquist velocity and aliasing

The Nyquist velocity is the maximum unambiguous velocity the radar can measure, set by the PRF and
wavelength:

Vmax = +4 lZRF

Any true velocity exceeding Ymax gets "folded" or "aliased" into the wrong part of the velocity spectrum. For
example, if Vmax = 25 M/s and the true velocity is 30 m/s toward the radar, it will appear as 20 m/s away
from the radar. Aliased velocities show up as abrupt, unrealistic color changes on velocity displays.

Dual-PRF techniques and dealiasing algorithms are used to extend the effective Nyquist velocity.

Dual-polarization radar

Dual-polarization (dual-pol) radar transmits and receives waves in both horizontal and vertical orientations.
Because different hydrometeors have different shapes and orientations, the two polarizations interact with
them differently. This provides a much richer picture than reflectivity alone.

Polarimetric variables

Four key variables come from dual-pol measurements:
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« Differential reflectivity (£pr): The ratio of horizontal to vertical reflectivity (in dB). Positive values
indicate particles wider than they are tall (like large raindrops flattened by air resistance). Values near
zero suggest spherical or tumbling particles.

« Correlation coefficient (PHv): How well the horizontal and vertical signals correlate. Values near 1.0
indicate uniform particle types. Values dropping below ~0.90 suggest a mix of particle types, melting, or
non-meteorological targets (debris, birds).

« Specific differential phase (Kpp): The rate at which the phase difference between horizontal and
vertical waves accumulates with range. Proportional to liquid water content and insensitive to
attenuation, making it very useful for rain rate estimation.

« Linear depolarization ratio (LDR): Measures how much a target depolarizes the signal. Useful for
identifying the melting layer and wet ice, but requires simultaneous transmit/receive capability.

Hydrometeor classification

Dual-pol radars combine multiple polarimetric variables to classify what type of particle the radar is seeing.
Common categories include rain, dry snow, wet snow, hail, graupel, ice crystals, and mixed-phase
precipitation.

Classification typically uses fuzzy logic algorithms that assign membership scores across categories based
on the observed variable values. This improves understanding of precipitation processes and helps
forecasters distinguish between, say, heavy rain and a rain/hail mixture.

Quantitative precipitation estimation

Dual-pol data significantly improves rainfall rate estimates compared to reflectivity alone. Three common
approaches:

* R(2): Traditional reflectivity-only relationship. Simple but sensitive to drop size distribution variability
and hail contamination.

* R(Z, Zpr): Adds differential reflectivity to account for drop size, reducing errors from varying drop size
distributions.

* R(Kpp): Uses specific differential phase, which is largely immune to attenuation, hail contamination,
and partial beam blockage. Most accurate in heavy rain.

Operational systems often blend these approaches depending on conditions.

Weather radar products

Radar data is processed into various products that forecasters and researchers use to visualize and
analyze atmospheric conditions.

Base reflectivity and velocity

Base reflectivity displays echo intensity on a color-coded map at a single elevation angle. Multiple elevation
angles are available, giving you slices through the atmosphere at different heights. This is the most
fundamental radar product for assessing precipitation location and intensity.

Base velocity shows the radial motion of targets at a given elevation angle. Colors typically indicate motion
toward (green) or away from (red) the radar. Velocity data is essential for identifying rotation, convergence,
and wind shear.
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Composite reflectivity

Composite reflectivity takes data from all elevation scans and displays the maximum reflectivity value
found in each vertical column. This gives a quick overview of where the most intense precipitation exists
across the entire radar volume, regardless of altitude. It's useful for rapid assessment of storm intensity but
can sometimes overstate surface precipitation if high reflectivity exists only aloft.

Storm relative motion

Storm relative motion (SRM) subtracts the storm's own movement vector from the base velocity data. This
isolates the winds within the storm relative to its motion.

SRM is particularly valuable for detecting:
* Mesocyclones: Persistent rotation signatures in supercell thunderstorms
* Tornado vortex signatures: Tight couplets of inbound/outbound velocities
* Inflow/outflow regions: Where air is feeding into or exiting the storm

Without removing storm motion, these internal circulation features can be masked by the storm's overall
translation.

Radar data interpretation

Interpreting radar data requires combining knowledge of radar physics with atmospheric dynamics. Pattern
recognition is a core skill for forecasters.

Precipitation patterns

« Stratiform precipitation appears as widespread, relatively uniform reflectivity. A bright band (a thin
layer of enhanced reflectivity) often appears at the melting level, where snowflakes begin to melt and
briefly become coated in water, dramatically increasing their radar cross-section.

 Convective precipitation shows up as isolated, intense cells with sharp reflectivity gradients. These are
associated with thunderstorms and strong vertical motions.

» Banded structures often indicate frontal boundaries, deformation zones, or lake-effect snow bands.

Severe storm signatures

Several radar signatures are associated with severe weather:

» Hook echo: A curved appendage on the rear flank of a supercell, often associated with tornado
development.

* Bounded weak echo region (BWER): An area of reduced reflectivity bounded above by strong echoes,
indicating a powerful updraft lofting precipitation upward.

* V-notch (or enhanced-V): A V-shaped notch in the storm top, visible in satellite or upper-level radar
data, indicating strong divergence aloft from an intense updraft.

» Three-body scatter spike (TBSS): A spike of reflectivity extending radially away from a high-reflectivity
core, caused by energy bouncing between large hailstones and the ground. A strong indicator of large
hail.
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Non-meteorological echoes

Not everything on radar is weather:

» Ground clutter: Stationary, high-reflectivity returns near the radar from terrain, buildings, or towers.
Usually filtered out, but can leak through.

* Anomalous propagation (AP): Temperature inversions or ducting bend the radar beam toward the
ground, producing false echoes at long range.

* Biological echoes: Birds, insects, and bats are often visible in clear-air mode, especially during
migration events or at dawn/dusk.

« Chaff: Thin metallic strips released as radar countermeasures. Produces distinctive, slowly dispersing
echo patterns.

Dual-pol variables (especially PHV) are very effective at distinguishing meteorological from
non-meteorological echoes.

Advanced radar techniques

Newer technologies and methods continue to push the capabilities of radar meteorology in terms of
resolution, coverage, and data quality.

Phased array technology

Phased array radars steer their beams electronically rather than by rotating a dish. This allows:
* Full volume scans in under 60 seconds (compared to ~5 minutes for conventional radars)
» Adaptive scanning that focuses on rapidly evolving storms while still monitoring the broader area

« Simultaneous multi-function use, such as weather surveillance and aircraft tracking on the same
system

The faster update rate is especially valuable for tracking tornadoes, microbursts, and other phenomena
that evolve on timescales shorter than conventional scan intervals.

Multi-radar multi-sensor systems

MRMS (Multi-Radar Multi-Sensor) is the operational example in the U.S. These systems:
» Mosaic data from overlapping radars to fill coverage gaps and reduce range-dependent biases

* Integrate non-radar data sources: satellite imagery, surface observations, lightning detection
networks, and numerical model output

* Produce seamless, high-resolution products over large geographic areas

* Provide automated severe weather and precipitation algorithms that no single radar could match

Radar data assimilation

Data assimilation incorporates radar observations into numerical weather prediction (NWP) models to
improve forecast initial conditions. This is especially impactful for short-range (0-6 hour) forecasts of
convective weather.

Common techniques include:
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« 3D-Var and 4D-Var: Variational methods that find the model state best fitting both the prior forecast
and the observations

» Ensemble Kalman filter (EnKF): Uses an ensemble of model runs to estimate background error
covariances, making it well-suited for flow-dependent errors

Challenges remain significant: radar data has non-Gaussian error distributions, the relationship between
radar observables and model variables is nonlinear, and the sheer volume of radar data requires careful
thinning or superobbing strategies.

Limitations and challenges

Every radar measurement comes with caveats. Understanding these limitations is just as important as
understanding the data itself.

Beam blockage and attenuation

» Beam blockage occurs when terrain, buildings, or other obstacles partially or completely obstruct the
radar beam. Affected areas show artificially low reflectivity or no data at all.

« Attenuation is the loss of signal strength as the beam passes through heavy precipitation. This is a
bigger problem at shorter wavelengths (X-band and C-band) than at S-band.

» Mitigation strategies include dual-pol attenuation correction (using Kop), multi-radar compositing, and
careful siting of radar installations.

Range folding and velocity ambiguity

» Range folding happens when echoes from beyond the maximum unambiguous range are incorrectly
placed at a closer range. These "second-trip echoes" can contaminate the display, especially in
widespread convective environments.

* Velocity ambiguity (aliasing) occurs when true velocities exceed the Nyquist limit, as discussed earlier.

* Both problems stem from the Doppler dilemma. Dual-PRF techniques, staggered PRT (pulse
repetition time) methods, and post-processing algorithms help resolve these issues but don't eliminate
them entirely.

Radar coverage gaps

The Earth's curvature means that even with a network of radars, the beam overshoots low-level
phenomena at long range. At 200 km from the radar, the lowest beam may be over 2 km above the
surface.

* Mountainous terrain compounds this with beam blockage.

» Gaps can cause missed detections of shallow precipitation, low-level rotation, and boundary-layer
wind shear.

» Gap-filling radars (often smaller X-band systems), terminal Doppler weather radars at airports, and
integration with surface observation networks help address these limitations.

Applications in meteorology

Radar data supports a wide range of operational and research applications across meteorology and
hydrology.
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Nowcasting and severe weather detection

Short-term forecasting (0-6 hours), or nowcasting, relies heavily on radar. Automated algorithms detect
signatures of severe weather in near real-time:

* Mesocyclone detection algorithms flag persistent rotation

» Tornado vortex signatures trigger tornado warnings

+ Hail detection algorithms use reflectivity profiles and dual-pol data

» Warning decision support systems integrate these detections to help forecasters issue timely alerts

Dual-pol has notably improved the detection of tornado debris (via low PHV in a tornado debris signature)
and discrimination between rain and hail.

Rainfall estimation and hydrology

Radar provides spatially continuous rainfall estimates at high temporal resolution (every 5-10 minutes),
which rain gauges alone cannot match. Applications include:

* Flash flood forecasting and monitoring
* Input to hydrologic models for river stage prediction
» Water resource management and reservoir operations

» Merging radar estimates with gauge data for bias correction produces the most accurate rainfall fields

Wind field analysis

Doppler velocity data reveals atmospheric motion across a range of scales:
« Airport weather: Detection of wind shear, microbursts, and gust fronts critical for aviation safety

* VAD (Velocity Azimuth Display): A technique that derives vertical wind profiles from a single radar by
analyzing velocity data at a constant range across all azimuths

* Dual-Doppler analysis: When two radars observe the same storm from different angles, their radial
velocities can be combined to retrieve the full 3D wind field within the storm. This technique is a
cornerstone of severe storm research.

10.2 Satellite meteorology

Satellite meteorology revolutionized weather forecasting by providing global atmospheric observations
from space. It uses remote sensing to gather data on atmospheric parameters, integrating physics
principles with advanced technology to interpret electromagnetic radiation from Earth and its atmosphere.

Satellites in various orbits employ passive and active remote sensing techniques across the
electromagnetic spectrum. This allows for comprehensive monitoring of atmospheric conditions, from cloud
patterns and temperature profiles to precipitation and air quality, enhancing our understanding of weather
systems and climate dynamics.

Principles of satellite meteorology

« Satellite meteorology revolutionized weather forecasting by providing global atmospheric observations
from space
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« Utilizes remote sensing techniques to gather data on various atmospheric parameters crucial for
understanding weather patterns and climate systems

* Integrates physics principles with advanced technology to interpret electromagnetic radiation emitted
or reflected by Earth and its atmosphere

Satellite types and orbits

» Geostationary satellites maintain a fixed position relative to Earth's surface at approximately 35,786
km altitude

* Provide continuous coverage of a specific region

« Ideal for monitoring rapidly evolving weather systems (hurricanes)

* Polar-orbiting satellites circle the Earth at lower altitudes (800-900 km) passing over the poles
« Offer global coverage with higher spatial resolution

» Complete an orbit in about 100 minutes

» Sun-synchronous orbits ensure consistent lighting conditions for Earth observations

* Pass over the same area at the same local solar time each day

Remote sensing fundamentals

« Passive remote sensing measures naturally emitted or reflected radiation from Earth and atmosphere
* Includes visible light, infrared, and microwave wavelengths

« Active remote sensing involves emitting signals and measuring their return after interaction with the
target

» Radar and lidar systems fall into this category

» Atmospheric windows allow certain wavelengths to pass through with minimal absorption
* Essential for selecting appropriate sensor wavelengths

« Spectral signatures help identify different atmospheric constituents and surface features

» Each material has a unique reflectance or emission pattern across the electromagnetic spectrum

Electromagnetic spectrum in meteorology

* Visible light (0.4-0.7 um) used for cloud and surface observations during daylight hours
* Near-infrared (0.7-1.3 ym) aids in vegetation monitoring and cloud phase determination
» Thermal infrared (3-15 pym) measures Earth's surface and cloud top temperatures

+ Key for night-time observations and temperature profile retrievals

* Microwave (1-100 mm) penetrates clouds to measure precipitation, water vapor, and surface
properties

* Ultraviolet (0.01-0.4 pm) utilized for ozone monitoring and solar radiation measurements
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Satellite instrumentation

« Satellite instruments consist of sophisticated sensors designed to detect and measure specific types
of electromagnetic radiation

» Advancements in technology have led to improved spatial, temporal, and spectral resolution of
satellite observations

* Integration of multiple instrument types on a single satellite platform enhances the comprehensive
understanding of atmospheric processes

Visible and infrared sensors

 Charge-coupled devices (CCDs) convert light into electrical signals for visible imagery
+ High spatial resolution allows detailed cloud structure observations

* Infrared detectors measure thermal radiation emitted by Earth and atmosphere

* Cooled to extremely low temperatures to enhance sensitivity

 Multi-spectral imagers combine visible and infrared channels

* Provide day and night imaging capabilities

» Scanning systems (whiskbroom, pushbroom) collect data across the satellite's swath

+ Determine the spatial coverage and resolution of the instrument

Microwave radiometers

* Passive instruments measure naturally emitted microwave radiation from Earth's surface and
atmosphere

+ Conical scanning radiometers maintain constant Earth incidence angle

* Improves consistency in measurements across the swath

» Window channels detect surface properties (sea surface temperature, soil moisture)
» Sounding channels measure atmospheric temperature and humidity profiles

+ Polarization measurements aid in distinguishing different surface types and precipitation
characteristics

Sounders and spectrometers

* Infrared sounders measure radiation at multiple wavelengths to derive vertical temperature and
humidity profiles

* High spectral resolution allows for detailed atmospheric structure analysis

» Microwave sounders complement infrared measurements by penetrating clouds
* Provide all-weather temperature and humidity profiling capabilities

* Hyperspectral sounders (hundreds of channels) offer improved vertical resolution

» Enable detection of trace gases and fine-scale atmospheric features
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* Fourier Transform Spectrometers (FTS) use interferometry to achieve high spectral resolution

» Crucial for atmospheric composition studies and climate monitoring

Atmospheric data retrieval

» Atmospheric data retrieval involves converting raw satellite measurements into meaningful
meteorological parameters

« Utilizes complex algorithms and radiative transfer models to infer atmospheric properties from
observed radiances

» Combines satellite observations with other data sources (weather balloons, surface stations) to
improve accuracy

Temperature profile extraction

* Infrared sounding techniques exploit CO2 absorption bands to determine atmospheric temperature
structure

« Different wavelengths probe different atmospheric layers

* Microwave sounding complements infrared methods, especially in cloudy conditions

» Oxygen absorption lines used for temperature profiling

* Inverse problem solved using mathematical techniques (optimal estimation, neural networks)
* lterative processes refine initial guess profiles to match observed radiances

* Vertical resolution limited by instrument spectral resolution and atmospheric opacity

* Typically ranges from 1-3 km in the troposphere

Moisture content measurement

» Water vapor absorption bands in infrared and microwave spectra used for humidity profiling
* 6.3 ym band in infrared, 183 GHz in microwave

« Differential absorption techniques compare radiances from channels with different water vapor
sensitivity

* Total precipitable water (TPW) derived from integrated water vapor column measurements
* Important for understanding atmospheric moisture transport and precipitation potential
+ Relative humidity profiles obtained by combining temperature and water vapor retrievals

* Crucial for forecasting cloud formation and precipitation

Cloud detection algorithms

 Multispectral threshold techniques use combinations of visible and infrared channels
* Exploit differences in spectral properties between clouds and surface features
+ Spatial coherence methods analyze texture and variability of satellite imagery

« Identify cloud edges and small-scale cloud features
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» CO2 slicing technique determines cloud top pressure using CO2 absorption bands
« Effective for detecting thin cirrus clouds
» Machine learning approaches (random forests, neural networks) improve cloud detection accuracy

* Trained on large datasets of manually classified satellite images

Satellite imagery interpretation

« Satellite imagery interpretation requires understanding of atmospheric physics and image
characteristics

» Combines visual analysis with quantitative data to extract meteorological information

* Crucial for real-time weather monitoring and short-term forecasting

Cloud types and patterns

* Low clouds (stratus, stratocumulus) appear bright in visible imagery and warm in infrared

+ Often associated with stable atmospheric conditions

 Middle clouds (altocumulus, altostratus) show intermediate brightness and temperature

* Indicate potential for precipitation development

* High clouds (cirrus, cirrostratus) are cold in infrared imagery and may be transparent in visible
* Often associated with jet streams and upper-level disturbances

* Convective clouds (cumulus, cumulonimbus) exhibit distinct texture and rapid development

» Characterized by bright, cauliflower-like appearance in visible imagery

+ Cloud organization patterns reveal atmospheric dynamics

* Open and closed cell structures in marine stratocumulus fields

» Comma clouds associated with mid-latitude cyclones

Atmospheric motion vectors

* Derived by tracking cloud or water vapor features in sequential satellite images

* Provide wind information at various atmospheric levels

* Cross-correlation techniques used to match features between image pairs

» Automated algorithms determine feature displacement and calculate wind vectors
* Quality control measures applied to filter out erroneous vectors

+ Consistency checks with numerical model forecasts and nearby observations

* Height assignment crucial for accurate wind estimation

* Uses infrared brightness temperatures and atmospheric temperature profiles

* Applications include jet stream analysis, tropical cyclone steering, and data assimilation in numerical
models
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Sea surface temperature analysis

* Infrared measurements in atmospheric window regions (10-12 ym) used for SST retrieval
» Requires correction for atmospheric attenuation and surface emissivity effects

» Microwave radiometry provides all-weather SST measurements

* Lower spatial resolution but unaffected by clouds

 Multi-channel techniques improve accuracy by accounting for atmospheric variability

« Split-window algorithm uses differences between two infrared channels

* Diurnal warming effects considered in SST product generation

* Particularly important in regions with low wind speeds and high insolation

» SST gradients reveal oceanic features (Gulf Stream, upwelling zones)

« Critical for understanding air-sea interactions and climate patterns

Applications in weather forecasting

« Satellite data integration significantly enhances weather forecasting capabilities across various scales
* Provides crucial information in data-sparse regions (oceans, remote land areas)

* Enables early detection and monitoring of high-impact weather events

Severe storm identification

» Enhanced-V signature in infrared imagery indicates strong updrafts and potential severe weather
» Associated with overshooting tops penetrating the tropopause

* Rapid scan imagery captures storm development and intensification in near-real-time

» Geostationary satellites provide updates every 1-5 minutes in severe weather mode

+ Overshooting top detection algorithms identify areas of intense convection

* Correlate with likelihood of severe weather (hail, tornadoes)

* Cloud-top cooling rates used to assess storm intensification

* Rapid cooling often precedes severe weather occurrence

« Satellite-derived atmospheric instability indices complement radar and surface observations

« Convective Available Potential Energy (CAPE) and lifted index derived from temperature and humidity
profiles

Tropical cyclone tracking

+ Dvorak technique estimates tropical cyclone intensity based on cloud pattern recognition
* Uses visible and infrared imagery to assign T-numbers corresponding to wind speeds

» Microwave imagery penetrates cirrus canopy to reveal inner core structure
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* Identifies eyewall replacement cycles and rainband organization

+ Scatterometer winds provide surface wind field information in cyclone environment
* Crucial for determining size and asymmetry of wind field

» Advanced Dvorak Technique (ADT) automates intensity estimation process

* Incorporates multiple satellite data sources and objective pattern recognition

« Satellite-derived ocean heat content data aids in intensity forecasting

« Identifies areas of high thermal energy available for cyclone intensification

Precipitation estimation techniques

* Infrared-based techniques relate cloud-top temperature to rainfall rates

» Geostationary Operational Environmental Satellite (GOES) Precipitation Index (GPI)

« Passive microwave measurements directly sense precipitation particles

» Emission from raindrops over oceans, scattering by ice particles over land

» Multi-sensor approaches combine infrared and microwave data for improved accuracy

+ NOAA/NESDIS Blended Technique, NASA's IMERG algorithm

* Precipitation radar provides three-dimensional structure of precipitation systems

* Global Precipitation Measurement (GPM) mission's Dual-frequency Precipitation Radar

» Machine learning algorithms improve precipitation estimates by incorporating multiple data sources

* Random forests, convolutional neural networks trained on ground-based radar and gauge data

Satellite-derived products

« Satellite-derived products extend beyond traditional meteorological applications
* Provide valuable information for various environmental monitoring and management activities

 Continuous improvements in algorithms and sensor technology enhance product accuracy and utility

Aerosol and air quality monitoring

* Aerosol Optical Depth (AOD) measures atmospheric particle loading

+ Derived from visible and near-infrared reflectance measurements

» Multi-angle imaging spectroradiometry improves aerosol characterization
* Distinguishes between different aerosol types (dust, smoke, pollution)

» UV aerosol index detects absorbing aerosols (smoke, dust)

« Particularly effective over bright surfaces where other methods struggle
+ Vertical aerosol profiles obtained from lidar measurements

* CALIPSO satellite provides global aerosol and cloud vertical structure
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* Trace gas retrievals (NO2, SO2, CO) indicate pollution sources and transport

* Crucial for air quality forecasting and emission monitoring

Vegetation indices

» Normalized Difference Vegetation Index (NDVI) assesses vegetation health and density

« Utilizes difference in reflectance between red and near-infrared wavelengths

* Enhanced Vegetation Index (EVI) improves sensitivity in high biomass regions

* Incorporates blue band to correct for atmospheric and soil effects

* Leaf Area Index (LAI) estimates total leaf area per unit ground area

* Important for modeling photosynthesis and evapotranspiration

* Fraction of Absorbed Photosynthetically Active Radiation (FAPAR) measures light utilization by plants
* Crucial for understanding carbon uptake and primary productivity

* Phenology products track seasonal vegetation changes

« Start and end of growing season, length of vegetative period

Snow and ice cover mapping

* Visible and near-infrared reflectance used to identify snow-covered areas

» Normalized Difference Snow Index (NDSI) exploits high reflectance of snow in visible and low
reflectance in shortwave infrared

» Microwave emissivity changes detect snow presence and estimate snow water equivalent
+ Passive microwave sensors provide all-weather snow monitoring capabilities

* Sea ice concentration derived from passive microwave brightness temperatures

« Algorithms exploit differences in emissivity between ice and open water

* Ice sheet elevation changes monitored using satellite altimetry

+ Crucial for understanding ice mass balance and sea level rise

» Multispectral imagery classifies different ice types and ages

« Distinguishes between new ice, first-year ice, and multi-year ice

Limitations and challenges

« Satellite meteorology faces various technical and scientific challenges
» Ongoing research and technological advancements aim to address these limitations

» Understanding these constraints crucial for proper interpretation and application of satellite data

Spatial and temporal resolution

» Geostationary satellites offer high temporal resolution but lower spatial resolution
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* Typical visible channel resolution: 0.5-1 km; infrared: 2-4 km

« Polar-orbiting satellites provide higher spatial resolution but less frequent coverage

* Revisit times range from hours to days depending on swath width and orbit

* Trade-offs between spatial, temporal, and spectral resolution due to data volume constraints
* Hyperspectral instruments often have lower spatial resolution

« Spatial resolution limitations affect detection of small-scale features

+ Challenges in observing individual convective cells or thin cloud layers

» Temporal resolution impacts ability to capture rapidly evolving phenomena

» Sub-hourly imagery crucial for severe weather monitoring

Calibration and validation issues

* Pre-launch calibration establishes initial instrument performance characteristics

» Extensive laboratory testing to determine spectral response, sensitivity, and noise levels

» On-orbit calibration maintains data quality throughout satellite lifetime

« Solar diffuser plates, lunar calibration, and deep space views used for radiometric calibration
« Inter-calibration between different satellites ensures consistency in long-term climate records
* Global Space-based Inter-Calibration System (GSICS) coordinates international efforts

* Vicarious calibration uses well-characterized Earth targets

* Desert sites, cloud-free oceans, and Antarctic snow fields serve as stable references

« Validation involves comparing satellite retrievals with independent measurements

+ Radiosonde profiles, surface observations, and aircraft measurements provide ground truth
* Challenges in validating global satellite products due to limited in-situ data availability

* Particularly problematic over oceans and remote land areas

Data assimilation in models

« Satellite data volume often exceeds computational capacity for direct assimilation

» Thinning and superobbing techniques reduce data density

* Bias correction essential due to systematic errors in satellite measurements and retrieval algorithms
« Variational bias correction schemes adapt to changing instrument characteristics

» Radiance assimilation preferred over retrieved products to preserve information content

» Requires accurate radiative transfer modeling and error characterization

* Cloud-affected observations present challenges for assimilation

* All-sky assimilation techniques under development to utilize cloudy radiances
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* Correlated errors in satellite data complicate error covariance specification
« Spatial error correlations often neglected or simplified in current systems
+ Balance between satellite and conventional observations crucial for optimal analysis

* Observation impact studies guide data selection and weighting strategies

Future trends in satellite meteorology

* Rapid advancements in satellite technology and data processing techniques shape the future of
meteorological observations

* Integration of satellite data with other observing systems and models enhances weather forecasting
and climate monitoring capabilities

» Emerging technologies offer new opportunities for atmospheric research and applications

Hyperspectral imaging advancements

* Increased spectral resolution improves vertical profiling capabilities

» Hundreds to thousands of narrow spectral bands

» Enhanced ability to detect and quantify atmospheric trace gases

* Important for air quality monitoring and climate studies

* Improved cloud property retrievals

* Better discrimination of cloud phases and microphysical characteristics

+ Challenges in data processing and storage due to large data volumes

» On-board data compression and intelligent sampling techniques under development
* Potential for detecting and monitoring atmospheric gravity waves

 Important for understanding energy transfer in the atmosphere

Geostationary vs polar-orbiting satellites

* Next-generation geostationary satellites offer higher spatial and temporal resolution

* GOES-R series provides 0.5 km visible imagery every 30 seconds in mesoscale mode

* Increased focus on geostationary hyperspectral sounders

» Combines benefits of continuous monitoring with detailed vertical profiling

» Small satellite constellations in low Earth orbit provide global coverage with high revisit rates
» CubeSats and microsatellites offer cost-effective solutions for specific applications

* Synergistic use of geostationary and polar-orbiting data

« Combines high temporal resolution with global coverage and enhanced polar observations

« Potential for geostationary-like coverage over polar regions using highly elliptical orbits

* Russian Arktika-M satellites demonstrate this concept for Arctic monitoring
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Machine learning in data processing

« Convolutional neural networks improve feature detection and classification in satellite imagery
» Enhanced cloud type identification and severe weather detection

+ Deep learning techniques for atmospheric profile retrievals

* Potential to replace traditional physical inversion methods

* Generative adversarial networks (GANs) for super-resolution and image enhancement
* Increase effective resolution of satellite imagery

» Automated quality control and anomaly detection in satellite data streams

* Crucial for handling increasing data volumes from future satellite systems

» Machine learning emulators speed up radiative transfer calculations

 Enables faster data assimilation and retrieval processes

+ Challenges in interpretability and physical consistency of machine learning models

 Hybrid approaches combining physical understanding with data-driven techniques under development

10.3 Lidar systems

Lidar systems are powerful tools in atmospheric physics, using laser light to measure atmospheric
properties remotely. They enable high-resolution vertical profiling, operating on time-of-flight principles to
determine distance and characteristics of targets.

These systems consist of interconnected subsystems, including transmitters, receivers, detectors, and
data acquisition components. Various techniques like elastic backscatter, Raman, and Doppler lidar exploit
different light-matter interactions to measure aerosols, gases, and winds in the atmosphere.

Principles of lidar systems

« Lidar systems utilize laser light to measure atmospheric properties remotely

» Fundamental to atmospheric physics research enables high-resolution vertical profiling of the
atmosphere

* Operates on the principle of time-of-flight measurements to determine distance and properties of
targets

Laser pulse generation
* Involves creation of short, high-energy light pulses using laser technology
« Utilizes Q-switching or mode-locking techniques to produce nanosecond to femtosecond pulses
* Pulse repetition rate and energy determine lidar system's range and resolution
» Common laser sources include Nd:YAG, Ti:Sapphire, and fiber lasers

Light-matter interactions

* Encompasses various processes when laser light interacts with atmospheric constituents
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* Includes elastic scattering (Rayleigh and Mie) and inelastic scattering (Raman)
» Absorption by atmospheric gases plays a crucial role in certain lidar techniques

« Scattering cross-section depends on particle size relative to wavelength (size parameter)

Backscatter vs absorption

» Backscatter measures light scattered back towards the lidar system

* Provides information on particle concentration and size distribution

« Utilized in elastic backscatter and Raman lidar techniques

+ Absorption focuses on light attenuation by atmospheric constituents

» Enables measurement of specific gas concentrations (differential absorption lidar)

* Requires knowledge of absorption cross-sections and spectral line shapes

Components of lidar systems

« Lidar systems consist of several interconnected subsystems working together
* Design considerations balance performance, cost, and application requirements

» Advances in component technology drive improvements in lidar capabilities

Transmitter design

» Comprises laser source, beam expanding optics, and steering mechanisms
* Laser selection based on desired wavelength, pulse energy, and repetition rate
» Beam quality and divergence affect lidar system's spatial resolution

* May include frequency conversion stages for multi-wavelength operation

Receiver optics

* Collects backscattered light and focuses it onto the detector
* Telescope designs include Newtonian, Cassegrain, and coaxial configurations
* Field of view and aperture size determine signal strength and spatial resolution

* Incorporates spectral filters to isolate desired wavelengths and reduce background noise

Detector types

 Convert optical signals into electrical signals for processing
 Photomultiplier tubes (PMTs) offer high sensitivity and fast response times
+ Avalanche photodiodes (APDs) provide good quantum efficiency and compact size

» Emerging technologies include single-photon avalanche diodes (SPADs) for photon counting
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Data acquisition systems

* Digitize and record detector signals with high temporal resolution
+ Analog-to-digital converters (ADCs) with varying bit depths and sampling rates
» May include real-time signal processing and data compression capabilities

+ Data storage and transfer systems handle large volumes of lidar measurements

Lidar measurement techniques

* Various lidar techniques exploit different light-matter interactions
« Selection of technique depends on the atmospheric property being measured

» Advanced systems may combine multiple techniques for comprehensive measurements

Elastic backscatter lidar

» Measures light scattered at the same wavelength as the transmitted pulse
* Provides information on aerosol and cloud distributions
« Utilizes Klett-Fernald inversion algorithm to retrieve extinction and backscatter profiles

+ Limited ability to distinguish between different types of scatterers

Raman lidar

* Detects inelastically scattered light from specific molecular species
» Enables measurement of water vapor, temperature, and certain trace gases
* Requires high-power lasers and sensitive detectors due to weak Raman signal

« Offers improved aerosol retrieval capabilities compared to elastic backscatter

Differential absorption lidar

« Utilizes two closely spaced wavelengths to measure gas concentrations
* One wavelength tuned to gas absorption line, the other serves as reference
+ Enables range-resolved measurements of specific atmospheric gases (ozone, water vapor)

* Requires precise wavelength control and knowledge of absorption cross-sections

Doppler lidar
* Measures the frequency shift of backscattered light due to moving targets
* Enables wind speed and direction measurements in clear air or from aerosols
 Coherent detection systems use heterodyne technique for high sensitivity

* Direct detection systems utilize high spectral resolution filters or interferometers
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Atmospheric applications

« Lidar systems provide valuable data for various atmospheric research areas
+ Contribute to improved understanding of atmospheric processes and climate change

» Support weather forecasting, air quality monitoring, and climate modeling efforts

Aerosol profiling

» Measures vertical distribution and properties of atmospheric aerosols
* Retrieves aerosol extinction, backscatter, and depolarization ratio profiles
« Supports studies of air pollution, long-range transport, and aerosol-cloud interactions

+ Contributes to radiative forcing estimates and climate model improvements

Cloud detection

* Provides high-resolution measurements of cloud base height and vertical structure
* Distinguishes between liquid water and ice clouds using depolarization techniques
+ Enables study of cloud formation, evolution, and dissipation processes

« Supports validation of satellite cloud retrievals and numerical weather prediction models

Boundary layer studies

* Measures the structure and dynamics of the atmospheric boundary layer
* Detects boundary layer height variations due to diurnal cycle and synoptic conditions
* Provides information on turbulent mixing and entrainment processes

* Supports urban meteorology and air quality research

Wind measurements
* Doppler lidar systems provide vertical profiles of wind speed and direction
» Enables study of atmospheric dynamics, turbulence, and wind shear
+ Supports wind energy applications and aviation safety
+ Contributes to improved initialization of numerical weather prediction models

Signal processing and analysis

» Raw lidar data requires various processing steps to extract meaningful information
* Correction and inversion algorithms account for system and atmospheric effects

« Error analysis and uncertainty quantification essential for data interpretation

Range correction

» Compensates for the decrease in signal strength with increasing range
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« Applies r? correction factor to account for beam divergence and solid angle effects
* Considers atmospheric transmission losses due to molecular and aerosol extinction

« Essential for accurate retrieval of atmospheric properties from lidar signals

Overlap function

* Describes the overlap between laser beam and receiver field of view
« Affects near-range measurements due to incomplete overlap at short distances
+ Determined through experimental measurements or theoretical modeling

* Applied as a correction factor to retrieve accurate near-field aerosol profiles

Inversion algorithms

» Convert measured lidar signals into atmospheric properties of interest
* Klett-Fernald method widely used for elastic backscatter lidar inversion
« Optimal estimation techniques incorporate a priori information and error covariances

+ Regularization methods help stabilize solutions for ill-posed inversion problems

Error sources and uncertainties

 Systematic errors arise from instrument calibration and alignment issues
« Statistical errors due to signal noise and background fluctuations
* Retrieval uncertainties depend on assumptions made in inversion algorithms

« Error propagation analysis quantifies impact of various error sources on final products

Advanced lidar technologies

« Cutting-edge lidar systems push the boundaries of measurement capabilities
» Combine multiple measurement techniques for comprehensive atmospheric characterization

 Technological advancements enable new applications and improved performance

Multi-wavelength lidar

« Utilizes multiple laser wavelengths to probe different atmospheric properties
» Enables retrieval of aerosol size distribution and composition information
» Supports advanced aerosol typing and source apportionment studies

* Improves discrimination between different cloud types and phases

Polarization lidar

» Measures changes in polarization state of backscattered light

* Provides information on particle shape and orientation
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» Enables discrimination between spherical and non-spherical particles

* Supports studies of ice clouds, dust aerosols, and volcanic ash

High spectral resolution lidar

» Separates molecular and aerosol scattering contributions
» Enables direct measurement of aerosol extinction and backscatter coefficients
+ Eliminates need for assumptions about lidar ratio in retrievals

« Improves accuracy of aerosol optical property measurements

Airborne and space-based lidar

» Extends lidar measurements to regional and global scales
* Airborne systems provide high-resolution measurements over large areas
« Satellite-based lidars (CALIPSO, AEOLUS) offer global coverage and long-term monitoring

+ Challenges include power limitations, background noise, and data downlink constraints

Lidar vs other remote sensing

* Lidar complements other remote sensing techniques in atmospheric research
» Each method has strengths and limitations for different applications

* Synergistic use of multiple techniques enhances overall measurement capabilities

Radar comparison

« Lidar uses shorter wavelengths (visible to near-IR) compared to radar (microwave)
« Lidar offers higher spatial resolution but limited penetration in dense clouds
» Radar provides better coverage in precipitating systems and thick clouds

» Combination of lidar and radar improves cloud and precipitation measurements

Passive vs active sensing

* Lidar (active) provides its own illumination source unlike passive sensors
» Enables day and night measurements and vertical profiling capabilities
* Passive sensors (radiometers) offer wider spatial coverage and long-term monitoring

» Synergy between active and passive sensors improves retrieval accuracies

Synergy with satellite observations

» Ground-based lidars provide validation for satellite retrievals
« Satellite lidars offer global coverage complementing ground-based networks

» Combined use of lidar and passive satellite data improves aerosol and cloud products
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» Supports development of advanced retrieval algorithms and climate data records

Environmental and safety considerations
« Lidar operations must adhere to safety regulations and environmental guidelines
* Proper system design and operation minimize risks and ensure data quality

» Regular calibration and validation procedures maintain measurement accuracy

Eye safety regulations
* Laser safety classifications (Class 1, 2, 3R, 3B, 4) based on potential hazards
* Maximum permissible exposure (MPE) limits for different wavelengths and pulse durations
 Implementation of safety features (interlocks, beam blocks, warning systems)

* Operator training and adherence to safety protocols during lidar operation

Atmospheric attenuation effects

» Molecular and aerosol extinction limit lidar range and sensitivity
* Rayleigh scattering more significant at shorter wavelengths
» Water vapor absorption bands affect certain lidar wavelengths

» Multiple scattering effects in dense clouds or fog complicate signal interpretation

Calibration and validation methods
* Regular system calibration ensures measurement accuracy and stability
« Calibration techniques include use of molecular scattering and hard targets
* Intercomparison campaigns validate lidar measurements against other instruments

* Traceability to standards maintains consistency across different lidar systems

10.4 Radiosondes

Radiosondes are vital tools in atmospheric physics, providing vertical profiles of key meteorological
parameters. These instruments gather data from various atmospheric layers, enhancing our understanding
of weather patterns and climate dynamics.

Radiosonde measurements form the backbone of weather forecasting models and climate research. They
consist of sensors for temperature, humidity, and pressure, along with a radio transmitter and GPS module,
all protected by a lightweight casing.

Principles of radiosonde operation

» Radiosondes play a crucial role in atmospheric physics by providing vertical profiles of key
meteorological parameters

* These instruments enable scientists to gather data from various layers of the atmosphere, enhancing
our understanding of weather patterns and climate dynamics
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* Radiosonde measurements form the backbone of many weather forecasting models and climate
research initiatives

Components of a radiosonde

» Sensor package measures atmospheric parameters (temperature, humidity, pressure)
* Radio transmitter sends data to ground stations in real-time

» GPS module provides precise location and altitude information

« Battery powers the entire system for the duration of the flight

« Lightweight casing protects internal components from environmental factors

Measurement parameters

» Temperature sensors utilize thermistors or bimetallic strips for accurate readings
* Humidity measurements employ capacitive or resistive hygrometers

* Pressure sensors use aneroid capsules or silicon chips

» Wind data derived from GPS tracking of the radiosonde's movement

* Optional sensors can measure ozone concentration or radiation levels

Data transmission methods

+ Radio frequency transmission typically operates in the 400-406 MHz range

+ Digital modulation techniques ensure data integrity during transmission

» Ground stations receive and decode signals using specialized antennas

* Modern systems may incorporate satellite communication for extended range

+ Data packets include measurement values, timestamp, and location information

Vertical profiling techniques

« Vertical profiling allows meteorologists to create a snapshot of atmospheric conditions from the
surface to the upper troposphere or lower stratosphere

* These techniques are essential for understanding atmospheric structure, stability, and potential for
severe weather development

» Radiosonde data contributes significantly to the initialization of numerical weather prediction models

Balloon launch procedures

« Inflation of weather balloon with helium or hydrogen to achieve proper lift

« Attachment of radiosonde package to balloon using sturdy string or cord

* Launch timing coordinated with global synoptic hours (00:00 and 12:00 UTC)
« Safety protocols observed to prevent interference with aviation

» Documentation of surface conditions at launch site
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Ascent rate considerations

* Typical ascent rates range from 5 to 7 meters per second

* Rate affects vertical resolution of data and battery life requirements
* Faster ascent rates may miss fine-scale atmospheric features

* Slower ascents provide more detailed profiles but risk horizontal drift

» Ascent rate can be adjusted by varying balloon size and gas volume

Descent and recovery processes

« Balloon bursts at high altitude due to decreased atmospheric pressure

* Parachute deployment slows descent of radiosonde package

» GPS tracking enables potential recovery of equipment for reuse or recycling

* Descent data often discarded due to potential contamination from balloon remnants

* Recovery success rates vary depending on launch location and terrain

Atmospheric data collection

» Atmospheric data collection via radiosondes provides crucial information for weather forecasting,
climate monitoring, and atmospheric research

* The vertical profiles obtained offer insights into atmospheric stability, moisture distribution, and wind
patterns

 Data from multiple launch sites creates a three-dimensional picture of atmospheric conditions

Temperature measurements

» Thermistors measure temperature changes through electrical resistance variations
* Accuracy typically within £0.5°C throughout the troposphere

+ Radiation shields protect sensors from solar heating effects

* Response time of sensors allows for high vertical resolution measurements

« Corrections applied for adiabatic heating during ascent

Humidity observations

 Capacitive sensors measure relative humidity by detecting changes in capacitance
+ Accuracy generally within £5% relative humidity

» Performance may degrade at very low temperatures or high altitudes

+ Dual sensor systems improve reliability in extreme conditions

* Frost point hygrometers used for upper troposphere and stratosphere measurements
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Pressure recordings

* Aneroid capsules or silicon chip sensors measure atmospheric pressure

* Accuracy typically within £1 hPa near the surface, decreasing with altitude

* Pressure data used to calculate geopotential height of pressure levels

» Hypsometric equation applied to derive altitude from pressure measurements

« Sensor calibration critical for accurate height determination

Wind speed and direction

» GPS tracking of radiosonde position used to calculate wind vectors
* Wind speed accuracy generally within £1 m/s

» Wind direction accuracy typically within £5 degrees

» Temporal averaging applied to reduce effects of balloon oscillations

+ High-resolution wind data crucial for identifying wind shear and jet streams

Radiosonde vs other instruments

» Radiosondes provide direct in-situ measurements of atmospheric parameters, complementing remote
sensing techniques

» The combination of radiosonde data with other observational methods enhances the accuracy and
coverage of atmospheric monitoring

» Each instrument type has unique strengths and limitations, making a multi-instrument approach
optimal for comprehensive atmospheric studies

Ground-based remote sensing

* LIDAR systems measure aerosol and cloud properties with high vertical resolution

» Radar wind profilers provide continuous wind measurements at fixed locations

» Microwave radiometers retrieve temperature and humidity profiles in the lower troposphere
» Advantages include continuous temporal coverage and no consumables required

« Limitations include restricted vertical range and potential interference from precipitation

Satellite observations

* Infrared and microwave sounders provide global coverage of temperature and humidity profiles
+ Scatterometers measure near-surface wind speeds over oceans

» GPS radio occultation techniques offer high vertical resolution temperature profiles

* Benefits include global coverage and frequent observations

» Drawbacks include lower vertical resolution and potential cloud interference for some instruments
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Aircraft measurements

» Commercial aircraft equipped with AMDAR systems provide data during ascent and descent
+ Research aircraft conduct targeted measurements for specific atmospheric studies

+ Dropsondes deployed from aircraft gather data in remote or hazardous areas (hurricanes)

» Advantages include high horizontal resolution along flight paths

« Limitations include restricted altitude ranges and flight path dependencies

Data processing and analysis

+ Data processing and analysis transform raw radiosonde measurements into usable meteorological
information

+ Quality control procedures ensure the reliability and consistency of the data

» Advanced analysis techniques extract valuable insights from radiosonde observations for various
atmospheric applications

Quality control procedures

» Automated checks flag suspicious data points based on climatological limits
+ Consistency checks compare measurements between adjacent levels

» Temporal continuity examined to identify abrupt, unrealistic changes

* Manual inspection by trained meteorologists for final data validation

* Metadata analysis ensures proper instrument calibration and launch procedures

Vertical resolution considerations

« Standard reporting levels include mandatory pressure levels (1000, 850, 700 hPa)
« Significant levels added to capture important features (temperature inversions)

* High-resolution data available at 1-second or 5-second intervals

* Vertical resolution impacts ability to detect thin layers or sharp gradients

+ Data thinning may be necessary for certain applications or data transmission limitations

Temporal frequency of observations
« Standard launch times at 00:00 and 12:00 UTC for global synoptic network
» Some stations conduct additional launches at 06:00 and 18:00 UTC
* Increased launch frequency during severe weather events or research campaigns
» Temporal resolution affects ability to capture rapidly evolving atmospheric conditions

* Trade-offs between frequency, cost, and data management requirements
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Applications in meteorology

* Radiosonde data serves as a cornerstone for numerous meteorological applications

* The vertical profiles obtained provide essential input for weather forecasting models and climate
studies

» Atmospheric research relies heavily on radiosonde observations to validate theories and improve
understanding of atmospheric processes

Weather forecasting contributions

« Initialization of numerical weather prediction models with observed atmospheric states
« Identification of atmospheric instability and potential for severe weather development
+ Detection of temperature inversions that impact air quality and fog formation

+ Determination of freezing levels for winter weather forecasting

* Analysis of moisture profiles for precipitation type and intensity predictions

Climate monitoring uses

* Long-term records of upper-air data for tracking climate trends

+ Detection of changes in atmospheric temperature and humidity profiles over time
» Monitoring of tropopause height variations as an indicator of climate change

« Validation of climate model simulations against observed atmospheric structure

» Assessment of changes in atmospheric circulation patterns (jet streams)

Atmospheric research applications

+ Study of atmospheric boundary layer dynamics and structure

* Investigation of tropical cyclone intensity and structure

» Research on stratospheric ozone depletion and recovery

« Examination of atmospheric gravity waves and their propagation

+ Validation of satellite retrieval algorithms for temperature and humidity profiles

Limitations and challenges

* Despite their importance, radiosondes face several limitations and challenges that affect data quality
and coverage

 Understanding these constraints is crucial for proper interpretation and use of radiosonde data in
atmospheric physics applications

» Ongoing research and technological advancements aim to address these challenges and improve
radiosonde observations
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Instrument errors and biases

« Solar radiation can cause temperature sensor heating, requiring corrections

* Humidity sensors may exhibit lag or icing issues at very low temperatures

* Pressure sensor drift can occur over time, affecting altitude calculations

» Wind measurements can be influenced by pendulum motions of the instrument package

« Calibration differences between radiosonde types can introduce systematic biases

Spatial coverage issues
» Uneven global distribution of radiosonde launch sites
« Limited coverage over oceans and remote land areas
» Gaps in polar regions due to harsh operating conditions
* Varying network density between developed and developing countries

« Potential for unrepresentative sampling in areas of complex terrain

Temporal resolution constraints

« Standard twice-daily launches may miss rapidly evolving weather phenomena
« Difficulty in capturing diurnal variations in atmospheric parameters

« Limited ability to monitor short-lived events (thunderstorms, frontal passages)
« Trade-offs between launch frequency and operational costs

+ Challenges in maintaining consistent long-term records with changing launch schedules

Technological advancements

» Ongoing technological innovations continue to enhance the capabilities and efficiency of radiosonde
systems

» These advancements improve data accuracy, expand measurement capabilities, and reduce
operational costs

* Integration of new technologies allows for better understanding of atmospheric processes and
improved weather forecasting

GPS integration
* Precise positioning enables accurate wind measurements throughout the ascent
* Improved altitude determination enhances vertical profile accuracy
* Facilitates tracking and potential recovery of radiosonde packages
» Enables detection of fine-scale atmospheric motions (gravity waves)

* Supports constellation of radiosondes for specialized research applications
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Miniaturization of sensors

* Reduced size and weight of sensor packages allow for higher ascent rates

* Improved response times enable detection of small-scale atmospheric features

» Lower power consumption extends battery life and flight duration

* Integration of additional sensors (ozone, radioactivity) without increasing payload

* Enhanced durability and reliability in extreme environmental conditions

Improved data transmission systems

+ Higher bandwidth allows for increased vertical resolution of transmitted data
* Error correction algorithms ensure data integrity during transmission

* Dual-frequency systems improve reliability in areas with radio interference

* Integration with satellite communication extends range beyond line-of-sight

+ Real-time data streaming enables immediate use in forecasting applications

Global radiosonde networks

* Global radiosonde networks form the backbone of upper-air observing systems worldwide
+ Coordination between national meteorological services ensures consistent data collection and sharing

« Standardized practices and protocols enable the creation of a cohesive global dataset for atmospheric
monitoring

World Meteorological Organization standards

* Defines standard observation times (00:00 and 12:00 UTC) for global synchronization
» Specifies mandatory reporting levels for pressure, temperature, and humidity

« Establishes accuracy requirements for radiosonde measurements

* Provides guidelines for metadata reporting and archiving

« Coordinates instrument intercomparison studies to assess performance

International data sharing protocols

* Global Telecommunication System (GTS) facilitates real-time data exchange

* BUFR (Binary Universal Form for the Representation of meteorological data) format standardizes data
transmission

* Open data policies promote free exchange of radiosonde observations
* Regional specialized meteorological centers collect and distribute data

* Long-term archives (IGRA - Integrated Global Radiosonde Archive) preserve historical records
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Network density and distribution

» Approximately 800 active radiosonde stations worldwide

* Higher density networks in North America, Europe, and East Asia
» Sparse coverage over oceans, deserts, and polar regions

« Efforts to establish and maintain stations in data-sparse areas

» Supplementary observations from ships and temporary field campaigns

Environmental impacts

* The operation of radiosonde networks has environmental implications that need to be considered

« Balancing the need for atmospheric data with environmental concerns is an ongoing challenge for
meteorological agencies

« Efforts to minimize ecological impact focus on materials selection, recovery programs, and public
awareness

Balloon material considerations

« Traditional latex balloons are biodegradable but may pose risks to wildlife
» Development of environmentally friendly alternatives (bioplastics)

* Exploration of reusable balloon systems for reduced waste

* Proper disposal methods for balloon remnants that reach the ground

* Research into optimal balloon sizes to minimize material usage

Payload recovery efforts

» GPS tracking enables targeted recovery of radiosonde packages

« Establishment of recovery programs to reduce environmental impact and costs

* Public education initiatives encourage reporting and safe handling of found equipment
* Design of durable, reusable instrument packages to extend operational life

+ Challenges in recovery from remote or hazardous locations (oceans, mountains)

Ecological concerns

* Potential wildlife entanglement or ingestion of balloon remnants

» Accumulation of debris in sensitive ecosystems (marine environments)

» Chemical batteries may pose contamination risks if not properly disposed
* Noise pollution from balloon bursts in inhabited areas

* Visual impact of ascending balloons on natural landscapes
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10.5 Surface weather stations

Surface weather stations are the backbone of atmospheric data collection. They provide crucial
measurements for understanding local and global weather patterns, supporting everything from short-term
forecasting to long-term climate studies.

These stations come in various types, including automatic, manual, synoptic, and climate stations. Each
type serves specific purposes, utilizing a range of instruments to measure temperature, humidity, pressure,
wind, and precipitation with precision and reliability.

Types of weather stations

» Weather stations serve as crucial data collection points in atmospheric physics, providing essential
measurements for understanding local and global weather patterns

« Different types of weather stations cater to various needs in meteorology, from short-term forecasting
to long-term climate studies

* The choice of weather station type depends on the specific research goals, geographical location, and
available resources

Automatic vs manual stations
+ Automatic weather stations (AWS) operate without human intervention, collecting data continuously
* AWS use electronic sensors and digital data loggers to record measurements at preset intervals

» Manual stations require human observers to take readings at specific times, typically following
standardized procedures

» Manual stations often provide more detailed observations (cloud types, visibility) that automated
systems struggle to capture

* Hybrid systems combine automated measurements with manual observations for comprehensive data
collection

Synoptic vs climate stations

* Synoptic stations focus on current weather conditions, reporting data at regular intervals (typically
hourly)

» Synoptic data supports short-term weather forecasting and real-time monitoring
+ Climate stations prioritize long-term weather trends, often recording daily extremes and averages

« Climate stations maintain consistent measurement practices over decades to ensure data
comparability

» Some stations serve dual purposes, collecting both synoptic and climate data to maximize their utility
Mobile vs fixed stations

* Fixed stations remain in one location, providing consistent data for a specific area over time
* Mobile stations can be deployed to temporary locations or moved as needed

« Vehicle-mounted weather stations collect data along travel routes, filling gaps between fixed stations

Fiveable archived study guides Page 480



* Portable weather stations support field research in remote or inaccessible areas

» Buoy-based stations collect vital meteorological data over oceans and large water bodies

Key meteorological instruments

» Meteorological instruments form the backbone of surface weather observations in atmospheric
physics

* These devices measure various parameters of the atmosphere, providing quantitative data for
analysis and forecasting

 Understanding the principles and limitations of each instrument is crucial for interpreting weather data
accurately

Thermometers and hygrometers

* Mercury-in-glass thermometers measure temperature through thermal expansion of liquid mercury

* Resistance temperature detectors (RTDs) use changes in electrical resistance to determine
temperature

» Thermocouples generate voltage proportional to temperature differences between two metal junctions
* Psychrometers measure relative humidity using wet and dry bulb temperatures
« Capacitive hygrometers detect humidity changes through variations in electrical capacitance

» Dew point hygrometers determine humidity by cooling a surface until condensation occurs

Barometers and pressure sensors

* Mercury barometers measure atmospheric pressure using a column of mercury in a glass tube

 Aneroid barometers use a partially evacuated metal chamber that expands or contracts with pressure
changes

* Digital pressure sensors convert pressure-induced deformation into electrical signals
« Altimeter setting accounts for station elevation to standardize pressure readings

» Barometric tendency indicates pressure change over time, crucial for weather prediction

Anemometers and wind vanes

» Cup anemometers use rotating cups to measure wind speed based on rotation rate

* Propeller anemometers employ a propeller-like device to determine wind speed

+ Ultrasonic anemometers measure wind speed and direction using sound wave propagation
* Wind vanes indicate wind direction through alignment with the prevailing wind

» Combined anemometer-vane units provide simultaneous wind speed and direction measurements

Rain gauges and snow depth sensors

* Tipping bucket rain gauges measure precipitation by counting bucket tips as they fill and empty
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» Weighing rain gauges determine precipitation amount by measuring the weight of collected water
« Optical rain sensors detect precipitation using infrared light beams
* Acoustic snow depth sensors measure snow accumulation using ultrasonic pulses

* Laser snow depth sensors provide high-precision measurements of snowpack thickness

Data collection and transmission

« Efficient data collection and transmission systems ensure timely and accurate weather information for
atmospheric physics research

* Modern weather stations integrate various technologies to automate data handling and dissemination

* Reliable data management practices are essential for maintaining the integrity of meteorological
observations

Sampling frequency and intervals
» Sampling frequency determines how often measurements are taken (seconds, minutes, hours)
 Higher sampling rates capture rapid weather changes but generate larger data volumes
« Standard synoptic observations typically occur at hourly or three-hourly intervals
+ Climate stations often record daily maximum and minimum values

» Adaptive sampling adjusts measurement frequency based on weather conditions or specific events

Data loggers and storage systems

+ Data loggers digitally record and store measurements from multiple sensors

+ Solid-state memory provides reliable, long-term data storage in harsh environments

« Circular buffers allow continuous recording by overwriting oldest data when storage is full
* Redundant storage systems protect against data loss due to hardware failures

» Data compression techniques reduce storage requirements for high-frequency measurements

Telemetry and remote reporting
+ Cellular networks enable real-time data transmission from remote weather stations
« Satellite communication systems provide global coverage for stations in isolated areas
» Radio telemetry allows short-range data transmission in challenging terrains
* Internet-connected weather stations stream data directly to central servers

» Mesh networks create resilient data transmission systems by relaying information between stations

Siting and exposure

* Proper siting and exposure of weather stations are critical for obtaining representative atmospheric
measurements

« Careful consideration of local environmental factors ensures data quality and comparability
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« Standardized guidelines help maintain consistency across global weather observation networks

WMO qguidelines for station placement

» World Meteorological Organization (WMO) provides standardized guidelines for weather station siting
« Stations should be located on level ground with good exposure to wind from all directions

* Recommended minimum distances from obstructions (buildings, trees) based on obstruction height

* Instrument enclosures (Stevenson screens) should be painted white and have adequate ventilation

« Specific guidelines exist for each instrument type to ensure optimal exposure

Urban vs rural considerations

« Urban heat island effect can significantly influence temperature measurements in cities

* Increased surface roughness in urban areas affects wind speed and direction observations
« Air pollution in urban environments may impact visibility and precipitation measurements

* Rural stations generally provide more representative regional climate data

» Urban weather stations require careful siting to minimize local anthropogenic influences

Topographic effects on measurements

* Elevation differences impact temperature, pressure, and precipitation patterns

* Valley locations can experience temperature inversions and localized wind patterns

+ Coastal areas may have unique microclimates due to land-sea temperature differences
» Mountain slopes can create orographic precipitation and downslope wind effects

* Local topography influences snow accumulation and melt patterns

Quality control and calibration

+ Quality control and calibration processes are essential for maintaining the accuracy and reliability of
surface weather observations

* Regular maintenance and data validation ensure the integrity of long-term meteorological records

» Standardized procedures allow for comparison of data from different stations and time periods

Instrument maintenance procedures

* Regular cleaning of sensors removes dust, debris, and biological growth

+ Lubrication of moving parts (anemometers, rain gauges) ensures smooth operation
* Inspection for physical damage or wear on instrument components

* Replacement of consumables (batteries, desiccants) at scheduled intervals

» Documentation of all maintenance activities for traceability and quality assurance
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Data validation techniques

» Automated range checks flag values outside expected physical limits

» Temporal consistency tests identify abrupt changes or unrealistic trends

« Spatial consistency comparisons with nearby stations detect localized anomalies
» Manual inspection of flagged data by trained meteorologists

* Cross-validation of measurements from different sensor types (temperature, humidity)

Calibration standards and methods

* Regular calibration against certified reference instruments ensures measurement accuracy
* In-situ calibration techniques minimize disruption to ongoing observations

* Laboratory calibration provides controlled conditions for precise adjustments

* Traceability to national or international standards maintains global consistency

« Calibration frequency varies by instrument type and environmental conditions

Applications of surface observations

« Surface weather observations play a crucial role in various aspects of atmospheric physics and
meteorology

» These observations provide ground truth data for validating and improving atmospheric models

* The applications of surface data span from immediate weather forecasting to long-term climate
research

Weather forecasting inputs

+ Surface observations provide initial conditions for numerical weather prediction models
 Real-time data assimilation improves short-term forecast accuracy

* Surface pressure trends indicate approaching weather systems

» Temperature and humidity profiles help predict fog and low cloud formation

» Wind observations assist in forecasting local effects (sea breezes, mountain winds)

Climate monitoring and research

* Long-term surface observations form the backbone of climate datasets

* Trend analysis of temperature and precipitation records reveals climate change patterns
» Extreme weather event documentation supports climate variability studies

+ Urban climate research relies on dense networks of surface stations

* Phenological observations link weather patterns to biological responses
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Aviation and transportation safety

» Terminal Aerodrome Forecasts (TAFs) depend on accurate surface observations
* Runway visibility and wind shear detection improve aircraft landing safety

» Road weather information systems use surface data to predict icing conditions

» Marine weather forecasts incorporate coastal and buoy observations

* Rail transportation utilizes temperature data to adjust track maintenance schedules

Limitations and challenges

» Understanding the limitations and challenges of surface weather observations is crucial for
interpreting and applying the data effectively in atmospheric physics

» Awareness of these issues helps researchers and forecasters account for potential biases and
uncertainties in their analyses

» Ongoing efforts to address these challenges drive improvements in weather observation technologies
and practices

Spatial representativeness issues

* Point measurements may not accurately represent conditions over larger areas

» Complex terrain creates microclimates that are difficult to capture with sparse station networks
* Urban environments exhibit high spatial variability in temperature and wind patterns

« Coastal regions experience sharp gradients in meteorological parameters

* Interpolation techniques attempt to estimate conditions between observation points

Instrument errors and biases

» Sensor response times can lag behind rapid atmospheric changes

» Wind measurements are affected by local obstacles and turbulence

* Precipitation undercatch occurs due to wind effects, especially for snow

* Solar radiation can cause temperature biases in poorly ventilated instrument shelters

« Electronic sensors may drift over time, requiring regular recalibration

Data homogeneity and continuity

« Station relocations can introduce artificial discontinuities in long-term records

» Changes in observation practices or instruments affect data comparability over time
» Missing data periods complicate trend analysis and climatological studies

* Urbanization around long-term stations alters local climate characteristics

» Metadata maintenance is crucial for tracking station history and adjusting for changes
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Integration with other systems

* Integration of surface weather observations with other meteorological systems enhances the overall
understanding of atmospheric processes

» Combining data from multiple sources provides a more comprehensive view of weather and climate
patterns

» Advanced integration techniques allow for improved forecasting and research capabilities in
atmospheric physics

Radar and satellite data fusion

* Surface observations provide ground truth for calibrating radar rainfall estimates

» Combining surface and radar data improves short-term precipitation forecasts

« Satellite-derived cloud top temperatures are validated using surface temperature profiles
* Integrated data sets support severe weather warning systems

+ Blended products (precipitation, temperature) leverage strengths of multiple data sources

Numerical weather prediction assimilation

* Four-dimensional data assimilation incorporates surface observations into model initial conditions
* Observation operators translate model variables to observed quantities

+ Quality control procedures reject observations inconsistent with model background

» Ensemble data assimilation techniques account for observation and model uncertainties

» Reanalysis projects create consistent long-term datasets by assimilating historical observations

loT and smart city networks

* Internet of Things (loT) devices expand weather observation networks in urban areas

» Smartphone-based pressure measurements supplement traditional barometric networks
+ Connected vehicles provide mobile weather observations along transportation routes

* Smart building systems contribute indoor and outdoor environmental data

« Citizen weather stations increase spatial density of urban meteorological observations

Future developments

* The field of surface weather observations continues to evolve, driven by technological advancements
and changing needs in atmospheric physics research

* Future developments aim to address current limitations and expand the capabilities of weather
monitoring systems

» Emerging technologies promise to revolutionize how we collect, process, and utilize meteorological
data
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High-resolution sensor networks

* Deployment of dense, low-cost sensor networks to capture fine-scale weather variations

+ Miniaturization of sensors enables integration into everyday objects and infrastructure

+ Adaptive sensing strategies optimize measurement frequency based on weather conditions

* Unmanned aerial vehicles (UAVs) provide vertical profiling capabilities for boundary layer studies

* Fiber-optic distributed temperature sensing allows continuous measurements along extended paths

Artificial intelligence in data processing

* Machine learning algorithms improve quality control and data homogenization processes

* Neural networks enhance gap-filling techniques for missing observations

* Al-powered pattern recognition aids in identifying extreme weather events and climate anomalies
» Automated feature extraction from meteorological time series supports climate index calculations

* Deep learning models assist in downscaling coarse resolution data to local scales

Crowdsourced weather observations

» Smartphone apps enable widespread collection of user-reported weather conditions

» Gamification encourages public participation in weather observation networks

+ Social media analysis extracts weather-related information from user posts and images
« Integration of crowdsourced data with official observations improves spatial coverage

« Citizen science projects engage the public in long-term climate monitoring efforts

10.6 Data assimilation techniques

Data assimilation is a crucial technique in atmospheric physics that combines observations with numerical
models to improve weather forecasts and climate studies. It bridges the gap between theory and real-world
data, reducing uncertainties in initial conditions for prediction models.

Various methods like Kalman filtering, 3D-Var, and 4D-Var have evolved to address different modeling
needs. These techniques rely on mathematical foundations from linear algebra and probability theory to
optimally combine diverse data sources with model forecasts.

Fundamentals of data assimilation

» Data assimilation combines observational data with numerical models to improve atmospheric state
estimates and weather forecasts

* Plays a crucial role in modern meteorology and climate science by reducing uncertainties in initial
conditions for numerical weather prediction models

* Bridges the gap between theoretical atmospheric physics and real-world observations, enhancing our
understanding of complex atmospheric processes
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Definition and purpose

» Systematic approach to combining observations with prior knowledge (background) to estimate the
state of a physical system

» Aims to produce an optimal estimate of the atmospheric state by minimizing errors in both
observations and model forecasts

» Enables more accurate initial conditions for weather prediction models, leading to improved forecast
skill

« Facilitates the creation of consistent and comprehensive datasets for climate studies and atmospheric
research

Historical development
* Originated in the 1950s with simple interpolation methods used in early numerical weather prediction

* Evolved through successive generations of increasingly sophisticated techniques (optimal
interpolation, variational methods, ensemble-based approaches)

« Advancement driven by improvements in computing power, observational networks, and theoretical
understanding of atmospheric dynamics

* Milestones include the introduction of 3D-Var in the 1990s and the operational implementation of
4D-Var in the early 2000s

Applications in atmospheric science
* Numerical weather prediction improves forecast accuracy and extends useful forecast lead times
+ Climate reanalysis creates long-term, consistent datasets for studying climate variability and change
+ Air quality forecasting enhances predictions of pollutant concentrations and transport

» Atmospheric chemistry modeling refines estimates of trace gas distributions and chemical reactions in
the atmosphere

Types of data assimilation

* Various data assimilation methods have been developed to address different atmospheric modeling
needs and computational constraints

* Choice of method depends on factors such as model complexity, available observations, and
computational resources

» Understanding the strengths and limitations of each approach helps atmospheric physicists select the
most appropriate technique for their specific research or operational needs

Sequential vs variational methods
» Sequential methods update the model state each time new observations become available
* Includes techniques like optimal interpolation and Kalman filtering
» Computationally efficient but may not fully utilize information from future observations

* Variational methods minimize a cost function over a specified time window
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* Includes 3D-Var and 4D-Var approaches

« Can incorporate observations from different times simultaneously, potentially leading to more accurate
analyses

Kalman filter techniques

* Optimal sequential estimation method for linear systems with Gaussian errors
» Extended Kalman Filter (EKF) applies linearization to handle nonlinear systems
* Ensemble Kalman Filter (EnKF) uses an ensemble of model states to estimate error covariances

* Provides a framework for estimating both the state and its uncertainty

3D-Var and 4D-Var approaches

« 3D-Var minimizes a cost function to find the best fit between observations and model state at a single
time

» Computationally efficient and widely used in operational weather forecasting
* Does not explicitly account for the time evolution of the system

 4D-Var extends 3D-Var by including the time dimension

* Assimilates observations over a time window, typically 6-12 hours

* Accounts for the dynamical evolution of the system, potentially leading to more accurate analyses

Ensemble-based methods

« Utilize an ensemble of model states to represent forecast uncertainty
» Ensemble Kalman Filter (EnKF) combines Kalman filter theory with Monte Carlo sampling

» Ensemble Transform Kalman Filter (ETKF) and Local Ensemble Transform Kalman Filter (LETKF)
improve computational efficiency and handle localization

* Provide flow-dependent error covariances and naturally handle nonlinearities in the model

Mathematical foundations

+ Data assimilation techniques rely on a solid mathematical framework to combine observations with
model forecasts

» Understanding these foundations helps atmospheric physicists interpret and improve data assimilation
algorithms

» Mathematical concepts from linear algebra, probability theory, and optimization form the basis for
modern data assimilation methods

State space representation

+ Describes the atmosphere as a vector of state variables (temperature, pressure, wind components)
» Model equations define the evolution of the state vector in time

* Allows for compact representation of complex atmospheric systems
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* Facilitates the application of linear algebra techniques in data assimilation algorithms

Observation operators

» Map the model state to observed quantities
* Can be linear (direct measurements) or nonlinear (satellite radiances)
» Account for differences between model variables and observed quantities

* Crucial for assimilating diverse types of observations into atmospheric models

Error covariance matrices

» Background error covariance (B) represents uncertainties in the model forecast
* Observation error covariance (R) accounts for measurement and representativeness errors
* Analysis error covariance (A) quantifies uncertainties in the final analysis

» Shape and magnitude of these matrices significantly influence the weighting of observations and
model information in the analysis

Cost function formulation

* Defines the objective to be minimized in variational data assimilation
* Typically includes terms for the departure from the background state and the fit to observations
+ Can incorporate additional constraints (balance relationships, smoothness)

» Minimization of the cost function leads to the optimal analysis state

Observational data sources

* Diverse observational networks provide crucial input for data assimilation in atmospheric science

» Understanding the characteristics and limitations of different data sources helps in their effective
utilization

 Continuous improvement in observational technologies enhances the quality and quantity of data
available for assimilation

In-situ measurements

* Direct measurements of atmospheric variables at specific locations
* Include surface weather stations, radiosondes, aircraft observations, and weather buoys
* Provide high accuracy but limited spatial coverage, especially over oceans and remote areas

* Valuable for capturing small-scale atmospheric features and vertical profiles

Remote sensing data

* Observations collected from a distance, typically using electromagnetic radiation

» Ground-based remote sensing includes weather radars, wind profilers, and lidar systems
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« Offers high temporal resolution and can cover larger areas than in-situ measurements

* Provides information on precipitation, wind fields, and atmospheric composition

Satellite observations

* Global coverage of atmospheric and surface parameters from space-based platforms
* Includes passive sensors (radiometers) and active sensors (radar, lidar)
* Provides data on temperature and humidity profiles, cloud properties, and trace gas concentrations

+ Challenges include complex observation operators and bias correction

Numerical weather prediction

+ Data assimilation plays a critical role in improving the accuracy and reliability of numerical weather
forecasts

* Integrates observational data with atmospheric models to create initial conditions for forecast runs

+ Continuous cycle of analysis and forecast steps forms the basis of operational weather prediction
systems

Initialization of models

+ Data assimilation provides the initial conditions for numerical weather prediction models
* Balanced initialization techniques ensure dynamical consistency of the initial state

* Incremental analysis update (IAU) method smoothly introduces observational information into the
model

* Proper initialization reduces spin-up time and prevents spurious gravity waves in the forecast

Improving forecast accuracy

+ Data assimilation reduces errors in the initial conditions, leading to more accurate forecasts
» Ensemble-based techniques provide probabilistic forecasts and uncertainty estimates

« Assimilation of non-conventional data (satellite radiances, radar reflectivity) improves representation
of atmospheric processes

+ Continuous monitoring and quality control of assimilated observations enhance forecast reliability

Reanalysis products

+ Long-term, consistent datasets created by assimilating historical observations into a fixed version of a
numerical model

* Provide a comprehensive picture of the atmospheric state over extended periods (decades to
centuries)

+ Valuable for climate studies, trend analysis, and understanding long-term atmospheric variability

« Examples include ERA5 (ECMWF), MERRA-2 (NASA), and JRA-55 (JMA)
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Advanced techniques

» Ongoing research in data assimilation focuses on developing more sophisticated methods to handle
complex atmospheric systems

» Advanced techniques aim to address limitations of traditional approaches and incorporate new
sources of information

» These methods often combine strengths of different assimilation approaches to achieve better
performance

Hybrid data assimilation

» Combines variational and ensemble-based methods to leverage advantages of both approaches

« Utilizes flow-dependent background error covariances from ensemble forecasts within a variational
framework

* Improves analysis quality by incorporating ensemble-derived information while maintaining the
benefits of 4D-Var

* Increasingly adopted by operational weather centers for global and regional forecasting systems

Ensemble Kalman filter

» Sequential assimilation method using an ensemble of model states to represent forecast uncertainty

* Provides flow-dependent background error covariances without the need for tangent linear and adjoint
models

* Naturally handles nonlinearities in the model and observation operators

* Variants include the Ensemble Transform Kalman Filter (ETKF) and Local Ensemble Transform
Kalman Filter (LETKF)

Particle filters

* Non-Gaussian data assimilation method based on sequential Monte Carlo techniques

* Represents the probability distribution of the system state using a set of particles (ensemble
members)

» Can handle strongly nonlinear systems and non-Gaussian error distributions

+ Challenges include particle degeneracy and high computational cost for high-dimensional systems

Challenges and limitations

+ Data assimilation in atmospheric science faces several challenges that limit its effectiveness and
accuracy

» Understanding these limitations helps researchers develop improved methods and interpret results
more critically

» Ongoing research aims to address these challenges and push the boundaries of data assimilation
capabilities
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Nonlinearity and non-Gaussianity

* Many atmospheric processes exhibit nonlinear behavior, challenging linear approximations in data
assimilation

» Non-Gaussian error distributions violate assumptions of optimal estimation theory

» Ensemble methods and particle filters attempt to address these issues but face computational
limitations

* Developing efficient methods for strongly nonlinear and non-Gaussian systems remains an active
area of research

Computational cost

» Advanced data assimilation techniques often require significant computational resources
* 4D-Var systems need adjoint models, which are complex to develop and maintain

* Ensemble-based methods require running multiple model instances, increasing computational
demands

« Balancing assimilation complexity with available computing power remains a challenge for operational
systems

Model error representation

» Atmospheric models contain inherent errors due to approximations and unresolved processes
« Accurately representing model error in data assimilation systems proves challenging
» Weak-constraint 4D-Var and stochastic physics approaches attempt to account for model errors

* Improved understanding and representation of model uncertainties can lead to more reliable analyses
and forecasts

Verification and validation

* Assessing the performance and impact of data assimilation systems is crucial for their development
and operational use

« Various techniques help evaluate the quality of analyses and forecasts produced by data assimilation

« Verification and validation studies guide improvements in assimilation algorithms and observing
systems

Observation impact studies
+ Quantify the contribution of different observation types to forecast improvement
* Adjoint-based techniques calculate the sensitivity of forecast errors to initial conditions
» Ensemble-based methods estimate observation impact using differences in forecast skill

* Help optimize observing networks and prioritize data sources for assimilation
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Forecast skill assessment

* Evaluates the accuracy of forecasts initialized from data assimilation analyses
« Utilizes various metrics (root mean square error, anomaly correlation coefficient, Brier score)

» Compares performance against benchmark systems (persistence, climatology) and other forecast
models

» Assesses improvements in forecast skill at different lead times and for various atmospheric variables

Cross-validation techniques

« Evaluate the consistency and reliability of data assimilation systems
* Leave-one-out cross-validation withholds observations to assess their impact on analyses

* Observation-minus-background (O-B) and observation-minus-analysis (O-A) statistics help identify
biases and errors

* Independent observations not used in the assimilation provide an unbiased assessment of analysis
quality

Future directions

+ Data assimilation in atmospheric science continues to evolve, driven by advances in technology and
scientific understanding

+ Future developments aim to improve the accuracy, efficiency, and applicability of data assimilation
techniques

+ Integration of new data sources and methodologies promises to enhance our ability to model and
predict atmospheric behavior

Machine learning integration

* Explores the use of artificial intelligence and machine learning techniques in data assimilation
» Neural networks can potentially replace or augment traditional observation operators

* Machine learning algorithms may help address nonlinearity and non-Gaussianity in atmospheric
systems

+ Challenges include ensuring physical consistency and interpretability of machine learning-based
approaches

Coupled data assimilation

» Aims to assimilate observations into coupled Earth system models (atmosphere, ocean, land,
cryosphere)

+ Accounts for interactions between different components of the Earth system
* Improves consistency of analyses across different domains

* Challenges include dealing with different timescales and coupling strengths between system
components
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High-resolution applications
* Focuses on data assimilation for convection-permitting models and urban-scale applications
» Requires assimilation of high-resolution observations (weather radars, geostationary satellites)
+ Addresses challenges of nonlinearity and non-Gaussianity more prominent at smaller scales

» Aims to improve short-term forecasts of high-impact weather events (severe storms, urban flooding)
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Unit 11 — Atmospheric Waves and
Turbulence

11.1 Gravity waves

Gravity waves are crucial atmospheric oscillations that transfer energy and momentum vertically. These
waves, caused by buoyancy forces, play a vital role in weather patterns, climate dynamics, and
atmospheric circulation. Understanding gravity waves helps explain various phenomena and improves
predictions.

From their generation by topography and convection to their impact on cloud formation and atmospheric
mixing, gravity waves influence multiple layers of our atmosphere. Their effects span from local weather to
global climate patterns, making them a key focus in atmospheric physics research.

Fundamentals of gravity waves

* Gravity waves play a crucial role in atmospheric dynamics by transferring energy and momentum
vertically

» Understanding gravity waves helps explain various atmospheric phenomena and improves weather
and climate predictions

* Gravity waves occur in both the atmosphere and oceans, demonstrating the interconnectedness of
Earth's fluid systems

Definition and characteristics
* Oscillations in fluid systems where buoyancy acts as the restoring force
 Characterized by vertical displacement of air parcels and associated pressure perturbations
» Wavelengths range from a few kilometers to hundreds of kilometers
+ Periods typically vary from minutes to several hours

» Amplitude increases with altitude due to decreasing air density

Sources of gravity waves
» Topographic features (mountains, hills) generate waves as air flows over them
 Convective activity (thunderstorms, frontal systems) produces gravity waves
» Wind shear in jet streams can trigger wave formation
*» Geostrophic adjustment processes in large-scale atmospheric flows

» Tsunamis and earthquakes can induce atmospheric gravity waves

Wave propagation mechanisms
* Vertical propagation occurs when waves transport energy upward through the atmosphere

* Horizontal propagation allows waves to travel long distances from their source
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* Ducting happens when waves become trapped between atmospheric layers
« Critical level filtering occurs when background wind speed matches wave phase speed

» Wave reflection can happen at sharp density or wind speed gradients

Gravity wave dynamics

+ Gravity wave dynamics govern how these waves behave and interact with the atmosphere
» Understanding these dynamics is crucial for predicting wave impacts on atmospheric circulation

« Gravity wave dynamics involve complex interactions between wave properties and background
atmospheric conditions

Dispersion relation

* Describes the relationship between wave frequency and wavenumber

K2 2 m?
k2 +m? k? + m?

* For gravity waves, dispersion relation is given by w?=N?
- W represents wave frequency, N is the Brunt-Vaisala frequency
 k and m are horizontal and vertical wavenumbers, respectively

« f is the Coriolis parameter, important for large-scale waves

Energy and momentum transport

+ Gravity waves carry energy and momentum vertically through the atmosphere

* Energy flux is proportional to the product of pressure and vertical velocity perturbations

* Momentum flux is given by u'w’, where u’ and w' are horizontal and vertical velocity perturbations
» Wave breaking deposits energy and momentum into the background flow

* This transport mechanism drives important atmospheric circulation patterns (QBO, mesospheric jets)

Wave breaking processes

* Occurs when wave amplitude grows large enough to cause instability

« Convective instability happens when wave-induced temperature gradient exceeds adiabatic lapse rate
* Dynamic instability occurs when wave-induced wind shear becomes too strong

» Wave breaking leads to turbulence and mixing in the atmosphere

* Breaking waves deposit momentum, altering the mean flow in the upper atmosphere

Atmospheric impacts

* Gravity waves significantly influence atmospheric structure and dynamics across various scales
* Their effects are particularly pronounced in the middle and upper atmosphere

+ Understanding these impacts is crucial for accurate weather and climate modeling
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Vertical mixing and transport

* Enhance vertical mixing of atmospheric constituents (trace gases, aerosols)

« Contribute to the transport of water vapor and other greenhouse gases to the upper atmosphere
* Facilitate the exchange of heat and momentum between atmospheric layers

* Influence the vertical distribution of ozone in the stratosphere

* Play a role in the formation and maintenance of the atmospheric boundary layer

Temperature and wind variations

* Induce local temperature fluctuations through adiabatic heating and cooling

* Create periodic wind speed and direction changes in the mesosphere and lower thermosphere
« Contribute to the formation of temperature inversions in the stratosphere

» Generate small-scale turbulence, affecting local heat distribution

* Influence the occurrence of sudden stratospheric warmings

Cloud formation and precipitation

« Trigger cloud formation by lifting air parcels to their condensation level
* Create wave cloud patterns (lenticular clouds, billow clouds)

» Enhance precipitation in mountainous regions through orographic lifting
* Influence the development and organization of convective systems

« Contribute to the formation of polar stratospheric clouds in the winter stratosphere

Observation techniques

» Observing gravity waves is challenging due to their wide range of scales and transient nature
* Multiple observation techniques are employed to capture different aspects of gravity waves

» Combining various observation methods provides a comprehensive understanding of wave
characteristics

Ground-based instruments

* Radar systems (MST radar, MF radar) measure wind velocities and wave structures

« Lidar technology detects temperature and density perturbations associated with gravity waves
« Airglow imagers capture wave-induced variations in atmospheric emissions

* Infrasound arrays detect low-frequency acoustic waves generated by large-scale gravity waves

» Radiosondes provide vertical profiles of temperature, pressure, and wind affected by waves

Satellite measurements

« Limb-sounding instruments measure temperature and trace gas profiles, revealing wave structures
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* Microwave sensors detect temperature fluctuations associated with gravity waves
» GPS radio occultation techniques provide high-resolution vertical profiles of atmospheric properties
* Imaging spectrometers observe wave-induced variations in airglow emissions

« Synthetic aperture radar captures ocean surface patterns influenced by atmospheric gravity waves

Balloon and aircraft observations

* High-altitude research balloons measure in-situ temperature and wind variations

+ Constant-level balloons track horizontal wave propagation in the stratosphere

» Research aircraft equipped with specialized instruments detect wave-induced turbulence
» Dropsondes released from aircraft provide vertical profiles of wave activity

* Airborne lidar systems measure wave-induced temperature and wind perturbations

Modeling gravity waves
+ Accurate representation of gravity waves in atmospheric models is crucial for realistic simulations
» Modeling approaches range from parameterizations to high-resolution explicit simulations

» Ongoing research aims to improve gravity wave representation in weather and climate models

Parameterization in climate models

* Gravity wave drag parameterizations account for unresolved wave effects on large-scale flow
« Orographic gravity wave schemes represent waves generated by subgrid-scale topography

» Non-orographic gravity wave parameterizations account for waves from other sources (convection,
fronts)

* Tuning parameters in these schemes helps improve model performance and climate simulations

* Recent developments include stochastic parameterizations to represent wave variability

High-resolution simulations

» Mesoscale models with grid spacings of a few kilometers can resolve larger gravity waves
* Large Eddy Simulations (LES) capture small-scale wave dynamics and breaking processes
* Global cloud-resolving models are beginning to explicitly represent a wide spectrum of gravity waves

+ High-resolution simulations provide insights into wave generation, propagation, and dissipation
mechanisms

* Results from these simulations inform the development of improved parameterizations for coarser
models

Challenges in wave representation

» Wide range of spatial and temporal scales makes it difficult to capture all relevant wave processes

« Intermittency and localized nature of gravity wave sources pose challenges for global models
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* Nonlinear interactions between waves and mean flow are complex to represent accurately
« Limited observations make it challenging to validate model simulations of gravity waves

« Computational constraints restrict the resolution of global models, necessitating parameterizations

Gravity waves in different layers

* Gravity waves exhibit distinct characteristics and impacts in various atmospheric layers

» Understanding these layer-specific behaviors is crucial for comprehending the overall atmospheric
dynamics

» Wave interactions between different layers contribute to vertical coupling in the atmosphere

Tropospheric gravity waves
 Often generated by topography, convection, and frontal systems
* Influence local weather patterns and precipitation distribution
+ Contribute to clear-air turbulence, affecting aviation safety
* Play a role in organizing convective systems and squall lines

* Interact with boundary layer processes, affecting surface weather conditions

Stratospheric gravity waves

* Important for driving the quasi-biennial oscillation (QBO) in the tropical stratosphere
+ Contribute to the formation and breakdown of the polar vortex

* Influence the transport and mixing of ozone and other trace gases

* Play a role in the development of sudden stratospheric warming events

« Affect the propagation of planetary waves from the troposphere to the mesosphere

Mesospheric gravity waves

+ Drive the mesospheric circulation, including the reversal of the zonal mean flow

* Contribute to the cold summer mesopause phenomenon

* Influence the formation and dynamics of noctilucent clouds

* Play a crucial role in the vertical coupling between the lower and upper atmosphere

« Affect the distribution of meteoric dust and metal layers in the upper mesosphere

Interactions with other phenomena

* Gravity waves interact with various atmospheric phenomena, influencing global circulation patterns
* These interactions often involve complex feedback mechanisms and energy exchanges

» Understanding these relationships is crucial for accurate atmospheric modeling and prediction
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Gravity waves vs planetary waves
« Gravity waves have smaller scales and higher frequencies compared to planetary waves
» Both wave types contribute to momentum transport in the middle atmosphere
* Planetary waves can modulate gravity wave propagation and breaking
* Gravity waves influence the vertical propagation of planetary waves

* Interactions between these wave types affect the timing of sudden stratospheric warmings

Gravity waves and atmospheric tides

« Gravity waves can be modulated by atmospheric tides, affecting their propagation characteristics
« Tidal winds filter gravity waves, leading to longitudinal variations in wave activity

* Both gravity waves and tides contribute to the momentum budget of the mesosphere and lower
thermosphere

* Interactions between gravity waves and tides influence the variability of the ionosphere

« Gravity wave breaking can generate secondary waves that interact with tidal structures

Coupling with ionospheric processes

* Gravity waves propagating from the lower atmosphere can reach the ionosphere

» Wave-induced perturbations in the neutral atmosphere affect ionospheric plasma dynamics
+ Contribute to the formation of traveling ionospheric disturbances (TIDs)

* Influence the development of equatorial plasma bubbles and spread F phenomena

* Play a role in the day-to-day variability of the ionosphere, affecting radio wave propagation

Climate and weather implications

+ Gravity waves have significant impacts on both short-term weather and long-term climate patterns
* Their effects span from local to global scales, influencing various atmospheric processes

» Understanding these implications is crucial for improving weather forecasts and climate projections

Role in general circulation

* Drive the quasi-biennial oscillation (QBO) in the tropical stratosphere

+ Contribute to the maintenance of the middle atmosphere circulation

* Influence the strength and variability of the polar vortex

* Play a role in the Brewer-Dobson circulation, affecting ozone distribution

 Impact the mesospheric residual circulation, driving the cold summer mesopause

Influence on weather patterns

+ Affect the development and intensity of extratropical cyclones
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* Contribute to the formation and evolution of frontal systems
« Influence the distribution and intensity of precipitation, especially in mountainous regions
* Play a role in the initiation and organization of convective storms

* Impact the formation and dissipation of marine stratocumulus clouds

Long-term climate effects

* Modulate the transport of heat and momentum in the atmosphere, affecting global energy balance
« Influence the distribution of greenhouse gases, particularly water vapor in the upper troposphere
« Contribute to the variability of the stratospheric polar vortex, affecting surface climate patterns

* Play a role in the coupling between the troposphere and stratosphere, impacting climate modes (NAO,
AO)

+ Affect the vertical distribution of ozone, influencing long-term trends in stratospheric temperatures

Current research topics

* Gravity wave research remains an active field with numerous ongoing investigations
« Current studies aim to address knowledge gaps and improve our understanding of wave processes

» Advancements in observation techniques and modeling capabilities drive new research directions

Gravity wave hotspots

* Investigating regions of intense gravity wave activity (Southern Andes, Antarctic Peninsula)
« Studying the impact of these hotspots on global atmospheric circulation patterns

« Examining the role of gravity wave hotspots in stratospheric warming events

* Analyzing seasonal and interannual variability of wave activity in these regions

+ Developing improved parameterizations to account for hotspot effects in global models

Climate change impacts

 Assessing how changing temperature gradients affect gravity wave generation and propagation
* Investigating the potential feedback between gravity waves and polar stratospheric clouds

« Studying the role of gravity waves in the response of the middle atmosphere to increased CO2
» Examining how changes in convective patterns influence gravity wave spectra

* Analyzing the impact of gravity waves on the lifting of the tropopause in a warming climate

Improved detection methods

* Developing new satellite instruments for high-resolution gravity wave observations
» Advancing machine learning techniques for identifying gravity wave signatures in data

* Improving ground-based networks for continuous monitoring of gravity wave activity
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* Enhancing data assimilation methods to incorporate gravity wave observations in models

« Exploring the potential of using commercial aircraft as platforms for gravity wave detection
11.2 Rossby waves

Fundamentals of Rossby waves

Rossby waves are large-scale meanders in the atmospheric flow that arise because Earth's rotation varies
with latitude. They shape the jet stream, steer weather systems, and set up the persistent patterns behind
many extreme weather events. Grasping how they work is central to understanding mid-latitude weather
and long-range forecasting.

Definition and characteristics

Rossby waves (named after meteorologist Carl-Gustaf Rossby) are planetary-scale oscillations that occur
in rotating fluids. In the atmosphere, they show up as broad undulations in the jet stream, with wavelengths
typically between 2,000 and 8,000 km.

» Characterized by alternating troughs (low pressure) and ridges (high pressure)
* Propagate westward relative to the mean flow because the Coriolis effect changes with latitude

+ Periods range from several days to weeks, depending on wavelength and background wind speed

Planetary vs synoptic scales

Not all Rossby waves are the same size, and the scale matters for what they do.

Planetary-scale waves span thousands of kilometers and can wrap around the entire globe. They evolve
slowly, persist for weeks, and influence large climate patterns like the El Nifio-Southern Oscillation
(ENSO).

Synoptic-scale waves cover hundreds to a few thousand kilometers. These are the waves tied to the
mid-latitude cyclones and anticyclones that drive day-to-day weather. They develop and decay faster than
planetary waves.

Both scales interact: synoptic disturbances can feed energy into planetary waves, and planetary wave
patterns steer where synoptic storms form and track.

Beta effect

The beta effect is the fundamental driver of Rossby waves. It describes how the Coriolis parameter f

changes with latitude on a spherical, rotating planet:
20
B= g_; = _Caos‘ﬁ

where Q is Earth's angular velocity, @ is latitude, and @ is Earth's radius.

Here's why this matters: when an air parcel moves poleward, it encounters a larger planetary vorticity f. To
conserve absolute vorticity, it develops anticyclonic (negative) relative vorticity, curving it back
equatorward. The reverse happens for equatorward-moving parcels, which gain cyclonic (positive) relative
vorticity. This back-and-forth creates a restoring force, and that restoring force is what sustains the wave
oscillation.
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Formation mechanisms

Rossby waves form through interactions between Earth's rotation, wind shear, and temperature contrasts.
The key physical principle underlying their behavior is the conservation of potential vorticity.

Potential vorticity conservation

In the absence of friction and diabatic heating, potential vorticity (PV) is conserved following a fluid parcel:

5L =0

where C is relative vorticity, f is the Coriolis parameter, and h is the depth (thickness) of the fluid layer.

This conservation law explains how Rossby waves maintain their structure. If a parcel is displaced
meridionally, f changes, so ¢ must adjust to compensate. That adjustment produces the alternating
troughs (cyclonic) and ridges (anticyclonic) you see in the wave pattern.

Barotropic vs baroclinic instability

Rossby waves can be generated and amplified by two distinct instability mechanisms:

Barotropic instability arises from horizontal wind shear in the mean flow. It occurs when the meridional
gradient of potential vorticity changes sign somewhere in the flow. Energy transfers from the mean flow's
kinetic energy into the growing wave disturbance.

Baroclinic instability develops from vertical wind shear combined with horizontal temperature gradients. It
converts available potential energy (stored in the temperature contrast) into kinetic energy. This is the
primary mechanism behind mid-latitude cyclone formation and is the more important instability for
weather-producing Rossby waves.

Both instabilities can operate simultaneously, and their relative importance depends on the atmospheric
conditions.

Role of temperature gradients

Meridional (north-south) temperature gradients are a key energy source for Rossby waves. Through
thermal wind balance, horizontal temperature gradients create vertical wind shear, which builds up
available potential energy in the atmosphere.

« Stronger gradients (typical of the winter hemisphere) produce more intense Rossby wave activity with
larger amplitudes

» Weaker gradients (summer hemisphere) lead to smaller wave amplitudes and slower propagation

» The temperature contrast between the equator and the poles essentially sets the "fuel supply" for
baroclinic wave growth

Mathematical description

The math behind Rossby waves connects the physical intuition above to quantitative predictions of wave
speed, wavelength, and energy transport.
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Quasi-geostrophic equations

The quasi-geostrophic (QG) framework simplifies the full equations of motion for large-scale, mid-latitude
flows by assuming near-geostrophic balance (pressure gradient force nearly balancing the Coriolis force).
The key equations are:

1. QG vorticity equation (governs the evolution of relative vorticity)
2. Thermodynamic energy equation (links temperature changes to vertical motion)
3. Continuity equation (mass conservation)

This framework filters out fast-moving gravity waves and sound waves, isolating the slower Rossby wave
dynamics. It's the starting point for most analytical treatments and many simplified numerical models.

Dispersion relation

The dispersion relation tells you how wave frequency depends on wavenumber:

where W is frequency, U is the mean zonal wind, k is the zonal wavenumber, [ is the meridional
wavenumber, and B is the beta parameter.

Two important things to notice:

* The —Bk/(k2 +1%) term is always negative (for positive k), which means Rossby waves propagate
westward relative to the mean flow.

« Longer waves (smaller k2 + /2) have a larger westward phase speed relative to the flow. This is why
the longest planetary waves can be quasi-stationary or even retrograde against a westerly mean flow.

Phase speed vs group velocity

These two speeds describe different things, and confusing them is a common mistake.
Phase speed is the speed of individual crests and troughs:
“=U-wip

This is always westward relative to the mean flow for Rossby waves.

Group velocity is the speed at which wave energy (and information) propagates:

= B(k>—1%)
cg=U+ o

The group velocity can be eastward when k2 > /2, meaning wave energy can travel downstream even
though individual wave crests move westward relative to the flow. This is how Rossby wave packets carry
energy across ocean basins and continents.

Rossby wave dynamics

Propagation and energy transfer

Rossby waves propagate westward relative to the mean flow, but in absolute terms they often move
eastward because the westerly jet carries them along. Energy transfer associated with Rossby waves
occurs through several pathways:
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1. Meridional heat transport: eddies embedded in the waves carry warm air poleward and cold air
equatorward

2. Momentum flux: convergence and divergence of eddy momentum fluxes accelerate or decelerate the
mean flow

3. Energy conversion: available potential energy converts to eddy kinetic energy during baroclinic
growth

Wave packets can carry energy far from their source region because the group velocity often differs
substantially from the phase speed.

Wave breaking and dissipation

When Rossby wave amplitudes grow large enough, the wave "breaks," meaning the PV contours overturn
and fold. This is analogous to ocean waves crashing on a beach, but in the horizontal plane on weather
maps.

Wave breaking causes irreversible mixing of potential vorticity and momentum. It can produce
recognizable features on weather maps:

« Cut-off lows: isolated low-pressure systems pinched off from the main jet
* Blocking highs: persistent high-pressure systems that divert the jet

Dissipation mechanisms include radiative damping (the atmosphere radiates away temperature
anomalies), surface friction, and small-scale turbulent mixing. These processes limit wave amplitude and
eventually destroy the wave.

Interaction with mean flow

Rossby waves don't just ride on the jet stream; they reshape it. Eddy momentum fluxes associated with the
waves can accelerate or decelerate the mean zonal wind. These wave-mean flow interactions are
responsible for:

1. Jet stream formation and maintenance: convergence of eddy momentum fluxes sharpens and
sustains the jet

2. Zonal flow vacillations: the annular modes (like the Arctic Oscillation) arise partly from wave-mean
flow feedbacks

3. Quasi-biennial oscillation (QBO): in the tropical stratosphere, wave-driven momentum fluxes cause
the zonal wind to reverse direction roughly every 28 months

Atmospheric impacts

Jet stream meandering

Rossby waves are directly responsible for the wavy shape of the polar and subtropical jet streams. When
wave amplitudes are small, the jet flows relatively zonally (west to east). When amplitudes grow, the jet
develops large north-south excursions:

» Southward dips (troughs) bring cold polar air to lower latitudes, causing cold air outbreaks
* Northward bulges (ridges) push warm subtropical air poleward, producing heat waves

+ Large-amplitude, slow-moving patterns lock in persistent weather for days or weeks
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Weather pattern persistence

When Rossby waves become large and slow-moving, the same weather pattern can sit over a region for
an extended period. This persistence is behind many high-impact weather events:

» Extended dry spells and droughts under persistent ridges
* Prolonged rainfall and flooding under stalled troughs
» Multi-week heat waves or cold snaps

Recognizing persistent Rossby wave patterns is one of the main tools for medium-range (1-2 week) and
extended-range forecasting.

Blocking events

Blocking is an extreme case of Rossby wave persistence. A high-amplitude wave becomes
quasi-stationary, and a persistent high-pressure system "blocks" the normal westerly flow. Common block
types include:

1. Omega blocks: the flow pattern resembles the Greek letter Q, with a large ridge flanked by two
troughs

2. Rex blocks: a dipole with high pressure to the north and low pressure to the south
3. Cut-off lows: an isolated low-pressure system detached from the main flow

Blocking events are linked to some of the most severe weather extremes on record, including the 2003
European heat wave, the 2014 North American cold wave, and the 2013 Central European floods.

Rossby waves in climate

Teleconnections and global patterns

Rossby waves create atmospheric "bridges" linking weather in distant regions. When a wave is excited in
one area (say, by anomalous tropical heating), it can propagate thousands of kilometers and alter
circulation far away. Major teleconnection patterns driven by Rossby wave propagation include:

1. El Nifo-Southern Oscillation (ENSO): tropical Pacific heating excites Rossby wave trains that affect
weather across the Americas, East Asia, and beyond

2. North Atlantic Oscillation (NAO): pressure seesaw between the Icelandic Low and Azores High,
modulating European and eastern North American weather

3. Pacific-North American (PNA) pattern: links tropical Pacific variability to North American temperature
and precipitation

Climate variability and oscillations

Rossby waves contribute to climate oscillations on timescales from weeks to decades:

* Madden-Julian Oscillation (MJO): an intraseasonal (30-60 day) pattern of tropical convection that
excites Rossby waves influencing global weather

« Arctic Oscillation (AO): variations in the strength of the polar vortex, modulated by wave-mean flow
interactions

Fiveable archived study guides Page 507



* Pacific Decadal Oscillation (PDO): a multi-decadal pattern in North Pacific sea surface temperatures
linked to atmospheric Rossby wave forcing

Understanding these oscillations improves seasonal-to-decadal climate predictions.

Response to climate change

Global warming may alter Rossby wave behavior in several ways:

+ Arctic amplification (the Arctic warming faster than lower latitudes) reduces the equator-to-pole
temperature gradient, which could weaken the jet and increase wave amplitude

* Increased wave amplitude and slower propagation could lead to more persistent weather extremes
« Jet stream positions and storm tracks may shift poleward

This is an active area of research, and there is ongoing debate about the magnitude and even the sign of
some of these effects. Observational records are still relatively short compared to the natural variability of
Rossby wave patterns.

Observational methods

Satellite measurements

Satellites provide the global coverage needed to track Rossby waves across entire hemispheres. Key
instruments include:

» Microwave sounders: retrieve temperature and humidity profiles through the depth of the atmosphere
* Infrared sounders: measure atmospheric composition, temperature, and cloud properties
 Scatterometers: measure surface wind speed and direction over the oceans

Satellite data are assimilated into numerical weather prediction models, and they are especially critical
over oceans and polar regions where surface observations are sparse.

Reanalysis data

Reanalysis datasets blend historical observations with numerical models to produce spatially and
temporally consistent records of the atmosphere. Major products include:

* ERA5 (ECMWEF): currently the most widely used, covering 1940 to present
* NCEP/NCAR Reanalysis: one of the earliest reanalyses, extending back to 1948
* JRA-55 (Japan Meteorological Agency): covers 1958 to present

These datasets provide gridded fields of geopotential height, wind, and temperature that are essential for
studying Rossby wave climatology, trends, and variability over decades.

In-situ observations

Ground-based and airborne measurements complement satellite data with high vertical resolution and
direct measurement accuracy:

» Radiosondes (weather balloons): provide vertical profiles of temperature, humidity, and wind twice
daily at stations worldwide
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« Surface weather stations: continuous records of pressure, temperature, wind, and precipitation
« Aircraft observations: commercial and research flights contribute upper-air temperature and wind data

In-situ data serve as ground truth for validating satellite retrievals and reanalysis products, and they
capture small-scale processes that influence Rossby wave behavior.

Numerical modeling

Rossby waves in weather forecasts

Numerical weather prediction (NWP) models simulate Rossby wave evolution as a core part of forecasting
large-scale weather patterns. Getting the forecast right depends on:

1. Accurate initial conditions: data assimilation combines observations with a prior model state to
produce the best possible starting point

2. Sufficient resolution: the model grid must be fine enough to resolve wave dynamics and wave-wave
interactions

3. Parameterization of sub-grid processes: convection, boundary layer turbulence, and radiation all
affect wave behavior but occur at scales smaller than the model grid

Ensemble forecasting (running many slightly different simulations) helps quantify uncertainty, which is
especially important for Rossby wave predictions because small initial errors can grow rapidly.

Climate model representation

General Circulation Models (GCMs) and Earth System Models (ESMs) simulate Rossby waves over
climate timescales (decades to centuries). Key challenges include:

 Balancing computational cost against the resolution needed to capture wave dynamics
* Accurately representing wave-mean flow interactions and teleconnections
* Reproducing observed modes of climate variability (ENSO, NAO, etc.)

Model intercomparison projects like CMIP (Coupled Model Intercomparison Project) evaluate how well
different models simulate Rossby wave statistics, helping identify systematic biases.

Predictability and limitations
Rossby wave predictability has fundamental limits set by the chaotic nature of the atmosphere:
» Synoptic-scale waves: useful predictability out to roughly 1-2 weeks

* Planetary-scale waves: potentially predictable for several weeks, especially when forced by persistent
boundary conditions (e.g., tropical SST anomalies)

Errors grow due to imperfect initial conditions, incomplete model physics, and nonlinear interactions across
scales. Techniques to push the predictability boundary include ensemble methods, improved data
assimilation, and machine learning for statistical post-processing of model output.
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Applications and implications

Long-range weather forecasting

Rossby wave patterns are the primary basis for extended-range forecasts (2-4 weeks) and seasonal
outlooks. Practical applications include:

» Seasonal temperature and precipitation outlooks for agriculture and water management
» Energy demand forecasting for utilities
* Disaster preparedness planning

Forecasting techniques range from analog methods (matching current wave patterns to historical cases) to
dynamical ensemble models that simulate wave evolution forward in time.

Extreme weather events

Many extreme weather events trace back to specific Rossby wave configurations:

» Heat waves and cold spells: caused by amplified meridional flow patterns that displace air masses far
from their source regions

* Droughts and floods: linked to persistent ridges or troughs that steer moisture and storm tracks

* Intense storm systems: develop along sharp wave boundaries where temperature gradients are
concentrated

Improved understanding of Rossby wave dynamics feeds directly into better early warning systems and
risk assessments for these events.

Stratosphere-troposphere coupling

Rossby waves connect the troposphere and stratosphere in ways that matter for weather prediction:

1. Upward propagation: large planetary waves propagate from the troposphere into the stratosphere,
where they can disturb the polar vortex

2. Sudden stratospheric warmings (SSWs): when upward-propagating waves break in the stratosphere,
they can dramatically warm the polar stratosphere and weaken or reverse the polar vortex

3. Downward influence: after an SSW, the disrupted stratospheric circulation can propagate downward
over weeks, shifting surface weather patterns (often toward a negative Arctic Oscillation phase)

Accounting for this coupling has improved winter seasonal forecasts, particularly for northern hemisphere
mid-latitudes.

11.3 Kelvin waves

Kelvin waves are crucial atmospheric and oceanic phenomena that shape global weather patterns and
climate variability. These trapped waves propagate along boundaries, influencing tropical convection, El
Nifio events, and the Madden-Julian Oscillation.

Understanding Kelvin waves is essential for improving weather forecasts and climate predictions. Their
unique characteristics, such as unidirectional propagation and exponential decay away from boundaries,
make them integral to large-scale atmospheric and oceanic dynamics.
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Fundamentals of Kelvin waves

+ Kelvin waves play a crucial role in atmospheric dynamics and ocean circulation patterns

» Understanding Kelvin waves contributes to improved weather forecasting and climate prediction
models

* These waves are essential for studying large-scale atmospheric and oceanic phenomena in
Atmospheric Physics

Definition and characteristics

* Trapped waves propagating along boundaries (coastlines or the equator) in rotating fluids

» Characterized by unidirectional propagation and exponential decay away from the boundary
» Maintain geostrophic balance between Coriolis force and pressure gradient

» Wavelengths typically range from hundreds to thousands of kilometers

* Periods vary from days to weeks, depending on the medium and wave type

Historical background

» First described mathematically by William Thomson (Lord Kelvin) in 1879

« Initially studied in the context of tidal motion in canals and lakes

» Expanded to atmospheric and oceanic applications in the mid-20th century

« Contributed to the development of theories on equatorial dynamics and climate oscillations

* Led to improved understanding of tropical meteorology and oceanography

Types of Kelvin waves

» Equatorial Kelvin waves propagate eastward along the equator in the atmosphere and ocean

+ Coastal Kelvin waves travel along coastlines with the boundary on the right in the Northern
Hemisphere

« Internal Kelvin waves occur within stratified fluids, such as the ocean's thermocline
* Topographic Kelvin waves form along sloping bottom topography in lakes and oceans

» Atmospheric Kelvin waves include both trapped and vertically propagating modes

Wave dynamics and propagation

+ Kelvin wave dynamics involve complex interactions between gravity, rotation, and stratification

» Understanding wave propagation mechanisms aids in predicting their impact on atmospheric
circulation

+ Studying Kelvin wave dynamics contributes to improved climate models and weather forecasting
techniques
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Dispersion relation
* Describes the relationship between wave frequency and wavenumber
* For Kelvin waves, the dispersion relation is linear: w = ++/ gHk
- W represents angular frequency, 9 gravitational acceleration, H equivalent depth, and k wavenumber
* Linear dispersion relation indicates non-dispersive wave propagation

* Allows for constant phase and group velocities, maintaining wave shape during propagation

Phase and group velocity
- Phase velocity () represents the speed at which wave crests and troughs move
- Group velocity (€¢) indicates the speed at which wave energy propagates
* For Kelvin waves, phase and group velocities are equal: ¢, = ¢y = \/g—H
+ Eastward propagation speed in the equatorial region typically ranges from 10-80 m/s

* Velocity depends on the equivalent depth and varies for different atmospheric and oceanic modes

Vertical structure

 Kelvin waves exhibit distinct vertical structures in both the atmosphere and ocean

» Atmospheric Kelvin waves can be barotropic (uniform with height) or baroclinic (varying with height)
» Oceanic Kelvin waves often have a surface-intensified structure with exponential decay at depth

* Vertical wavelengths range from a few kilometers to the entire depth of the troposphere

» Vertical structure influences wave energy distribution and interactions with mean flow and convection

Kelvin waves in the atmosphere

» Atmospheric Kelvin waves significantly impact global circulation patterns and weather systems
» These waves contribute to the redistribution of heat and momentum in the tropical atmosphere

* Understanding atmospheric Kelvin waves enhances our ability to predict and model climate
phenomena

Equatorial Kelvin waves

 Eastward-propagating waves trapped within the equatorial waveguide (approximately £15° latitude)
+ Play a crucial role in the Madden-Julian Oscillation and El Nifio-Southern Oscillation

* Typical periods range from 3-20 days, with wavelengths of 10,000-20,000 km

« Contribute to the organization and propagation of tropical convection

* Interact with other equatorial waves (Rossby, mixed Rossby-gravity) to modulate tropical weather
patterns
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Coastal Kelvin waves

* Propagate along coastlines with the boundary on the right in the Northern Hemisphere
« Important for understanding coastal weather patterns and sea level variations

» Can be generated by wind stress, pressure gradients, or remote forcing (tsunamis)

* Typical periods range from hours to days, depending on the coastline geometry

* Influence upwelling processes and coastal ecosystem dynamics

Internal Kelvin waves

+ Occur within stratified fluids, such as the atmospheric boundary layer or oceanic thermocline
* Propagate along density interfaces or temperature inversions

* Play a role in mixing processes and energy transfer between layers

» Can be excited by various mechanisms (wind stress, topography, convection)

« Influence the vertical structure of the atmosphere and ocean, affecting heat and momentum transport

Mathematical representation

» Mathematical formulations of Kelvin waves provide a framework for analyzing their behavior
* These representations allow for quantitative predictions and integration into numerical models

» Understanding the mathematical basis of Kelvin waves is crucial for advanced studies in Atmospheric
Physics

Shallow water equations
» Fundamental set of equations describing fluid motion in a thin layer
« Consist of continuity equation and momentum equations in horizontal directions
* For Kelvin waves, the meridional velocity component is assumed to be zero
* Linearized shallow water equations on an equatorial B-plane yield Kelvin wave solutions

* Provide a simplified framework for studying large-scale atmospheric and oceanic motions

Linear wave theory

» Assumes small-amplitude perturbations to a basic state

+ Allows for separation of variables and analytical solutions

« Kelvin wave solutions take the form: y = Ae —BY*/(20) gl(kx - wt)

« U represents zonal velocity, A amplitude, B meridional gradient of Coriolis parameter

* Linear theory provides insights into wave structure, propagation, and energy distribution

Beta-plane approximation

» Approximates the variation of Coriolis parameter with latitude near the equator
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* Coriolis parameter expressed as f=By, where B =df/dy atthe equator
« Simplifies equations of motion while retaining essential dynamics of equatorial waves
+ Allows for analytical solutions of equatorial wave modes, including Kelvin waves

* Provides a framework for studying wave-mean flow interactions in the tropics

Observational evidence

» Observational data on Kelvin waves is crucial for validating theoretical models and improving
forecasts

* Various measurement techniques provide insights into the structure and behavior of these waves

* Analyzing observational evidence helps refine our understanding of Kelvin wave dynamics in the
atmosphere

Satellite observations

* Provide global coverage of atmospheric and oceanic Kelvin wave signatures

* Instruments measure variables such as sea surface height, temperature, and wind fields

« Satellite altimetry detects oceanic Kelvin waves through sea level anomalies

« Infrared and microwave sensors observe atmospheric temperature and moisture perturbations

» Scatterometers measure surface wind fields associated with Kelvin wave passage

In-situ measurements

* Direct measurements of Kelvin wave properties in the atmosphere and ocean

» Atmospheric soundings (radiosondes) provide vertical profiles of temperature, humidity, and wind
* Moored buoys and Argo floats measure oceanic temperature, salinity, and currents

* Coastal tide gauges record sea level variations associated with coastal Kelvin waves

« Aircraft reconnaissance missions gather data on atmospheric Kelvin waves in tropical regions

Data analysis techniques

» Employ various methods to extract Kelvin wave signals from observational data

« Spectral analysis identifies dominant frequencies and wavenumbers of Kelvin waves

» Empirical Orthogonal Function (EOF) analysis reveals spatial patterns of wave variability

» Wavelet analysis examines the temporal evolution of Kelvin wave activity

« Filtering techniques isolate Kelvin wave signals from background noise and other wave modes

« Cross-correlation methods investigate relationships between different variables affected by Kelvin
waves

Role in atmospheric phenomena

+ Kelvin waves play a significant role in various atmospheric phenomena across different scales
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» Understanding their influence helps improve predictions of weather patterns and climate variability

« Studying Kelvin wave interactions with other atmospheric processes is crucial in Atmospheric Physics

El Nino-Southern Oscillation

+ Kelvin waves contribute to the eastward propagation of warm water during EI Nifio events

* Downwelling Kelvin waves deepen the thermocline and suppress upwelling in the eastern Pacific
* Upwelling Kelvin waves can trigger the transition from EI Nifio to La Nifia conditions

+ Kelvin wave activity modulates the strength and duration of ENSO events

* Interactions between Kelvin waves and wind stress anomalies create positive feedbacks in ENSO
dynamics

Madden-Julian Oscillation

+ Kelvin waves form an integral part of the MJO's eastward-propagating convective envelope

« Contribute to the organization and propagation of tropical convection on intraseasonal timescales

* Interact with equatorial Rossby waves to create the characteristic MJO circulation pattern

* Kelvin wave dynamics influence the MJO's impact on global weather patterns and climate variability

+ Understanding Kelvin wave behavior improves MJO prediction and its teleconnections

Tropical convection

« Kelvin waves modulate the organization and propagation of tropical convective systems
* Provide a large-scale environment favorable for the development of convective clusters
* Influence the diurnal cycle of precipitation in tropical regions

« Interact with topography to enhance or suppress convection in specific areas

+ Contribute to the formation and maintenance of the Intertropical Convergence Zone (ITCZ)

Kelvin waves vs other wave types

» Comparing Kelvin waves to other atmospheric waves helps understand their unique characteristics
* Distinguishing between wave types is crucial for accurate interpretation of atmospheric data

« Studying wave interactions provides insights into complex atmospheric dynamics and energy transfer

Rossby waves vs Kelvin waves

* Rossby waves propagate westward, while Kelvin waves move eastward
* Rossby waves have non-zero meridional velocity, Kelvin waves have zero meridional velocity
* Rossby waves are dispersive, Kelvin waves are non-dispersive

* Rossby waves play a crucial role in mid-latitude weather patterns, Kelvin waves dominate in the
tropics
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* Both wave types interact to influence global atmospheric circulation and climate variability

Gravity waves vs Kelvin waves

« Gravity waves have shorter wavelengths and periods compared to Kelvin waves

* Gravity waves can propagate in any horizontal direction, Kelvin waves are unidirectional

* Gravity waves are primarily driven by buoyancy forces, Kelvin waves by pressure gradients
* Gravity waves contribute to small-scale mixing and momentum transport in the atmosphere

« Kelvin waves play a larger role in organizing convection and influencing large-scale circulation
patterns

Impacts on weather and climate

+ Kelvin waves significantly influence weather patterns and climate variability on various scales
» Understanding these impacts is crucial for improving weather forecasts and climate predictions

« Studying Kelvin wave effects contributes to our knowledge of atmospheric dynamics and climate
systems

Tropical weather patterns

» Modulate the distribution and intensity of tropical rainfall

« Influence the formation and intensification of tropical cyclones

« Affect the timing and strength of monsoon systems in various regions
« Contribute to the organization of convective clusters and squall lines

« Impact the diurnal cycle of precipitation and cloud cover in tropical areas

Global circulation effects

* Influence the strength and position of the Walker circulation

« Contribute to the redistribution of heat and momentum in the tropical atmosphere
« Affect the intensity and location of the Intertropical Convergence Zone (ITCZ)

» Modulate the strength of trade winds and their impact on ocean circulation

* Interact with extratropical circulation patterns through teleconnections

Climate variability

* Play a crucial role in the EI Nifio-Southern Oscillation (ENSO) cycle

+ Contribute to interannual and decadal climate variability in tropical regions

* Influence the frequency and intensity of extreme weather events (droughts, floods)

« Affect the distribution of sea surface temperatures and their impact on global climate

* Interact with other climate modes (Indian Ocean Dipole, Pacific Decadal Oscillation)
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Modeling and forecasting

* Incorporating Kelvin wave dynamics into models is essential for accurate weather and climate
predictions

» Advanced modeling techniques help improve our understanding of Kelvin wave behavior and impacts

» Addressing challenges in Kelvin wave representation enhances the overall performance of
atmospheric models

Numerical weather prediction

* Kelvin waves are incorporated into global and regional weather forecast models

* High-resolution models better capture the fine-scale structure and propagation of Kelvin waves
+ Data assimilation techniques improve the initialization of Kelvin wave signals in models

» Ensemble forecasting approaches account for uncertainties in Kelvin wave prediction

« Verification methods assess the accuracy of modeled Kelvin wave characteristics and impacts

Climate models

* Representation of Kelvin waves is crucial for simulating tropical climate variability

» Coupled atmosphere-ocean models capture Kelvin wave interactions across different components
» Parameterization schemes account for sub-grid scale processes associated with Kelvin waves

* Long-term climate simulations evaluate the role of Kelvin waves in climate change scenarios

* Model intercomparison projects assess the consistency of Kelvin wave representation across different
models

Challenges in representation

« Accurately capturing the fine-scale structure of Kelvin waves in coarse-resolution models

» Representing interactions between Kelvin waves and other atmospheric phenomena (convection,
gravity waves)

« Balancing computational efficiency with the need for high-resolution simulations
« Improving parameterization schemes for sub-grid scale processes related to Kelvin waves
+ Addressing biases in model physics that affect Kelvin wave generation and propagation

Future research directions

» Ongoing research in Kelvin waves aims to enhance our understanding and predictive capabilities
» Advanced techniques and technologies open new avenues for studying Kelvin wave dynamics

* Investigating the impacts of climate change on Kelvin waves is crucial for future climate projections

Improved observation techniques

» Development of high-resolution satellite sensors for better detection of Kelvin wave signatures
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* Implementation of advanced in-situ measurement networks in tropical regions
« Utilization of unmanned aerial vehicles (UAVs) for targeted observations of Kelvin waves
* Application of machine learning algorithms for improved Kelvin wave detection in observational data

* Integration of multi-platform observations for comprehensive Kelvin wave monitoring

Advanced modeling approaches
* Implementation of ultra-high resolution global models to better resolve Kelvin wave dynamics
» Development of improved parameterization schemes for Kelvin wave-related processes
« Utilization of machine learning techniques for enhancing Kelvin wave representation in models

» Coupling of atmospheric, oceanic, and land surface models for comprehensive Kelvin wave
simulations

+ Exploration of novel numerical methods for more accurate and efficient Kelvin wave modeling

Climate change implications
* Investigation of potential changes in Kelvin wave characteristics under different climate scenarios
» Assessment of Kelvin wave impacts on tropical weather patterns in a warming climate
+ Evaluation of feedbacks between Kelvin waves and other climate phenomena in future projections
« Study of Kelvin wave interactions with altered atmospheric and oceanic circulation patterns

» Exploration of Kelvin wave roles in potential tipping points within the climate system

11.4 Mountain waves

Mountain waves are atmospheric oscillations generated when stable air flows over topographic barriers.
These waves play a crucial role in transferring energy and momentum from the lower atmosphere to higher
altitudes, significantly impacting weather patterns and climate dynamics.

Understanding mountain wave formation requires knowledge of atmospheric stability, wind patterns, and
terrain features. These waves influence cloud formations, precipitation patterns, and wind dynamics,
making their study essential for accurate weather prediction and aviation safety.

Fundamentals of mountain waves

* Mountain waves play a crucial role in atmospheric physics by transferring energy and momentum from
the lower atmosphere to higher altitudes

» These waves significantly impact local and global weather patterns, making their study essential for
accurate weather prediction and climate modeling

Definition and characteristics
» Atmospheric oscillations generated when stable air flows over topographic barriers (mountains, hills)
 Characterized by alternating regions of uplift and subsidence downwind of the obstacle
» Wavelengths typically range from 5 to 30 km, depending on atmospheric conditions and terrain

features
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« Can persist for long distances downstream, sometimes extending hundreds of kilometers

Formation mechanisms

« Forced vertical displacement of air as it encounters a topographic barrier
» Buoyancy forces restore the displaced air to its equilibrium level, creating an oscillatory motion
* Interaction between the restoring force and continuous airflow generates a wave pattern

» Wave amplitude influenced by the strength of the airflow and the height of the obstacle

Atmospheric conditions for occurrence

* Requires a stable atmospheric layer near the mountain top level
« Strong winds perpendicular to the mountain ridge, typically increasing with height
* Presence of an inversion layer or strong temperature gradient above the mountain peaks

» Absence of significant wind shear that could disrupt wave formation

Mountain wave dynamics

» Understanding mountain wave dynamics is crucial for predicting their behavior and impacts on
atmospheric processes

* The complex interplay between vertical and horizontal wave propagation influences energy
distribution throughout the atmosphere

Vertical structure

* Consists of alternating regions of upward and downward motion
» Wave amplitude generally increases with height due to decreasing air density
* Vertical wavelength determined by atmospheric stability and wind speed

» Can extend into the stratosphere and mesosphere under favorable conditions

Horizontal propagation

» Waves propagate downstream from the mountain barrier
* Horizontal wavelength influenced by wind speed and atmospheric stability
+ Lee waves form in a series of parallel crests and troughs downwind of the obstacle

* Propagation distance affected by atmospheric conditions and wave energy dissipation

Wave amplitude and wavelength

» Amplitude varies with height, often increasing in the upper troposphere and lower stratosphere
» Wavelength typically ranges from 5 to 30 km, depending on wind speed and stability
* Relationship between amplitude and wavelength described by the dispersion relation

* Nonlinear effects can lead to wave breaking and turbulence at critical levels
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Atmospheric stability and mountain waves

» Atmospheric stability plays a fundamental role in the formation and propagation of mountain waves

+ Understanding stability parameters is essential for predicting wave behavior and associated
meteorological phenomena

Stable vs unstable conditions

« Stable atmosphere supports sustained wave motion and propagation
+ Unstable conditions inhibit wave formation or lead to rapid dissipation
« Stability determined by vertical temperature gradient and moisture content

* Neutral stability results in minimal wave activity or quick attenuation

Brunt-Vaisala frequency

* Measure of atmospheric stability, representing the natural oscillation frequency of air parcels

+ Calculated using the formula: N = 1/ 2%

* Higher values indicate greater stability and stronger wave potential

« Influences vertical wavelength and propagation characteristics of mountain waves

Froude number significance

» Dimensionless parameter relating flow speed to wave propagation speed
« Calculated as: Fr= N—U,, where U is wind speed, N is Brunt-Vaisala frequency, and h is obstacle height
* Fr < 1 indicates blocked flow, with waves unable to propagate upstream

* Fr > 1 allows for upstream propagation and more complex wave patterns

Topographic influences

* The shape, size, and orientation of topographic features significantly impact mountain wave formation
and characteristics

+ Understanding these influences is crucial for accurate prediction of wave behavior in diverse
geographical settings

Mountain shape and size
« Steep, narrow mountains generate stronger vertical displacements and more intense waves
* Broad, gentle slopes produce weaker waves with longer wavelengths
* Mountain height directly affects wave amplitude and vertical propagation
» Complex terrain features (valleys, plateaus) can create intricate wave patterns

Ridge orientation

» Optimal wave generation occurs when wind direction is perpendicular to the mountain ridge
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* Oblique wind angles reduce wave intensity and alter propagation patterns
« Parallel wind flow may generate trapped lee waves or rotors

* Curved or irregular ridges can produce complex, three-dimensional wave structures

Multiple mountain ranges

* Interaction between waves generated by successive mountain ranges
* Can lead to wave amplification or interference patterns
« Affects downstream propagation and wave persistence

* Influences regional climate patterns and precipitation distribution

Meteorological impacts

* Mountain waves significantly influence local and regional weather patterns

» Understanding these impacts is essential for accurate weather forecasting and climate modeling

Cloud formations

* Lenticular clouds form at wave crests due to adiabatic cooling and condensation
« Cap clouds develop over mountain peaks in stable, moist conditions
» Foehn wall clouds appear on the windward side during foehn wind events

» Wave cloud patterns can indicate the presence and structure of mountain waves

Precipitation patterns

+ Orographic lifting enhances precipitation on windward slopes
* Lee-side rain shadow effects due to descending air and evaporation
» Banded precipitation patterns can form in wave crests downstream

» Snow accumulation patterns influenced by wave-induced uplift and subsidence

Wind patterns and turbulence

« Strong downslope winds on lee side of mountains (foehn, chinook)
* Rotors form beneath wave crests, creating areas of severe turbulence
* Clear air turbulence associated with wave breaking at higher altitudes

» Wind shear zones develop between wave crests and troughs

Atmospheric energy transfer
» Mountain waves play a crucial role in transferring energy and momentum throughout the atmosphere

» Understanding these processes is essential for accurate representation of atmospheric dynamics in
weather and climate models
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Momentum flux

* Vertical transport of horizontal momentum by mountain waves
+ Quantified by the Reynolds stress tensor
« Contributes to drag forces on large-scale atmospheric circulation

* Influences jet streams and global wind patterns

Heat transport

* Vertical mixing of air masses with different temperatures
+ Adiabatic heating and cooling associated with wave motion
 Can lead to temperature inversions and local climate anomalies

« Affects atmospheric stability and potential for convection

Wave breaking phenomena

* Occurs when wave amplitude becomes too large for the atmosphere to support
* Results in turbulent mixing and dissipation of wave energy
» Critical levels where wind speed matches wave phase speed

* Contributes to clear air turbulence and mixing in the middle atmosphere

Observational techniques

* Various methods are employed to study and measure mountain waves, each offering unique insights
into wave characteristics and behavior

» Combining multiple observational techniques provides a comprehensive understanding of mountain
wave phenomena

Remote sensing methods

» Doppler lidar measures wind velocities and wave structure
» Radar profilers detect wave-induced perturbations in temperature and humidity
» Microwave radiometers observe atmospheric temperature and moisture profiles

» Ground-based interferometers measure airglow perturbations caused by waves

In-situ measurements

* Instrumented aircraft collect data on temperature, pressure, and wind variations
» Radiosondes provide vertical profiles of atmospheric parameters
 Surface weather stations record wind patterns and pressure fluctuations

* Acoustic sounders detect wave-induced temperature inversions
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Satellite observations
« Visible and infrared imagery reveals wave cloud patterns
» GPS radio occultation measures atmospheric density variations
« Synthetic aperture radar detects surface wind patterns and ocean wave interactions

 Hyperspectral sounders provide detailed atmospheric temperature and humidity profiles

Numerical modeling

* Numerical models are essential tools for simulating and predicting mountain wave behavior

* Accurate representation of mountain waves in models is crucial for weather forecasting and climate
projections

Terrain representation
* Digital elevation models provide high-resolution topographic data
» Sub-grid scale parameterizations account for unresolved terrain features
» Smoothing techniques applied to prevent numerical instabilities

* Accurate terrain representation crucial for realistic wave simulations

Resolution requirements

* Horizontal resolution must be sufficient to resolve wave structure (typically < 5 km)
« Vertical resolution important for capturing wave propagation and breaking
* Higher resolution needed near the surface and in areas of complex terrain

» Computational constraints often limit achievable resolution in global models

Parameterization schemes

« Gravity wave drag parameterizations represent sub-grid scale wave effects

+ Orographic lifting schemes account for unresolved topographic forcing

* Turbulence closure models simulate wave-induced mixing and dissipation

» Convection parameterizations interact with wave-induced vertical motions
Aviation and mountain waves

* Mountain waves pose significant challenges and hazards to aviation operations

» Understanding and predicting mountain wave phenomena is crucial for flight safety and efficiency
Clear air turbulence

* Occurs in regions of strong wind shear associated with mountain waves

« Difficult to detect visually due to absence of cloud markers

Fiveable archived study guides

Page 523



» Can cause severe aircraft jolts and passenger discomfort

» Forecasting techniques use stability parameters and wind profiles

Rotors and hydraulic jumps

* Rotors form beneath wave crests, creating areas of extreme turbulence
 Characterized by reverse flow near the surface and strong vertical motions
* Hydraulic jumps occur when flow transitions from supercritical to subcritical

+ Both phenomena pose significant hazards to low-flying aircraft

Flight safety considerations

+ Pilots must be aware of potential wave locations and intensities
« Altitude changes may be necessary to avoid areas of severe turbulence
* Lee-side downdrafts can exceed aircraft climb capabilities

* Icing risk increases in wave clouds due to supercooled water droplets

Climate implications

* Mountain waves play a significant role in shaping regional and global climate patterns

» Understanding these effects is crucial for accurate climate modeling and prediction
Orographic precipitation

* Enhanced rainfall on windward slopes due to forced uplift

+ Rain shadow effects on lee sides create arid regions

* Influences distribution of vegetation and ecosystems

« Contributes to water resource availability and management challenges

Regional climate patterns

* Foehn winds create warm, dry conditions on lee sides of mountains
» Wave-induced mixing affects temperature inversions and air quality
« Persistent wave patterns influence local wind regimes and microclimates

* Impacts on snow accumulation and melting patterns in mountainous regions

Global circulation effects

* Mountain wave drag influences jet stream positioning and strength
+ Contributes to momentum balance in the general circulation
« Affects stratosphere-troposphere exchange of air and trace gases

* Plays a role in the formation and breakdown of the polar vortex
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Applications and research

* Mountain wave research has numerous practical applications and continues to be an active area of
scientific investigation

» Ongoing studies aim to improve our understanding and prediction of mountain wave phenomena

Weather forecasting

* Incorporation of mountain wave effects improves local and regional forecasts
» Enhanced prediction of precipitation patterns in mountainous areas
* Better forecasting of severe downslope wind events (foehn, chinook)

* Improved aviation forecasts for turbulence and wind shear

Climate modeling

* Representation of mountain wave drag crucial for accurate global simulations
* Impacts on atmospheric circulation patterns and energy balance
* Influences on stratospheric dynamics and ozone distribution

* Role in cloud formation and radiative transfer processes

Atmospheric pollution transport

» Mountain waves affect dispersion and transport of air pollutants
« Influence on vertical mixing and long-range transport of aerosols
 Impacts on air quality in valleys and basins surrounded by mountains

* Implications for placement and operation of industrial facilities

11.5 Atmospheric turbulence scales

Atmospheric turbulence scales shape weather patterns, air quality, and climate dynamics. From microscale
eddies lasting seconds to synoptic-scale systems persisting for weeks, these scales play crucial roles in
mixing heat, moisture, and pollutants throughout the atmosphere.

Understanding turbulence scales is vital for accurate weather forecasting and climate modeling. The
energy cascade process, measurement techniques, and parameterization methods help scientists analyze
and predict atmospheric behavior across different environments, from urban areas to marine settings.

Atmospheric turbulence scales

» Atmospheric turbulence scales describe the various sizes of turbulent eddies in the atmosphere

» Understanding these scales helps atmospheric physicists analyze and predict weather patterns, air
quality, and climate dynamics

Microscale turbulence

* Occurs at scales smaller than 2 km, typically lasting seconds to minutes
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 Characterized by rapid fluctuations in wind speed, temperature, and humidity

« Influenced by surface roughness, heat fluxes, and local topography

* Plays a crucial role in the vertical mixing of heat, moisture, and pollutants near the Earth's surface
* Examples include:

» Thermal plumes rising from heated surfaces

» Wake turbulence behind buildings or trees

Mesoscale turbulence

» Spans scales from 2 km to 200 km, with durations of hours to a day

* Associated with phenomena such as thunderstorms, sea breezes, and mountain waves
* Driven by temperature gradients, pressure systems, and terrain features

« Affects regional weather patterns and air quality

* Examples include:

+ Convective cells in thunderstorms

* Turbulence generated by frontal systems

Synoptic scale turbulence

* Encompasses scales larger than 200 km, lasting days to weeks
* Linked to large-scale weather systems and planetary waves

* Influenced by global circulation patterns and the Earth's rotation
» Shapes long-term weather patterns and climate variability

* Examples include:

* Turbulence associated with jet streams

+ Eddies in the polar vortex
Energy cascade process

* Describes the transfer of energy from larger to smaller scales in turbulent flows

* Fundamental concept in understanding atmospheric energy distribution and dissipation
Kolmogorov's theory

+ Developed by Andrey Kolmogorov in 1941, provides a statistical description of turbulence
» Assumes isotropic turbulence and a constant energy transfer rate between scales

* Predicts a -5/3 power law for the energy spectrum in the inertial subrange

* Key concepts include:

« Universal equilibrium range where energy transfer depends only on dissipation rate
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» Kolmogorov microscale, the smallest scale of turbulent motion

Inertial subrange

» Range of scales where energy transfer occurs without significant dissipation
* Lies between the energy-containing range and the dissipation range
 Characterized by a constant energy flux and self-similar turbulent structures
* Important for understanding energy distribution in atmospheric turbulence

* Typically spans scales from meters to kilometers in the atmosphere

Energy dissipation rate

* Measures the rate at which turbulent kinetic energy converts to heat
* Crucial parameter in determining the intensity of turbulence

« Varies with atmospheric conditions and height above the surface

+ Can be estimated using:

* Direct measurements of velocity fluctuations

* Indirect methods based on temperature or humidity profiles

Turbulence measurement techniques

* Essential for quantifying and understanding atmospheric turbulence

* Provide data for model validation and improvement of weather forecasts

Sonic anemometers

» Measure 3D wind components and temperature at high frequencies (10-100 Hz)
* Use ultrasonic pulses to determine wind speed and direction

* Provide direct measurements of turbulent fluxes and energy spectra

» Advantages include:

* No moving parts, reducing maintenance needs

* High precision and temporal resolution

* Limitations involve:

« Sensitivity to precipitation and extreme temperatures

+ Potential flow distortion in certain mounting configurations

Doppler lidar

* Uses laser technology to measure wind speed and direction remotely
+ Can profile the atmospheric boundary layer up to several kilometers

* Provides spatial and temporal information on turbulent structures
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* Applications include:

+ Studying wind shear and turbulence in wind energy

* Monitoring urban air quality and pollutant dispersion

+ Limitations include:

* Reduced performance in very clean air or heavy precipitation

* Higher cost compared to in-situ instruments

Aircraft-based measurements

* Allow for spatial sampling of turbulence over large areas

« Utilize fast-response instruments mounted on research aircraft

* Provide data on turbulence at various altitudes and in remote locations
* Measurements include:

» Eddy covariance fluxes of heat, moisture, and momentum

* Turbulence intensity and spectral characteristics

* Challenges involve:

* High operational costs

 Potential aircraft-induced flow distortions

Turbulence in boundary layer

* Focuses on turbulent processes in the lowest part of the atmosphere

« Critical for understanding surface-atmosphere interactions and pollutant dispersion

Surface layer turbulence

* Occurs in the lowest 10% of the atmospheric boundary layer
 Characterized by strong vertical gradients of wind speed and temperature
* Influenced by surface roughness, heat fluxes, and friction

* Key features include:

* Logarithmic wind profile in neutral conditions

* Monin-Obukhov similarity theory for flux-profile relationships

* Important for:

* Calculating surface fluxes of heat, moisture, and momentum

* Determining pollutant deposition rates

Mixed layer turbulence

» Extends from the surface layer to the top of the convective boundary layer
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 Characterized by well-mixed properties due to strong turbulent mixing
* Driven primarily by surface heating and wind shear

* Features include:

* Nearly constant potential temperature and humidity with height

* Large-scale convective eddies (thermals)

* Crucial for:

* Vertical transport of heat, moisture, and pollutants

* Development of cumulus clouds

Entrainment zone turbulence

* Occurs at the top of the boundary layer, where it interfaces with the free atmosphere
+ Characterized by intermittent turbulence and strong gradients

* Driven by processes such as:

» Wind shear at the top of the boundary layer

* Radiative cooling of cloud tops

* Important for:

 Growth of the boundary layer

* Mixing of free-tropospheric air into the boundary layer

Turbulence vs stability

« Examines the relationship between atmospheric stability and turbulence intensity

» Crucial for understanding and predicting turbulent mixing in different conditions

Richardson number

» Dimensionless parameter relating buoyancy to shear production of turbulence
* Defined as the ratio of buoyancy forces to inertial forces

« Calculated using vertical gradients of temperature and wind speed

« Critical values include:

* Ri < 0: unstable conditions, enhancing turbulence

* 0 < Ri < 0.25: neutral to weakly stable, turbulence can persist

* Ri > 0.25: strongly stable, turbulence tends to be suppressed

* Used in:

+ Determining the onset of turbulence in stable layers

» Parameterizing turbulent mixing in numerical models
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Monin-Obukhov similarity theory

* Describes the structure of turbulence in the atmospheric surface layer
 Based on dimensional analysis and the concept of similarity
» Key parameters include:

* Monin-Obukhov length (L), representing the height where buoyancy and shear production of
turbulence are equal

« Stability parameter (z/L), indicating the relative importance of mechanical and thermal forcing
* Provides universal functions for:

* Vertical profiles of wind speed, temperature, and humidity

* Turbulent fluxes of momentum, heat, and moisture

* Limitations include:

» Assumes horizontal homogeneity and stationarity

* May break down in strongly stable or convective conditions

Turbulence parameterization

* Represents turbulent processes in numerical weather and climate models

+ Essential for accurate simulations of atmospheric dynamics and transport

Eddy diffusivity approach
« Simplifies turbulent transport using a gradient-diffusion approximation
» Assumes turbulent fluxes are proportional to mean gradients
+ Eddy diffusivity (K) represents the efficiency of turbulent mixing
» Advantages include:
» Computational efficiency
« Simplicity in implementation
* Limitations involve:
« Inability to capture non-local transport in convective conditions

« Difficulty in determining appropriate K values for all conditions

K-epsilon model

» Two-equation turbulence closure model widely used in engineering and atmospheric applications
« Solves transport equations for turbulent kinetic energy (k) and dissipation rate ()
+ Calculates eddy viscosity using k and €

» Advantages include:
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* Accounts for history effects on turbulence

« Suitable for complex flows with separation and recirculation
+ Challenges involve:

* Tuning of model constants for atmospheric applications

* Potential numerical instabilities in strongly stratified conditions

Large eddy simulation

* Resolves large-scale turbulent motions explicitly while parameterizing smaller scales
* Uses a spatial filter to separate resolved and subgrid-scale motions

* Requires high spatial and temporal resolution

» Advantages include:

* More realistic representation of turbulent structures

+ Improved predictions of extreme events and non-local transport

+ Limitations include:

* High computational cost

+ Sensitivity to subgrid-scale model formulation

Turbulence effects

» Examines the impacts of turbulence on various atmospheric processes

« Critical for understanding weather, climate, and air quality

Heat and moisture transport

* Turbulence facilitates vertical mixing of heat and moisture in the atmosphere
+ Affects the development of the atmospheric boundary layer

* Influences processes such as:

 Evaporation from land and water surfaces

» Formation of fog and low-level clouds

* Impacts energy balance and water cycle on local to global scales

* Key in determining surface temperature and humidity distributions

Pollutant dispersion

* Turbulence plays a crucial role in the transport and dilution of air pollutants
« Affects the concentration and spatial distribution of pollutants
* Influences processes such as:

* Plume rise from industrial stacks
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* Urban air quality and street canyon ventilation
* Important for:

* Assessing health impacts of air pollution

« Designing effective emission control strategies

* Challenges include modeling dispersion in complex urban environments

Cloud formation and precipitation

* Turbulence affects cloud microphysics and dynamics

* Influences processes such as:

* Droplet formation and growth through collision-coalescence
 Entrainment and mixing at cloud edges

« Impacts precipitation efficiency and distribution

* Key in understanding:

* Convective cloud development

« Stratocumulus cloud persistence

+ Challenges involve representing subgrid-scale turbulence effects in climate models

Turbulence in different environments

» Examines how turbulence characteristics vary across different atmospheric settings

* Important for understanding local weather patterns and air quality

Urban turbulence

» Characterized by complex flow patterns due to building structures

* Features include:

» Enhanced mechanical turbulence from increased surface roughness
» Thermal effects from urban heat island

* Impacts:

* Pollutant dispersion and air quality in cities

+ Urban microclimate and pedestrian comfort

+ Challenges in modeling due to heterogeneous urban landscapes

Mountain turbulence

» Generated by interaction of airflow with complex terrain
* Phenomena include:

* Mountain waves and rotors
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» Foehn winds and valley circulations

* Affects:

+ Aviation safety in mountainous regions
* Orographic precipitation patterns

* Requires high-resolution modeling to capture small-scale terrain effects

Marine boundary layer turbulence

* Influenced by air-sea interactions and surface wave states
+ Characteristics include:

» Generally weaker turbulence intensity compared to land

« Strong dependence on sea surface temperature gradients
* Important for:

» Understanding and predicting tropical cyclone intensity

» Modeling air-sea gas exchange (CO2, water vapor)

* Challenges in measurements due to remote oceanic locations

Turbulence and climate

« Explores the role of turbulence in climate systems and its representation in models

« Critical for improving climate predictions and understanding climate change impacts

Turbulence in climate models

» Represents subgrid-scale turbulent processes in global climate simulations
* Challenges include:

» Parameterizing turbulence across a wide range of scales

+ Balancing computational efficiency with accuracy

* Impacts predictions of:

* Cloud cover and precipitation patterns

* Surface temperature and humidity distributions

» Ongoing research focuses on:

* Improving turbulence schemes for different atmospheric conditions

* Developing scale-aware parameterizations for variable resolution models

Turbulence and climate change

» Examines how changing climate conditions may affect turbulence patterns

* Potential impacts include:
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» Changes in boundary layer height and stability

« Alterations in convective intensity and frequency

* Implications for:

» Severe weather events (thunderstorms, tornadoes)

* Aviation safety and efficiency

* Research areas involve:

* Assessing turbulence trends in long-term climate data

* Projecting future changes in turbulence using climate models

11.6 Turbulence closure models

Turbulence closure models are crucial for accurately representing small-scale motions in atmospheric
simulations. These models provide frameworks to parameterize unresolved turbulent processes, bridging
the gap between resolved and unresolved scales in numerical weather and climate predictions.

Understanding turbulence closure is essential for capturing atmospheric dynamics across various scales.
From simple mixing length theories to advanced large eddy simulations, these models balance accuracy
with computational efficiency to improve our ability to forecast weather and project future climate
conditions.

Fundamentals of turbulence closure

* Turbulence closure addresses the challenge of representing small-scale turbulent motions in
atmospheric models

* Closure models provide mathematical frameworks to parameterize unresolved turbulent processes in
numerical simulations

 Understanding turbulence closure fundamentals enables accurate representation of atmospheric
dynamics across various scales

Turbulence in atmospheric physics

+ Chaotic fluid motion characterized by irregular fluctuations in velocity, temperature, and other
properties

» Spans a wide range of spatial and temporal scales in the atmosphere
* Plays a crucial role in energy and momentum transfer, mixing, and transport processes

* Influences weather patterns, climate dynamics, and air quality

Closure problem in turbulence

* Arises from the non-linear nature of the Navier-Stokes equations governing fluid motion

* Results in more unknown variables than available equations in the Reynolds-averaged Navier-Stokes
(RANS) approach

» Requires additional assumptions or models to close the system of equations
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* Presents a fundamental challenge in accurately representing turbulent flows in atmospheric
simulations

Need for turbulence parameterization

» Computational limitations prevent direct resolution of all turbulent scales in atmospheric models
» Parameterization bridges the gap between resolved and unresolved scales
+ Enables representation of subgrid-scale turbulent processes and their effects on larger scales

* Improves accuracy and reliability of weather forecasts and climate projections

Types of closure models

* Closure models vary in complexity and computational cost
« Different approaches balance accuracy with computational efficiency

» Selection of appropriate closure model depends on the specific application and available resources

Zero-equation models

+ Simplest form of turbulence closure

» Assume local equilibrium between turbulence production and dissipation

* Use algebraic expressions to relate turbulent fluxes to mean flow gradients
* Include mixing length models (Prandtl's mixing length)

« Suitable for simple flows with well-defined length scales

One-equation models

* Introduce a transport equation for turbulent kinetic energy (TKE)
 Account for non-local effects and history of turbulence

» Require specification of a turbulent length scale

+ Spalart-Allimaras model widely used in aerospace applications

* Provide improved accuracy over zero-equation models for complex flows

Two-equation models

* Solve transport equations for two turbulence quantities

» Common variants include k-¢ (TKE and dissipation rate) and k-w (TKE and specific dissipation rate)
models

« Offer better representation of turbulence evolution and transport
» Widely used in engineering and atmospheric applications

* Provide good balance between accuracy and computational cost
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Reynolds stress models

* Solve transport equations for all components of the Reynolds stress tensor
* Provide the most complete description of turbulence among RANS models
* Account for anisotropy and non-local effects in turbulent flows

» Require significant computational resources

* Used in complex flow situations where anisotropy is important

First-order closure schemes

» Represent the simplest approach to turbulence parameterization
» Based on the assumption of a linear relationship between turbulent fluxes and mean gradients

» Widely used in atmospheric models due to their simplicity and computational efficiency

Mixing length theory
* Proposed by Ludwig Prandtl in 1925
» Assumes turbulent eddies have a characteristic length scale (mixing length)
* Relates turbulent viscosity to the mixing length and mean velocity gradient
» Mixing length typically specified based on empirical correlations or physical arguments

* Forms the basis for many practical turbulence models

K-theory for eddy diffusivity
» Extends the concept of molecular diffusion to turbulent transport
» Assumes turbulent fluxes are proportional to mean gradients of transported quantities
» Eddy diffusivity (K) represents the efficiency of turbulent mixing
K values vary with atmospheric stability and can be parameterized using empirical functions

» Widely used in atmospheric boundary layer parameterizations

Prandtl's mixing length model

+ Specific implementation of mixing length theory

- Expresses turbulent viscosity as V¢ = 1?|24

» Mixing length () often parameterized as a function of distance from the surface
» Assumes local equilibrium between turbulence production and dissipation

* Provides reasonable results for simple shear flows (boundary layers)

Higher-order closure schemes

» Aim to provide more accurate and physically consistent representations of turbulence
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» Account for non-local effects and turbulence history
* Require solution of additional transport equations for turbulence quantities

« Offer improved performance in complex flow situations at the cost of increased computational
complexity

Second-order closure models

* Solve transport equations for Reynolds stresses and turbulent fluxes

+ Account for anisotropy in turbulent flows

* Include terms representing turbulent transport, production, and dissipation
* Mellor-Yamada model widely used in atmospheric and oceanic applications

* Provide improved predictions for complex flows with strong curvature or rotation

Third-order closure models

+ Solve transport equations for third-order moments (triple correlations)

* Offer the most complete description of turbulence within the RANS framework
» Account for non-local transport and higher-order statistics

+ Rarely used in practical applications due to computational complexity

* Provide valuable insights into turbulence physics and model development

Advantages vs limitations

» Advantages include improved physical representation and accuracy for complex flows

* Limitations involve increased computational cost and potential numerical instabilities

+ Higher-order closures may require additional empirical constants or assumptions

+ Trade-off between model complexity and practical applicability in atmospheric simulations

* Selection of closure order depends on specific application requirements and available resources

Turbulent kinetic energy (TKE) closure

* Focuses on the transport and evolution of turbulent kinetic energy
* Provides a more physically-based approach to turbulence parameterization
» Widely used in atmospheric boundary layer and mesoscale models

« Offers a good balance between accuracy and computational efficiency

TKE budget equation

* Describes the evolution of turbulent kinetic energy in time and space
* Includes terms for advection, production, buoyancy, dissipation, and transport

. U, , 9 iy = 1T
« TKE budget equation: 3% = —Ufu;?;—)q + QiGWIG’ —&— g luje+uip’)
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* Production term represents conversion of mean flow energy to turbulent energy

» Buoyancy term can act as a source or sink depending on atmospheric stability

Dissipation rate parameterization

* Represents the rate at which TKE is converted to heat through viscous dissipation
« Often parameterized using dimensional analysis and empirical relationships

3/2
« Common form: € = CEET

« Dissipation length scale (I) may be specified based on mixing length or other considerations

» Accurate parameterization of dissipation rate crucial for TKE balance and model performance

Stability functions in TKE models
» Modify turbulent fluxes and diffusivities based on atmospheric stability
* Account for the effects of buoyancy on turbulent mixing efficiency
+ Often expressed as functions of gradient Richardson number or flux Richardson number
» Examples include Mellor-Yamada stability functions and Monin-Obukhov similarity theory

» Enable TKE models to represent a wide range of atmospheric stability conditions

Large eddy simulation (LES)
» Advanced turbulence modeling approach that resolves large-scale eddies directly
* Filters the Navier-Stokes equations to separate resolved and subgrid scales
* Provides detailed information on turbulent structures and statistics
* Bridges the gap between direct numerical simulation and RANS approaches

* Increasingly used in atmospheric research and high-resolution weather prediction

Subgrid-scale modeling

* Represents the effects of unresolved small-scale turbulence on resolved scales

* Typically based on eddy-viscosity concepts or scale-similarity approaches

* Subgrid-scale stress tensor: Ty = Uity — U;U;
* Closure problem in LES involves parameterizing subgrid-scale stresses

* Accurate subgrid-scale modeling crucial for LES performance and reliability

Smagorinsky model

+ Classic and widely used subgrid-scale model in LES
» Assumes proportionality between subgrid-scale stresses and resolved strain rate

« Eddy viscosity formulation: v+ = (CSA)2|§|
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» Smagorinsky constant (Cs) typically set between 0.1 and 0.2

« Filter width (A) related to grid spacing or explicit filtering operation

Dynamic LES models
* Determine model coefficients dynamically based on resolved flow information
» Germano identity relates stresses at different filter scales
* Allow for spatial and temporal variations in model coefficients
* Improve performance in complex flows and near solid boundaries

» Examples include Germano-Lilly dynamic model and scale-dependent dynamic models

Applications in atmospheric modeling

* Turbulence closure models play a crucial role in various aspects of atmospheric modeling
» Enable representation of subgrid-scale processes in numerical weather prediction and climate models

* Improve accuracy and reliability of simulations across a wide range of spatial and temporal scales

Boundary layer parameterization

* Represents turbulent processes in the atmospheric boundary layer
* Accounts for surface fluxes, vertical mixing, and entrainment at the boundary layer top
« Common approaches include K-theory, TKE-based schemes, and non-local mixing schemes

« Crucial for accurate prediction of near-surface weather conditions and air quality

Convection schemes

» Parameterize the effects of unresolved convective motions in large-scale models
 Account for vertical transport of heat, moisture, and momentum by convective cells
* Include mass flux schemes, adjustment schemes, and unified parameterizations

« Critical for representing precipitation processes and energy balance in climate models

Cloud microphysics integration

+ Couples turbulence parameterizations with cloud microphysics schemes
* Represents interactions between turbulent mixing and cloud formation/dissipation
* Accounts for subgrid-scale variability in humidity and temperature fields

* Improves representation of cloud-radiation interactions and precipitation processes

Model evaluation and validation

« Essential for assessing the performance and reliability of turbulence closure models

* Involves comparison with observational data, theoretical predictions, and higher-fidelity simulations

Fiveable archived study guides Page 539



» Guides model development, tuning, and selection for specific applications

Observational data comparison

« Utilizes field measurements and remote sensing data to evaluate model performance
* Includes comparisons of mean profiles, turbulent fluxes, and higher-order statistics
» Atmospheric measurement campaigns (CASES-99, GABLS) provide valuable datasets

+ Challenges include limited spatial and temporal coverage of observations

Numerical simulation benchmarks

» Compares closure model results with high-resolution direct numerical simulations (DNS)
* LES results often used as reference for evaluating RANS models

* Benchmark cases include canonical flows (channel flow, mixing layers) and idealized atmospheric
scenarios

+ Allows for detailed analysis of model behavior under controlled conditions

Sensitivity analysis techniques

* Assess the impact of model parameters and formulations on simulation results
* Include local and global sensitivity analysis methods
+ Adjoint-based techniques enable efficient exploration of parameter space

+ Identify key uncertainties and guide model improvements and calibration efforts

Challenges and future directions

» Ongoing research aims to address limitations of current turbulence closure approaches
* Emerging techniques leverage advances in computational power and data availability

* Focus on improving model accuracy, reliability, and applicability across scales

Scale-aware parameterizations

» Develop closure models that adapt to varying grid resolutions
» Address the "grey zone" where turbulent motions are partially resolved
* Incorporate scale-dependent formulations for model coefficients and length scales

+» Enable seamless transitions between different modeling regimes (RANS, LES, DNS)

Machine learning in turbulence modeling

« Utilize data-driven approaches to improve turbulence parameterizations
* Neural networks and other ML techniques used to develop closure models
* Hybrid physics-ML approaches combine traditional models with data-driven components

+ Challenges include ensuring physical consistency and generalization to new flow regimes
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Coupling with other physical processes
 Improve representation of interactions between turbulence and other atmospheric phenomena
* Include coupling with radiation, chemistry, and land surface processes
* Develop unified parameterizations that represent multiple subgrid-scale processes

» Address challenges in scale interactions and process coupling in Earth system models
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Unit 12 — Atmospheric Optics & Acoustics

12.1 Refraction and reflection of light

Light plays a crucial role in atmospheric physics, exhibiting both wave and particle properties. These
characteristics explain phenomena like diffraction, interference, and the photoelectric effect, which are
essential for understanding how light interacts with atmospheric particles and gases.

Refraction and reflection are fundamental processes that shape our perception of the sky. Refraction
causes light to bend as it passes through different atmospheric layers, leading to mirages and the twinkling
of stars. Reflection, both specular and diffuse, influences sky brightness and cloud appearance.

Principles of light propagation

« Light propagation forms the foundation for understanding various atmospheric phenomena in
Atmospheric Physics

» Encompasses both wave and particle properties of light, crucial for explaining interactions with
atmospheric particles and gases

» Underpins the study of electromagnetic radiation transfer through different atmospheric layers

Wave nature of light
+ Describes light as an electromagnetic wave with oscillating electric and magnetic fields
» Explains phenomena like diffraction and interference observed in atmospheric optics

» Wavelength and frequency determine the energy and behavior of light in different atmospheric
conditions

* Huygens' principle elucidates wave propagation through the atmosphere

Particle nature of light
* Treats light as discrete packets of energy called photons
« Explains photoelectric effect and Compton scattering in the atmosphere

» Quantum nature of light crucial for understanding absorption and emission spectra of atmospheric
gases

- Energy of a photon given by E = hf, where h is Planck's constant and f is frequency

Electromagnetic spectrum
» Encompasses all types of electromagnetic radiation, from radio waves to gamma rays
* Visible light occupies a small portion, crucial for atmospheric studies and remote sensing
« Different atmospheric constituents interact with specific parts of the spectrum

« Infrared radiation plays a significant role in atmospheric heat transfer and greenhouse effect
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Refraction fundamentals

* Refraction fundamentals are essential for understanding how light bends as it passes through different
atmospheric layers

* These principles explain various optical phenomena observed in the sky and impact remote sensing
techniques

» Understanding refraction is crucial for accurate interpretation of atmospheric measurements and
observations

Snell's law

* Describes the relationship between angles of incidence and refraction when light passes between
media

« Expressed mathematically as n15in(81) = n»sin(6;)
+ Explains bending of light rays in the atmosphere due to density variations

« Critical for understanding atmospheric refraction effects on celestial observations

Refractive index

* Measure of how much the speed of light is reduced in a medium compared to vacuum
* Varies with atmospheric composition, temperature, and pressure
* Typically decreases with altitude in the atmosphere

* Relationship between refractive index and density given by the Gladstone-Dale relation

Critical angle

* Angle of incidence beyond which total internal reflection occurs
» Calculated using the formula 6 = arcsin(nz/n1) where n2 < n1

+ Relevant in atmospheric optics for phenomena like mirages and light guiding in certain atmospheric
conditions

* Varies with wavelength due to dispersion in the atmosphere

Total internal reflection

» Occurs when light encounters a boundary with a lower refractive index at an angle greater than the
critical angle

+ Explains the formation of superior mirages in the atmosphere
« Utilized in fiber optics for long-distance signal transmission

« Can trap light within atmospheric layers under specific conditions

Reflection basics

+ Reflection basics are fundamental to understanding how light interacts with various surfaces in the
atmosphere
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 These principles explain phenomena like sky brightness, cloud appearance, and remote sensing of
Earth's surface

* Reflection properties of atmospheric particles and surfaces influence the Earth's energy balance and
climate

Specular vs diffuse reflection

« Specular reflection occurs on smooth surfaces, producing mirror-like reflections (calm water surfaces)
« Diffuse reflection happens on rough surfaces, scattering light in many directions (clouds, rough terrain)
* Most natural surfaces in the atmosphere exhibit a combination of specular and diffuse reflection

« Bidirectional reflectance distribution function (BRDF) describes reflection properties of surfaces

Law of reflection

« States that the angle of incidence equals the angle of reflection
* Applies to all electromagnetic waves, including visible light
* Crucial for understanding the behavior of light on reflective surfaces in the atmosphere

» Forms the basis for many remote sensing techniques using reflected sunlight

Angle of incidence vs reflection

* Angle of incidence measured between incoming ray and surface normal
* Reflection angle always equals the incidence angle for specular reflection
« Diffuse reflection produces a range of reflection angles

* Influences the amount of solar radiation absorbed or reflected by atmospheric components

Atmospheric refraction phenomena

» Atmospheric refraction phenomena result from the bending of light as it passes through layers of
varying density in the atmosphere

* These effects impact astronomical observations, visual perception of celestial objects, and
atmospheric remote sensing

» Understanding these phenomena is crucial for accurate interpretation of atmospheric measurements
and observations

Mirages
* Optical illusions caused by temperature gradients in the atmosphere
* Inferior mirages form on hot surfaces, creating the illusion of water on roads

* Superior mirages occur in temperature inversions, making distant objects appear lifted or inverted

» Fata Morgana is a complex mirage that can make objects appear distorted and elevated
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Green flash

* Brief flash of green light sometimes observed at sunset or sunrise
 Caused by atmospheric refraction and dispersion of sunlight
* Requires clear skies and an unobstructed horizon for observation

* Duration typically less than a second, but can last up to two seconds in rare cases

Twinkling of stars

* Also known as stellar scintillation
« Caused by turbulence and density fluctuations in Earth's atmosphere
* More pronounced near the horizon due to longer path through the atmosphere

« Affects point sources like stars more than extended objects like planets

Atmospheric dispersion

 Separation of white light into its component colors due to wavelength-dependent refraction
« Causes celestial objects to appear slightly elongated, with red light at the top and blue at the bottom
» More pronounced near the horizon and for objects with broad spectra

* Corrected in astronomical observations using atmospheric dispersion correctors

Optical effects in the atmosphere

* Optical effects in the atmosphere create various spectacular visual phenomena observed in the sky

* These effects result from the interaction of light with water droplets, ice crystals, and other
atmospheric particles

* Understanding these phenomena provides insights into atmospheric composition, structure, and
conditions

Rainbows

» Formed by refraction, reflection, and dispersion of sunlight in water droplets
* Primary rainbow has an angular radius of about 42° from the antisolar point
» Secondary rainbow, with inverted color order, appears at about 51° from the antisolar point

» Alexander's dark band is the region between primary and secondary rainbows

Halos and sundogs

* Halos are ring-like optical phenomena caused by ice crystals in cirrus clouds
* 22° halo is the most common, formed by hexagonal ice crystals
» Sundogs (parhelia) appear as bright spots on either side of the sun, often part of the 22° halo

» Upper and lower tangent arcs can form tangent to the 22° halo
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Glory and corona

* Glory is a circular rainbow-like phenomenon seen opposite the sun
» Formed by backscattering of light from water droplets
» Corona appears as colored rings around the sun or moon

 Caused by diffraction of light by small water droplets or ice crystals

Refraction in atmospheric layers

* Refraction in atmospheric layers plays a crucial role in the propagation of electromagnetic waves
through the atmosphere

» Understanding these effects is essential for accurate atmospheric remote sensing and communication
systems

» Each atmospheric layer has distinct refractive properties due to variations in composition,
temperature, and pressure

Tropospheric refraction

* Occurs in the lowest layer of the atmosphere, extending up to about 10-12 km
« Affects radio waves, causing them to bend slightly towards the Earth's surface
* Enables over-the-horizon radio communication and radar detection

* Varies with temperature, humidity, and pressure gradients in the troposphere

Stratospheric refraction

* Takes place in the stratosphere, extending from about 12 to 50 km altitude
* Less significant than tropospheric refraction due to lower air density
* Influences the propagation of some radio frequencies and optical observations

» Ozone layer in the stratosphere affects UV light refraction and absorption

lonospheric refraction
* Occurs in the ionosphere, extending from about 60 to 1000 km altitude
« Significantly affects radio wave propagation, especially at lower frequencies
* Enables long-distance radio communication by reflecting waves back to Earth

« Varies with solar activity, time of day, and geomagnetic conditions

Measurement and observation techniques

* Measurement and observation techniques in atmospheric refraction are crucial for understanding
atmospheric properties and phenomena

» These methods provide valuable data for weather forecasting, climate studies, and atmospheric
composition analysis
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» Advancements in technology have led to more accurate and comprehensive measurements of
atmospheric refraction effects

Refractometers

* Instruments used to measure the refractive index of air or other substances
* Provide precise measurements of atmospheric density and composition
* Types include Abbe refractometers and digital refractometers

* Used in meteorology to determine atmospheric humidity and air density

Lidar applications

« Light Detection and Ranging (Lidar) uses laser pulses to measure atmospheric properties
« Can measure atmospheric density, temperature, and composition with high vertical resolution
« Differential absorption lidar (DIAL) used for measuring specific atmospheric constituents

* Raman lidar measures water vapor and temperature profiles in the atmosphere

Satellite remote sensing
« Utilizes various sensors on satellites to measure atmospheric properties
* Includes infrared sounders, microwave radiometers, and GPS radio occultation
* Provides global coverage and continuous monitoring of atmospheric refraction effects

» Data assimilated into numerical weather prediction models and climate studies

Impact on atmospheric studies

» Understanding atmospheric refraction is crucial for various aspects of atmospheric studies and related
fields

* Refraction effects influence data interpretation in remote sensing, climate modeling, and weather
forecasting

+ Accurate accounting for refraction is essential for precise atmospheric measurements and predictions
Weather forecasting

* Refraction affects the propagation of weather radar signals
» Atmospheric ducting can lead to anomalous propagation and misinterpretation of radar data
+ Refraction corrections applied to satellite observations improve temperature and humidity retrievals

» Understanding mirages and other optical phenomena aids in interpreting visual weather observations

Climate modeling

« Refraction effects considered in radiative transfer models used in climate simulations

« Accurate representation of atmospheric refraction improves modeling of Earth's energy budget
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* Refraction impacts the interpretation of long-term satellite data used in climate trend analysis

» Understanding refraction in different atmospheric layers aids in modeling stratosphere-troposphere
interactions

Atmospheric composition analysis

* Refraction effects considered in spectroscopic measurements of atmospheric gases
« Differential optical absorption spectroscopy (DOAS) uses refraction principles to measure trace gases
+ Refraction corrections applied to satellite limb sounding measurements of atmospheric composition

» Understanding refraction improves retrieval algorithms for atmospheric constituent profiles

Refraction vs reflection in optics

* Refraction and reflection are fundamental optical processes with distinct applications in atmospheric
physics

» Understanding the differences and similarities between these phenomena is crucial for interpreting
atmospheric optical effects

* Both processes play important roles in remote sensing techniques and atmospheric instrumentation

Lenses vs mirrors

* Lenses use refraction to focus or disperse light (used in cameras and telescopes)
* Mirrors use reflection to change the direction of light (used in reflector telescopes)
» Atmospheric layers can act as natural lenses due to density gradients

» Smooth water surfaces in the atmosphere can act as natural mirrors

Prisms vs reflectors

* Prisms use refraction to separate light into its component colors (used in spectroscopy)
* Reflectors use reflection to redirect light (used in retroreflectors for atmospheric studies)
» Atmospheric dispersion acts like a natural prism, separating colors in celestial objects

* Cloud particles can act as tiny reflectors, contributing to cloud brightness and albedo

Fiber optics applications

* Fiber optics use total internal reflection to transmit light over long distances
* Applied in atmospheric sensing instruments for efficient light transmission
» Analogous to light guiding in atmospheric layers under certain conditions

* Fiber optic sensors used in some atmospheric monitoring applications

12.2 Scattering of light

Light scattering in the atmosphere shapes our world in countless ways. From the blue sky above to the
colors of sunset, it influences how sunlight travels through the air and reaches Earth's surface.

Fiveable archived study guides Page 548



Understanding scattering helps explain atmospheric phenomena and improves climate models. We'll
explore different types of scattering, their effects on visibility and radiation, and how scientists measure and
model these processes.

Fundamentals of light scattering

« Scattering of light plays a crucial role in atmospheric physics by influencing the transmission of solar
radiation through the atmosphere

» Understanding light scattering principles helps explain various atmospheric phenomena such as sky
color, visibility, and cloud formation

« Light scattering impacts climate models and weather predictions by affecting the Earth's energy
balance and atmospheric optical properties

Electromagnetic wave properties

« Light consists of oscillating electric and magnetic fields propagating through space
» Characterized by wavelength, frequency, and amplitude
+ Polarization describes the orientation of the electric field oscillations

* Electromagnetic spectrum ranges from radio waves to gamma rays (visible light occupies a small
portion)

Particle-light interactions

* Occurs when light encounters particles suspended in the atmosphere
» Depends on particle size, shape, and composition relative to the incident light wavelength
* Results in changes to the direction, intensity, and polarization of the scattered light

« Scattering efficiency varies with the ratio of particle size to wavelength
Types of scattering processes
« Elastic scattering preserves the energy of the incident photon (Rayleigh, Mie)
* Inelastic scattering involves energy exchange between photon and particle (Raman)
» Coherent scattering maintains phase relationships between scattered waves
* Incoherent scattering involves random phase relationships among scattered waves
Rayleigh scattering
» Dominates in the upper atmosphere where particles are much smaller than the wavelength of light
* Responsible for the blue color of the sky and the reddening of sunlight during sunrise and sunset
* Crucial for understanding the transmission of solar radiation through the atmosphere
Molecular scattering theory

« Applies to particles much smaller than the wavelength of incident light (d < < A)
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« Scattering intensity proportional to the sixth power of particle size
* Induced dipole moment in molecules causes re-radiation of incident light

» Symmetrical scattering pattern with equal forward and backward scattering

Wavelength dependence

» Scattering intensity inversely proportional to the fourth power of wavelength (/ «« A =%)
 Shorter wavelengths (blue light) scattered more strongly than longer wavelengths (red light)
» Explains why the sky appears blue during the day and red during sunrise/sunset

+ Affects the spectral distribution of solar radiation reaching the Earth's surface

Atmospheric applications

* Used to study atmospheric composition and density profiles
* Explains the polarization of skylight
+ Contributes to atmospheric extinction and visibility reduction

* Influences remote sensing techniques and satellite observations of the atmosphere

Mie scattering

* Describes light scattering by particles comparable in size to the wavelength of incident light
« Significant in the lower atmosphere where larger particles like aerosols and cloud droplets are present

« Affects visibility, cloud optical properties, and atmospheric radiative transfer

Aerosol particle interactions

* Applies to a wide range of particle sizes, from fine dust to cloud droplets
« Scattering efficiency depends on the complex refractive index of the particle
* Produces more complex scattering patterns than Rayleigh scattering

* Influences the direct and indirect effects of aerosols on climate

Size parameter significance

« Defined as the ratio of particle circumference to wavelength (x = 21r/A)
« Determines the scattering regime (Rayleigh when x < < 1, Mie when X = 1)
« Affects the angular distribution and intensity of scattered light

« Critical for interpreting remote sensing data and modeling atmospheric radiative transfer

Angular distribution patterns

+ Characterized by complex lobed structures in the scattering phase function

» Forward scattering becomes more pronounced as particle size increases
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« Backscattering glory and rainbow effects occur for specific size parameters

« Polarization state of scattered light varies with scattering angle and particle properties

Multiple scattering

» Occurs when light undergoes repeated scattering events before reaching an observer
* Prevalent in optically thick media such as clouds and dense aerosol layers

» Complicates the interpretation of remote sensing measurements and radiative transfer calculations

Cloud optical properties
» Determined by liquid water content, droplet size distribution, and cloud thickness
« Affects cloud albedo, transmittance, and absorption of solar radiation
* Influences cloud radiative forcing and feedback mechanisms in the climate system

* Impacts precipitation formation and cloud lifetime

Radiative transfer equations

+ Describe the propagation of radiation through scattering and absorbing media
 Account for emission, absorption, and scattering processes
* Include terms for single scattering albedo and phase function

* Solved numerically using methods such as discrete ordinates or Monte Carlo simulations

Scattering phase functions

+ Describe the angular distribution of scattered light intensity
» Depend on particle size, shape, and composition
* Range from simple analytical forms (Rayleigh) to complex numerical solutions (Mie)

« Critical input for radiative transfer models and remote sensing retrievals

Raman scattering

* Inelastic scattering process involving energy exchange between photons and molecules
* Provides information about molecular vibrational and rotational states

* Used in atmospheric composition analysis and remote sensing applications

Inelastic scattering principles

* Incident photon excites molecule to a virtual energy state
» Molecule relaxes to a different vibrational or rotational state than the initial state
« Scattered photon has different energy (and wavelength) than the incident photon

« Stokes scattering (energy loss) and anti-Stokes scattering (energy gain) possible
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Molecular vibrational states

+ Correspond to specific energy levels of molecular bonds
* Determined by the molecular structure and composition
* Raman shift provides information about the vibrational modes of molecules

+ Allows identification and quantification of atmospheric gases and aerosols

Atmospheric composition analysis
* Raman lidar systems used for profiling water vapor, temperature, and trace gases
» Enables detection of atmospheric pollutants and aerosol properties
» Complements other remote sensing techniques (infrared spectroscopy)

* Provides vertical distribution information with high spatial and temporal resolution

Scattering vs absorption

* Both processes contribute to the attenuation of light in the atmosphere
« Scattering redistributes energy spatially while absorption converts light to heat
* Relative importance depends on wavelength and atmospheric composition

« Critical for understanding the Earth's radiation budget and climate forcing

Extinction coefficient
* Measures the total attenuation of light due to scattering and absorption
+ Defined as the sum of scattering and absorption coefficients
* Varies with wavelength, particle properties, and atmospheric composition

* Used in Beer-Lambert law to calculate transmission through the atmosphere

Single scattering albedo

* Ratio of scattering coefficient to extinction coefficient
» Ranges from 0 (pure absorption) to 1 (pure scattering)
» Depends on particle composition, size, and wavelength of incident light

« Critical parameter for determining the radiative effects of aerosols and clouds

Optical depth concept

* Dimensionless measure of the total extinction along a path through the atmosphere
* Integrated extinction coefficient over the path length
 Determines the transmittance of radiation through the atmosphere

» Used in satellite retrievals and radiative transfer calculations
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Atmospheric effects of scattering

* Influences the distribution of solar radiation in the atmosphere and at the surface
* Affects atmospheric heating rates, photochemistry, and energy balance

« Contributes to various optical phenomena observed in the sky

Sky color explanation

* Blue sky results from Rayleigh scattering of sunlight by air molecules
» Reddening of the sky during sunrise and sunset due to longer path length through the atmosphere
* Green flash occasionally observed at sunset due to atmospheric refraction and scattering

* Variations in sky color influenced by aerosol content and atmospheric conditions
Visibility reduction

» Caused by scattering and absorption of light by particles and gases

* Depends on the concentration and properties of atmospheric aerosols

« Affects air quality, transportation safety, and aesthetic qualities of landscapes

 Quantified using visual range or meteorological optical range measurements
Twilight phenomena

* Belt of Venus (pink band above the horizon) caused by backscattered sunlight
+ Earth's shadow visible as a dark band below the Belt of Venus
* Crepuscular rays (sunbeams) visible due to scattering by atmospheric particles

* Anticrepuscular rays appear in the opposite direction of the sun

Measurement techniques
* Various methods used to quantify atmospheric scattering properties
» Combine in-situ measurements with remote sensing techniques
* Provide data for validating atmospheric models and studying climate processes

Lidar remote sensing
* Uses laser pulses to measure atmospheric scattering and absorption
* Provides vertical profiles of aerosols, clouds, and trace gases
« Elastic lidar measures backscattered light at the same wavelength as the transmitted pulse
» Raman lidar detects inelastically scattered light for composition analysis

Nephelometer instrumentation

» Measures scattering coefficients of atmospheric particles
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* llluminates sample volume with light source (typically LED or laser)
+ Detects scattered light at various angles (integrating nephelometer)

* Provides information on aerosol optical properties and size distribution

Satellite-based observations
* Global coverage of atmospheric scattering properties
* Passive sensors measure reflected solar radiation and thermal emission
* Active sensors (lidar, radar) provide vertical structure information

* Retrieval algorithms derive aerosol and cloud properties from multi-spectral observations

Scattering in climate models
» Representation of scattering processes crucial for accurate climate simulations

* Affects radiative transfer calculations and energy balance in the atmosphere

+ Challenges include parameterization of sub-grid scale processes and computational efficiency

Aerosol-radiation interactions
* Direct effect alters the Earth's radiation budget through scattering and absorption
» Semi-direct effect influences cloud formation and atmospheric stability
* Indirect effects modify cloud microphysical properties and precipitation

» Representation in models requires accurate aerosol optical properties and distributions

Cloud-albedo feedback
» Changes in cloud properties affect the Earth's albedo and energy balance
* Influenced by aerosol-cloud interactions and thermodynamic processes
* Uncertainty in cloud feedback remains a major source of climate sensitivity spread in models

» Requires accurate representation of cloud microphysics and radiative properties

Radiative forcing calculations
+» Quantify the impact of various factors on the Earth's energy balance
* Include contributions from greenhouse gases, aerosols, and land-use changes
« Scattering processes affect both shortwave and longwave radiative forcing

+ Uncertainties in aerosol radiative forcing remain a significant challenge in climate projections

12.3 Rainbows and halos

Rainbows and halos are captivating optical phenomena that occur when light interacts with water droplets
and ice crystals in the atmosphere. These effects reveal fascinating insights into the behavior of light,
atmospheric conditions, and the properties of airborne particles.
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By studying rainbows and halos, we can uncover valuable information about atmospheric composition,
particle size distributions, and upper-air conditions. These phenomena serve as natural tools for
investigating atmospheric optics and provide a gateway to understanding complex light-matter interactions
in Earth's atmosphere.

Formation of rainbows

» Rainbows form through complex interactions between sunlight and water droplets in the atmosphere

» Understanding rainbow formation provides insights into light behavior, atmospheric optics, and
meteorological conditions

* Atmospheric Physics explores these phenomena to deepen our comprehension of Earth's atmosphere
and its optical properties

Refraction and reflection

« Light rays enter water droplets and undergo refraction bending toward the normal
* Internal reflection occurs at the back of the droplet redirecting light
* Rays exit the droplet refracting away from the normal

 Multiple refractions and reflections create the rainbow's circular shape

Dispersion of light
» White sunlight separates into its component colors due to wavelength-dependent refraction
 Shorter wavelengths (blue, violet) bend more than longer wavelengths (red, orange)
+ Dispersion produces the characteristic rainbow spectrum (ROYGBIV)

» Angle of deviation varies for each color creating the spread of hues

Primary vs secondary rainbows
* Primary rainbow forms from one internal reflection within water droplets
» Secondary rainbow results from two internal reflections
+ Color order reverses in secondary rainbows (violet on top, red on bottom)

» Alexander's dark band appears between primary and secondary rainbows due to ray geometry

Viewing angle requirements

» Rainbows always appear opposite the sun relative to the observer
* Primary rainbow forms at approximately 42° from the antisolar point
» Secondary rainbow appears at about 51° from the antisolar point

» Observer must be positioned with sun behind them to see a rainbow
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Rainbow characteristics

* Rainbow features result from complex interactions between light, water droplets, and atmospheric
conditions

« Studying these characteristics enhances our understanding of atmospheric optics and light behavior

» Atmospheric Physics utilizes rainbow properties to investigate atmospheric composition and dynamics

Color sequence
« Traditional rainbow displays colors in ROYGBIV order (red, orange, yellow, green, blue, indigo, violet)
* Color purity and distinctness vary based on droplet size and atmospheric conditions
» Supernumerary bows can appear below the primary bow adding extra color bands

* Color intensity changes with viewing angle and sun position

Angular size
* Primary rainbow spans approximately 42° from the antisolar point
» Secondary rainbow covers about 51° from the antisolar point
» Angular size remains constant regardless of observer distance from the rainbow

« Higher sun elevations produce smaller, lower arcs while lower sun positions create larger, higher arcs

Intensity variations
* Brightness varies across the rainbow due to different scattering angles
* Primary rainbow appears brighter than the secondary rainbow
* Intensity peaks near the red end of the spectrum

* Factors affecting intensity include droplet size, sun angle, and atmospheric conditions

Polarization effects
« Light in rainbows becomes partially polarized during refraction and reflection
+ Polarization direction varies across the rainbow arc
« Strongest polarization occurs perpendicular to the rainbow arc

* Polarization effects can be observed using polarizing filters or specialized equipment
Types of rainbows
« Various rainbow types occur under different atmospheric and lighting conditions

« Studying these variations provides insights into atmospheric composition and optical phenomena

» Atmospheric Physics explores these rainbow types to better understand light-matter interactions in the
atmosphere
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Supernumerary bows

* Appear as faint, pastel-colored bands below the primary rainbow
* Result from interference between light waves within water droplets
» More prominent with smaller, uniformly-sized water droplets

» Spacing between supernumerary bows depends on droplet size

Fogbows

* Form in fog or mist with very small water droplets
* Appear as a white or faintly colored bow due to diffraction effects
+ Often seen in mountainous or coastal areas with frequent fog

» Smaller angular size compared to typical rainbows

Moonbows

* Produced by moonlight rather than sunlight
* Appear fainter and less colorful than solar rainbows due to lower light intensity
* Best observed during full moon periods with clear, dark skies

* Human eyes may perceive moonbows as white or gray due to low light conditions

Double rainbows

* Consist of a primary and secondary rainbow appearing simultaneously
» Secondary bow forms above the primary with reversed color order
» Alexander's dark band separates the two bows

* Brightness ratio between primary and secondary bows approximately 1:1/40

Halo phenomena

* Halos form through interactions between light and ice crystals in the atmosphere
* These optical effects provide valuable information about upper atmospheric conditions

» Atmospheric Physics studies halo phenomena to investigate cirrus cloud properties and ice crystal
formation

Ice crystal optics
» Hexagonal ice crystals act as prisms refracting and reflecting light
* Crystal orientation and shape determine the type of halo produced
* Minimum deviation angle of 22° creates the common circular halo

» Complex crystal geometries lead to various halo types and optical effects
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22-degree halo
* Most common halo type observed around the sun or moon
» Forms a complete circle with an angular radius of approximately 22°
* Inner edge appears reddish while the outer edge appears bluish

* Brightness varies around the halo due to scattering angle differences

Sundogs and parhelia
* Bright spots of light appearing on either side of the sun
» Form when light refracts through horizontally-oriented plate crystals
« Often display prismatic colors with red closest to the sun

» Sundogs can occur with or without a visible 22-degree halo

Circumzenithal arcs
* Appear as upside-down rainbows high in the sky
» Form when light enters the top face of horizontal plate crystals and exits through a side face
* Most vivid when the sun is low on the horizon (elevation < 32°)

+ Often mistaken for unusual rainbow phenomena

Atmospheric conditions
* Specific atmospheric conditions influence the formation and appearance of optical phenomena
» Understanding these conditions helps predict and analyze atmospheric optical effects

» Atmospheric Physics examines the relationship between atmospheric properties and observed optical
phenomena

Water droplet size
« Affects rainbow brightness color purity and the presence of supernumerary bows
» Smaller droplets (< 0.5 mm) produce broader less vivid rainbows
* Larger droplets (> 1 mm) create narrower more intense rainbows

* Optimal droplet size for vivid rainbows ranges from 0.5 to 1 mm in diameter
Ice crystal shape

+ Determines the type and characteristics of halo phenomena

* Hexagonal plates produce sundogs and parhelia

* Hexagonal columns create vertical pillars and tangent arcs

» Complex crystal shapes (bullet rosettes) lead to rare halo types
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Sun elevation angle

* Influences rainbow height and arc length
+ Lower sun angles produce higher fuller rainbow arcs
+ Higher sun angles result in lower flatter rainbow arcs

« Critical angle of 42° determines maximum rainbow visibility

Aerosol effects

* Impact light scattering and absorption in the atmosphere
+ High aerosol concentrations can reduce rainbow visibility and color intensity
+ Certain aerosols may enhance sky brightness affecting contrast

* Aerosol size distribution influences the appearance of coronas and glories

Observation techniques

+ Various methods enable detailed study and analysis of atmospheric optical phenomena
* These techniques provide valuable data for atmospheric research and modeling

» Atmospheric Physics utilizes advanced observation methods to investigate complex optical effects

Photography methods
* High dynamic range (HDR) imaging captures full intensity range of rainbows
* Polarizing filters enhance contrast and reveal polarization effects
» Wide-angle lenses allow capture of full rainbow arcs

» Time-lapse photography records temporal changes in optical phenomena

Spectral analysis
» Spectrometers measure precise wavelength distribution in rainbows and halos
* Hyperspectral imaging provides detailed spatial and spectral information
« Spectral analysis reveals atmospheric composition and particle size distribution

* Raman spectroscopy identifies molecular species in atmospheric particles

Polarimetry measurements

* Polarimeters quantify degree and orientation of light polarization
* Imaging polarimetry maps polarization across entire optical phenomena
* Polarization data provides information on particle shape and orientation

» Helps distinguish between water droplets and ice crystals in mixed-phase clouds
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Time-lapse observations

* Record temporal evolution of rainbows halos and related phenomena
» Reveal changes in intensity color and structure over time
+ Aid in understanding atmospheric dynamics and particle motion

* Useful for studying short-lived or rapidly changing optical effects

Mathematical modeling

» Mathematical models simulate and predict atmospheric optical phenomena
» These models enhance our understanding of light-matter interactions in the atmosphere

» Atmospheric Physics employs advanced modeling techniques to investigate complex optical effects

Ray tracing algorithms

« Simulate light paths through water droplets and ice crystals
* Account for multiple internal reflections and refractions
* Predict rainbow and halo geometries based on particle properties

+ Enable visualization of complex optical paths within atmospheric particles

Mie scattering theory

* Describes light scattering by spherical particles (water droplets)
* Accounts for particle size wavelength and refractive index
* Predicts scattering intensity and angular distribution

+ Explains rainbow intensity variations and supernumerary bow formation

Airy function applications

» Models interference patterns in rainbows
* Describes intensity distribution across rainbow arcs
* Predicts spacing and intensity of supernumerary bows

* Accounts for wavelength-dependent diffraction effects

Computational simulations

» Combine multiple physical models for comprehensive predictions
* Incorporate atmospheric conditions particle distributions and light properties
+ Enable study of complex phenomena (moonbows fogbows)

* Facilitate comparison between theoretical predictions and observations
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Historical and cultural significance

* Rainbows and halos have played important roles in human history and culture
 Understanding their significance provides context for scientific study

» Atmospheric Physics explores the evolution of knowledge about these phenomena

Ancient explanations

* Greek philosophers (Aristotle) attempted to explain rainbow formation
* Native American tribes viewed rainbows as bridges to the spirit world
* Norse mythology depicted rainbows as Bifrost the bridge to Asgard

+ Chinese folklore associated rainbows with the union of yin and yang

Artistic representations
» Rainbows frequently appear in paintings (Turner Constable)
* Medieval art often depicted halos around holy figures
* Modern artists use rainbow imagery to symbolize hope and diversity

» Photography captures and preserves ephemeral atmospheric optical phenomena

Scientific discoveries

* Descartes (1637) explained rainbow formation using geometric optics
* Newton (1666) demonstrated dispersion of white light into spectrum
* Young (1803) explained supernumerary bows using wave theory of light

+ Airy (1838) developed mathematical description of rainbow intensity

Cultural symbolism

* Rainbows symbolize hope peace and new beginnings in many cultures

* LGBTQ+ community adopted rainbow flag as symbol of pride and diversity
» Some cultures associate rainbows with good fortune or divine messages

+ Halos around the sun or moon often interpreted as omens or spiritual signs

Related optical phenomena

* Various atmospheric optical effects share similarities with rainbows and halos
« Studying these phenomena provides a broader understanding of atmospheric optics

» Atmospheric Physics investigates the connections between different optical effects

Glories

» Appear as circular rainbow-like rings around observer's shadow
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* Form through backward scattering of light by water droplets
« Often seen from aircraft flying above clouds

* Angular size typically ranges from 5° to 20°

Coronas

* Colorful rings surrounding the sun or moon
* Result from diffraction of light by small water droplets or ice crystals
« Color sequence inverted compared to rainbows (blue on the outside)

» Size of corona inversely related to particle size

Iridescent clouds

* Display vivid pastel colors often in patchy patterns
* Form when sunlight diffracts around small uniform cloud droplets
* Colors can change rapidly as cloud shape evolves

* Most common in altocumulus lenticularis and cirrocumulus clouds

Green flash

* Brief green spot visible above the sun's upper limb at sunset or sunrise
» Caused by atmospheric refraction and dispersion of sunlight
* Requires clear skies and unobstructed view of horizon

* Duration typically less than 2 seconds

Applications and research

» Atmospheric optical phenomena provide valuable tools for scientific research
« Studying these effects contributes to various fields beyond atmospheric science

» Atmospheric Physics applies knowledge of optical phenomena to diverse research areas
Weather prediction indicators

» Rainbow and halo observations can indicate local atmospheric conditions

* Presence of halos may signal approaching warm fronts and precipitation

» Changes in rainbow characteristics can indicate shifts in air mass properties

« Optical phenomena observations complement traditional meteorological data
Remote sensing techniques

* Polarization properties of rainbows used to study aerosol characteristics

» Halo phenomena provide information about cirrus cloud microphysics
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* Spectral analysis of optical phenomena reveals atmospheric composition

* Lidar systems utilize similar principles to study atmospheric structure

Climate change studies

+ Long-term changes in optical phenomena frequency may indicate climate trends
« Shifts in ice crystal habits could signal changes in upper atmosphere conditions
* Aerosol effects on rainbow properties may reflect air quality changes

« Optical phenomena observations contribute to global radiation budget studies

Exoplanet atmosphere analysis

» Rainbow-like effects (primary rainbow glories) predicted for some exoplanets
* Polarization signatures of rainbows could indicate liquid water on exoplanets
* Halo phenomena may reveal presence of ice crystals in exoplanet atmospheres

» Modeling Earth-based phenomena aids interpretation of exoplanet observations

12.4 Mirages

Mirages are fascinating optical illusions caused by atmospheric refraction. They occur when light bends as
it passes through air layers of different temperatures and densities, creating distorted or displaced images
of distant objects.

Understanding mirages helps explain complex atmospheric phenomena and their impact on visual
perception. From superior and inferior mirages to the rare Fata Morgana, these illusions demonstrate the
intricate interplay between light, air, and temperature in our atmosphere.

Types of mirages

» Mirages play a crucial role in atmospheric physics by demonstrating the effects of light refraction in air
layers with varying densities and temperatures

» Understanding different types of mirages helps explain complex atmospheric phenomena and their
impact on visual perception

» Mirage classification provides insights into atmospheric conditions and temperature gradients in
different environments

Superior vs inferior mirages

* Superior mirages form above the true position of an object due to temperature inversion layers

* Inferior mirages appear below the actual object caused by hot air near the ground bending light rays
upward

« Superior mirages often create inverted images, while inferior mirages produce reflected images

» Atmospheric conditions determine mirage type (cold air over warm surfaces for superior, hot air over
cool surfaces for inferior)
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Fata Morgana mirages

» Complex superior mirages characterized by multiple stacked, compressed, and elongated images
* Occur in stable atmospheric conditions with several alternating warm and cold air layers
« Create illusions of floating cities, ships, or distorted landscapes (castles in the sky)

» Named after Morgan le Fay, a sorceress from Arthurian legend known for creating optical illusions

Green flash phenomenon

* Rare optical phenomenon observed briefly during sunset or sunrise
 Caused by atmospheric refraction and dispersion of sunlight
* Appears as a green spot or flash above the sun's upper limb

* Requires specific atmospheric conditions and an unobstructed view of the horizon
Physical principles

» Atmospheric physics explains mirage formation through the interaction of light with air layers of
varying densities and temperatures

» Understanding these principles helps predict and analyze mirage occurrences in different
environments

» Mirage physics demonstrates the complex relationship between atmospheric conditions and visual
perception

Atmospheric refraction
» Bending of light rays as they pass through air layers with different densities
* Refractive index of air varies with temperature, pressure, and humidity
« Light travels more slowly in denser air, causing it to change direction

» Atmospheric refraction affects celestial observations and mirage formation

Temperature inversions

» Atmospheric layers where temperature increases with altitude, contrary to normal conditions
* Create stable air stratification conducive to mirage formation
« Common in polar regions, deserts, and over large water bodies

» Temperature inversions trap pollutants and affect air quality in urban areas
Light ray bending
* Occurs when light passes through media with varying refractive indices

« Follows Snell's law: n15in 81 = h,sin 8;

* Total internal reflection happens when light encounters a critical angle
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* Ray bending creates optical illusions and distortions in mirage formation

Formation conditions
+ Specific atmospheric conditions are necessary for different types of mirage formation

» Understanding these conditions helps predict and explain mirage occurrences in various
environments

» Mirage formation illustrates the complex interplay between temperature, air density, and light
propagation

Hot surfaces vs cold air

* Creates conditions for inferior mirages commonly seen over hot roads or deserts
« Air near the hot surface becomes less dense, bending light rays upward
* Produces illusions of reflected objects or water on the ground (highway mirages)

* Occurs frequently in arid regions and urban heat islands

Cold surfaces vs warm air

* Leads to superior mirage formation, often observed over cold water bodies or ice sheets
» Temperature inversion layer bends light rays downward, creating elevated images
* Produces illusions of objects appearing higher than their actual position

« Common in polar regions and coastal areas with cold ocean currents

Atmospheric layers

 Multiple alternating warm and cold air layers create complex mirage effects
« Stable atmospheric conditions with minimal vertical mixing promote layer formation
» Each layer interface acts as a refracting surface for light rays

» Fata Morgana mirages result from multiple atmospheric layers with varying temperatures

Optical characteristics

» Mirages exhibit unique optical properties that distinguish them from real objects
» Understanding these characteristics helps in identifying and analyzing mirage phenomena

* Optical effects of mirages demonstrate fundamental principles of light behavior in the atmosphere

Image distortion

» Mirages alter the apparent shape, size, and position of objects
« Vertical stretching or compression of images occurs due to varying refraction angles
» Wavering or shimmering effects result from atmospheric turbulence

« Distortions can create illusions of non-existent objects or landscapes
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Magnification effects

* Some mirages produce apparent enlargement of distant objects
» Looming effect makes objects appear closer or larger than their actual size
» Towering mirages vertically stretch images, creating illusions of tall structures

» Magnification varies with atmospheric conditions and viewing angle

Multiple image formation

» Complex mirages can produce several images of the same object
« Stacked or repeated images occur in Fata Morgana mirages
* Inverted images appear in superior mirages due to light ray crossing

» Multiple images may overlap, creating composite illusions of non-existent objects

Mirage observation

* Observing mirages requires understanding of optimal conditions and locations
» Mirage observation techniques help in distinguishing optical illusions from real phenomena

« Studying mirage occurrences provides valuable data for atmospheric physics research

Common locations for mirages

* Deserts (Sahara, Mojave) frequently produce inferior mirages
* Polar regions (Arctic, Antarctic) often display superior mirages
+ Coastal areas with temperature inversions (California coast, Persian Gulf)

* Large bodies of water (Great Lakes, Mediterranean Sea)

Best viewing conditions

* Clear skies with minimal atmospheric turbulence
« Stable temperature inversions or gradients
» Unobstructed view of the horizon or distant objects

* Optimal times include early morning or late afternoon when temperature gradients are pronounced

Distinguishing from real objects

» Mirages often appear to shimmer or waver due to atmospheric turbulence
* Images in mirages may be inverted, distorted, or rapidly changing
+ Use of optical instruments (binoculars, telescopes) can help identify mirage characteristics

» Comparing observations from different vantage points reveals mirage inconsistencies
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Mathematical modeling

» Mathematical models help predict and analyze mirage phenomena
* Applying physics principles to mirage formation enhances understanding of atmospheric optics

» Modeling techniques assist in interpreting complex mirage observations and their underlying causes

Ray tracing techniques

« Simulate light paths through atmospheric layers with varying refractive indices
» Use numerical methods to solve differential equations describing ray trajectories
* Account for curvature of the Earth and atmospheric refraction

* Predict mirage appearance and characteristics based on atmospheric conditions

Refractive index gradients

» Model vertical changes in air refractive index due to temperature and pressure variations
- Typically represented as a function of height: N(h) = no + 92h
* Incorporate effects of humidity and atmospheric composition on refractive index

+ Gradient steepness determines the degree of light ray bending and mirage formation

Snell's law applications

* Apply Snell's law iteratively to model light ray propagation through multiple atmospheric layers
« Calculate critical angles for total internal reflection in superior mirages
+ Determine refraction angles at interfaces between layers with different refractive indices

* Model complex mirage phenomena by combining multiple refractions and reflections

Historical significance

» Mirages have played important roles in human history and cultural development
» Understanding the historical context of mirages provides insights into scientific progress
» Mirage phenomena have influenced navigation, exploration, and folklore across civilizations

Ancient observations
* Ancient Egyptians documented mirages in the desert as early as 1500 BCE
* Greek philosophers (Aristotle) attempted to explain mirage phenomena
* Arabian scholars (Alhazen) made significant contributions to understanding atmospheric refraction
* Indigenous cultures incorporated mirage observations into their traditional knowledge

Navigation challenges

» Mirages posed significant obstacles for maritime navigation
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* False shorelines created by superior mirages led to navigation errors
* Arctic explorers encountered difficulties due to complex polar mirages

+ Development of scientific understanding of mirages improved navigation techniques

Cultural interpretations

» Mirages inspired myths and legends in various cultures (Flying Dutchman)
* Religious texts sometimes reference mirage-like phenomena (Biblical "burning bush")
« Fata Morgana mirages influenced folklore about floating cities and phantom islands

* Artistic representations of mirages appeared in literature and visual arts

Scientific applications

» Mirage studies contribute to various fields of atmospheric and optical sciences
» Understanding mirage phenomena aids in developing advanced remote sensing techniques

» Mirage observations provide valuable data for climate research and atmospheric modeling

Atmospheric structure studies

» Mirage occurrences reveal information about atmospheric temperature profiles
* Superior mirages indicate presence of temperature inversion layers
» Fata Morgana mirages provide insights into complex atmospheric stratification

« Studying mirage frequency and characteristics helps monitor atmospheric changes over time

Remote sensing techniques

» Mirage principles applied to develop atmospheric correction algorithms for satellite imagery
» Understanding atmospheric refraction improves accuracy of remote temperature measurements
» Mirage studies contribute to development of optical communication systems through the atmosphere

» Radar and lidar technologies benefit from knowledge of atmospheric refraction effects

Climate change indicators

» Changes in mirage frequency and characteristics may indicate shifting climate patterns
* Arctic mirage observations provide data on polar temperature inversions and sea ice conditions
* Desert mirage studies contribute to understanding of expanding arid regions

* Long-term mirage data helps validate climate models and atmospheric simulations
Mirage photography
 Capturing mirages photographically presents unique challenges and opportunities

* Photographic evidence of mirages contributes to scientific documentation and analysis
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» Mirage photography combines technical skills with understanding of atmospheric optics

Capturing techniques

+ Use telephoto lenses to magnify distant mirage effects
* Employ fast shutter speeds to freeze shimmering or rapidly changing mirages
« Utilize neutral density filters for long exposures of stable mirages

* Bracket exposures to capture full range of light and dark areas in complex mirages

Image analysis methods

* Apply digital image processing techniques to enhance mirage details
» Use time-lapse photography to study mirage evolution over time
» Employ stereo photography to analyze three-dimensional aspects of complex mirages

« Combine multiple exposures to capture full dynamic range of mirage scenes

Ethical considerations

+ Avoid manipulating mirage images in ways that misrepresent natural phenomena
+ Clearly distinguish between unaltered mirage photographs and artistic interpretations
» Respect local cultures and beliefs associated with mirage locations

+ Consider environmental impact when accessing remote areas to photograph mirages

Misconceptions and myths

» Mirage phenomena often lead to misinterpretations and myths
» Understanding common misconceptions helps distinguish between real mirages and false claims

» Debunking mirage myths contributes to scientific literacy and critical thinking

Oasis illusions

* Inferior mirages in deserts often misinterpreted as water sources (oases)
+ Caused by reflection of sky on hot sand, creating illusion of water
« Historical accounts of desert travelers being misled by mirage oases

* Understanding oasis mirages crucial for desert survival and navigation
UFO sightings

» Some reported UFO sightings attributed to complex atmospheric mirages

 Fata Morgana mirages can create illusions of floating objects or strange lights

* Superior mirages of distant aircraft or celestial bodies mistaken for UFOs

« Critical analysis of atmospheric conditions helps explain many UFO reports
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Legendary mirages

* Phantom islands (Hy-Brasil, Sannikov Land) likely based on mirage observations

* Flying ships in folklore possibly inspired by superior mirages of distant vessels

* Ghost lights and will-o'-the-wisps sometimes explained by mirage phenomena

« Scientific understanding of mirages helps demystify legendary sightings and stories
12.5 Atmospheric sound propagation

Sound waves in the atmosphere are fascinating phenomena that reveal much about our environment.

They're affected by temperature, wind, and humidity, creating complex propagation patterns that can bend,

reflect, and scatter in unexpected ways.

Understanding these effects is crucial for atmospheric physics. From weather prediction to noise pollution

management, sound propagation studies have wide-ranging applications that help us better comprehend
and interact with our atmospheric surroundings.

Fundamentals of sound waves

» Sound waves play a crucial role in atmospheric physics by providing a means to study and understand

various atmospheric phenomena

 Understanding the fundamentals of sound waves is essential for analyzing their behavior in the
atmosphere and their interactions with different atmospheric layers

Properties of sound waves

* Longitudinal waves characterized by compressions and rarefactions in the medium
* Frequency measured in Hertz (Hz) determines pitch of sound

* Wavelength inversely proportional to frequency, calculated using A= %

» Amplitude relates to the intensity or loudness of sound

* Speed of sound in air approximately 343 m/s at 20°C, varies with temperature

Wave propagation mechanisms

* Mechanical waves require a medium for propagation, unlike electromagnetic waves

* Energy transfer occurs through particle collisions in the medium

» Huygens' principle explains wave front propagation as superposition of secondary wavelets
« Diffraction allows sound waves to bend around obstacles and spread through openings

* Interference patterns form when multiple sound waves interact (constructive and destructive)

Sound speed in air

- Depends primarily on temperature, calculated using v = 331.3 + 0.606T (T in °C)

* Increases with temperature due to increased molecular motion
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* Varies slightly with humidity and pressure
+ Affected by wind speed and direction in outdoor environments

+ Can create temperature inversions and sound mirages in certain atmospheric conditions

Atmospheric effects on sound

» The atmosphere significantly influences sound propagation, altering its speed, direction, and intensity

» Understanding these effects is crucial for accurate acoustic measurements and predictions in
atmospheric physics

Temperature gradients vs sound

* Create vertical sound speed gradients in the atmosphere

» Cause sound waves to refract upward or downward depending on gradient direction

» Nocturnal temperature inversions bend sound waves downward, increasing ground-level noise
+ Daytime temperature profiles typically bend sound waves upward, creating acoustic shadows

« Affect sound propagation distances and create zones of enhanced or reduced sound intensity

Wind shear effects

* Generate horizontal sound speed gradients in the atmosphere

» Cause asymmetrical sound propagation patterns around a source

» Upwind propagation results in sound waves bending upward, reducing ground-level intensity
» Downwind propagation bends sound waves downward, increasing ground-level intensity

* Create complex sound patterns in areas with varying wind speeds and directions
Humidity impact on propagation

« Affects sound absorption, particularly at higher frequencies

* Increases molecular relaxation processes in air, leading to energy loss

» Modifies the speed of sound slightly due to changes in air density

* Creates daily and seasonal variations in sound propagation characteristics

* Influences the formation of acoustic ducts and sound channels in the atmosphere
Refraction and reflection

* Refraction and reflection significantly shape sound propagation paths in the atmosphere

» These phenomena create complex sound patterns and affect the distribution of acoustic energy
Atmospheric refraction phenomena

* Occurs when sound waves encounter changes in air temperature or wind speed

* Follows Snell's law, bending towards regions of lower sound speed
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* Creates sound mirages and acoustic focusing effects in certain atmospheric conditions
« Affects the range and direction of sound propagation from sources

« Can lead to unexpected areas of high sound intensity far from the source

Ground reflection considerations

« Surface properties (roughness, porosity) influence reflection characteristics

» Hard surfaces (concrete, water) reflect sound more efficiently than soft surfaces (grass, snow)
» Phase changes upon reflection can lead to interference patterns

* Ground effect alters sound propagation near the surface, especially at low frequencies

* Creates complex interference patterns in combination with direct sound waves

Scattering by turbulence

» Atmospheric turbulence causes random fluctuations in sound wave propagation
« Affects phase and amplitude of sound waves, leading to scintillation effects

* Increases with frequency and propagation distance

* Creates temporal and spatial variations in received sound intensity

« Limits the coherence of acoustic signals over long distances in the atmosphere

Absorption and attenuation

 Absorption and attenuation mechanisms reduce sound intensity as it propagates through the
atmosphere

» Understanding these processes is crucial for accurate sound propagation modeling and measurement

Molecular absorption processes

* Occurs due to energy transfer between sound waves and air molecules
» Dominated by oxygen and nitrogen molecules in the atmosphere

* Increases with frequency, following a complex relationship

« Affected by temperature, humidity, and atmospheric pressure

+ Creates frequency-dependent sound propagation characteristics in the atmosphere

Particulate effects on sound

» Suspended particles (dust, aerosols) scatter and absorb sound energy

« Scattering effects increase with particle size and sound frequency

* Absorption by particles generally less significant than molecular absorption
» Can become important in highly polluted or dusty environments

« Affects sound propagation characteristics in different atmospheric conditions (fog, smog)
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Frequency-dependent attenuation

* Higher frequencies attenuate more rapidly than lower frequencies

* Creates a low-pass filtering effect over long propagation distances

» Atmospheric absorption coefficient increases with the square of frequency
* Leads to changes in sound spectrum and perceived timbre over distance

* Influences the design of long-range acoustic monitoring systems

Atmospheric sound channels

» Sound channels in the atmosphere and oceans act as waveguides for acoustic energy

» These channels enable long-distance sound propagation and have important applications in
atmospheric physics

Surface sound channels

* Form near the ground when temperature increases with height (inversion)
» Trap sound waves between the ground and the inversion layer

» Enable long-distance propagation of low-frequency sounds

« Often occur at night or in arctic regions

+ Affect noise propagation in urban environments and industrial areas

Elevated sound channels

* Occur in the upper atmosphere due to temperature and wind speed profiles

* Allow sound to propagate over very long distances with minimal attenuation

* Important for monitoring atmospheric explosions and volcanic eruptions

+ Can be used to study upper atmospheric properties through acoustic remote sensing

* Vary in strength and location depending on atmospheric conditions and season

SOFAR channel in oceans

» Sound Fixing and Ranging channel found in deep ocean environments

* Created by the combined effects of temperature and pressure on sound speed

+ Allows for extremely long-distance propagation of low-frequency sounds

+ Used for underwater communication, navigation, and monitoring of seismic activity

* Analogous to atmospheric sound channels but with different forming mechanisms

Acoustic shadows and zones

* Acoustic shadows and zones are areas where sound intensity is significantly reduced or enhanced

Fiveable archived study guides Page 573



* Understanding these phenomena is crucial for predicting sound propagation patterns in complex
environments

Formation of acoustic shadows

* Created when sound waves are blocked or refracted away from certain areas

« Commonly occur behind large obstacles (buildings, hills) or due to atmospheric refraction
+ Can form unexpectedly due to temperature inversions or wind gradients

* Result in areas of significantly reduced sound intensity

« Affect the distribution of noise in urban and natural environments

Sound focusing phenomena

* Occurs when sound waves converge due to refraction or reflection

* Creates areas of increased sound intensity, sometimes far from the source

« Can result in unexpected loud zones in otherwise quiet areas

* Often associated with specific atmospheric conditions (temperature inversions)

 Important consideration in noise pollution studies and acoustic design

Silent zones in atmosphere

* Areas where sound intensity is greatly reduced due to interference or refraction

» Can form in complex patterns depending on source characteristics and atmospheric conditions
« Often occur in alternating patterns with areas of increased sound intensity

« Affect the reliability of acoustic warning systems and communication

« Studied to improve acoustic monitoring and prediction capabilities

Atmospheric sound measurement

+ Accurate measurement of atmospheric sound is essential for research and applications in
atmospheric physics

« Various techniques and instruments are employed to capture and analyze acoustic data in the
atmosphere

Acoustic sounding techniques

» Use sound waves to probe atmospheric properties and structures

* Include methods like SODAR (Sound Detection and Ranging) for wind profiling

* Employ both active (sound emission and reception) and passive (listening only) approaches
* Allow for remote sensing of temperature profiles, turbulence, and wind shear

* Provide valuable data for meteorological studies and atmospheric modeling
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Instrumentation for sound detection

» Microphones with varying sensitivity and frequency response characteristics
* Acoustic arrays for directional sound measurement and source localization

* Infrasound sensors for detecting very low-frequency atmospheric waves

» Weather-resistant equipment for long-term outdoor monitoring

« Calibration systems to ensure accurate and consistent measurements

Data analysis methods

« Signal processing techniques to extract relevant information from acoustic data
* Spectral analysis to study frequency content of atmospheric sounds

* Correlation methods for source localization and propagation path analysis

« Statistical approaches to characterize atmospheric turbulence and variability

» Machine learning algorithms for automated detection and classification of acoustic events

Applications in atmospheric physics

» Sound propagation studies have numerous applications in atmospheric physics research and
environmental monitoring

*» These applications leverage the unique properties of sound waves to gather information about the
atmosphere

Weather prediction using acoustics

* Acoustic tomography techniques to measure temperature and wind profiles

* SODAR systems for boundary layer wind measurements in weather forecasting

* Infrasound monitoring for detecting severe weather events (tornadoes, thunderstorms)
* Acoustic detection of precipitation types and intensities

* Long-range acoustic propagation studies for validating atmospheric models

Atmospheric tomography

+» Uses sound propagation times to reconstruct atmospheric temperature fields

» Employs networks of acoustic sources and receivers for 3D atmospheric imaging

* Provides high-resolution data on temperature inversions and boundary layer structure
* Complements other remote sensing techniques (LIDAR, radar) in atmospheric studies

* Enables continuous monitoring of urban heat islands and microclimates

Infrasound monitoring systems

* Detect and analyze very low-frequency sound waves in the atmosphere

Fiveable archived study guides

Page 575



* Used for monitoring volcanic eruptions, earthquakes, and nuclear explosions
* Provide data on high-altitude atmospheric dynamics and gravity waves
« Contribute to global monitoring networks for treaty verification purposes

» Enable studies of long-range atmospheric propagation phenomena

Modeling sound propagation

 Accurate modeling of sound propagation is crucial for predicting acoustic behavior in complex
atmospheric conditions

* Various mathematical and computational techniques are employed to simulate sound propagation in
the atmosphere

Ray tracing methods

» Model sound propagation as rays following curved paths in the atmosphere
« Efficient for high-frequency approximations and long-range propagation

* Account for refraction due to temperature and wind gradients

+ Allow visualization of sound paths and identification of acoustic shadows

« Limited in handling diffraction and low-frequency effects accurately

Parabolic equation models

* Solve a parabolic approximation of the wave equation for sound propagation
« Suitable for low-angle, long-range propagation problems

* Account for complex atmospheric profiles and terrain effects

* Provide accurate results for a wide range of frequencies

» Computationally more intensive than ray tracing methods

Fast field program techniques
» Based on wavenumber integration methods for solving the wave equation
« Efficient for layered atmospheric models and range-dependent problems
» Handle both near-field and far-field propagation accurately
* Account for ground impedance and atmospheric absorption effects

* Provide full-wave solutions including all wave phenomena (reflection, refraction, diffraction)

Environmental impacts

» Sound propagation in the atmosphere has significant environmental implications, affecting both
human and animal populations

» Understanding these impacts is crucial for developing effective noise management strategies and
conservation efforts
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Noise pollution in atmosphere

* Results from long-distance propagation of anthropogenic sounds

+ Affects human health, causing stress, sleep disturbance, and hearing loss

* Creates complex patterns of noise distribution in urban environments

* Influenced by atmospheric conditions, leading to temporal variations in noise levels

* Requires consideration of atmospheric effects in noise regulation and urban planning

Effects on wildlife communication

» Atmospheric sound propagation affects animal vocalization ranges

» Masking of natural sounds by anthropogenic noise disrupts ecosystems

» Changes in atmospheric conditions alter effective communication distances for species
» Adaptation of animal vocalizations to overcome atmospheric attenuation

 Impacts breeding success and predator-prey interactions in various habitats

Urban sound propagation issues

» Complex sound fields created by multiple reflections from buildings

» Formation of urban sound channels due to street canyons and temperature inversions
+ Challenges in predicting and mitigating noise levels in densely built areas

« Influence of urban heat islands on local sound propagation characteristics

* Need for sophisticated modeling approaches to address urban acoustic environments

12.6 Infrasound

Infrasound, a low-frequency sound below human hearing, plays a crucial role in atmospheric physics. It
provides insights into large-scale processes and phenomena, from severe weather to geophysical
activities. Understanding infrasound enables scientists to detect and analyze events across vast distances.

Infrasound propagates through complex atmospheric interactions, influenced by temperature gradients and
wind patterns. Its long-range travel capabilities make it valuable for monitoring distant events. Advanced
sensors and signal processing techniques allow precise analysis of these low-frequency waves, opening
up numerous applications in atmospheric and geophysical research.

Fundamentals of infrasound

* Infrasound plays a crucial role in atmospheric physics by providing insights into large-scale
atmospheric processes and phenomena

» Understanding infrasound fundamentals enables atmospheric scientists to detect and analyze events
ranging from severe weather to geophysical activities

Definition and characteristics

* Low-frequency sound waves below the lower limit of human hearing (typically below 20 Hz)

Fiveable archived study guides Page 577



 Characterized by long wavelengths, ranging from meters to kilometers
« Exhibits low attenuation in the atmosphere, allowing for long-distance propagation

+ Often generated by large-scale natural and anthropogenic sources

Sources of infrasound

« Natural sources include earthquakes, volcanic eruptions, and severe weather events (tornadoes,
hurricanes)

» Anthropogenic sources comprise explosions, sonic booms, and industrial activities
» Geophysical phenomena like ocean waves and mountain waves generate infrasound

» Atmospheric turbulence and wind shear contribute to infrasound production

Frequency range and wavelengths

* Frequency range typically spans from 0.001 Hz to 20 Hz

» Wavelengths vary inversely with frequency, ranging from kilometers to meters

* Lower frequencies (0.001-0.1 Hz) associated with global-scale phenomena

« Higher frequencies (1-20 Hz) often linked to more localized atmospheric events

* Relationship between frequency (f) and wavelength (A) given by the equation: A = ¢/f, where ¢
represents the speed of sound

Propagation of infrasound

* Infrasound propagation in the atmosphere involves complex interactions with atmospheric layers and
structures

» Understanding propagation mechanisms helps atmospheric physicists interpret infrasound signals and
their origins

Atmospheric ducting

* Occurs when infrasound waves become trapped between atmospheric layers
« Stratospheric ducts form between the ground and stratosphere, typically around 50 km altitude
» Thermospheric ducts develop between the ground and thermosphere, at altitudes above 100 km

+ Ducting efficiency depends on temperature gradients and wind patterns in the atmosphere

Refraction and reflection

* Refraction bends infrasound waves due to changes in atmospheric temperature and wind speed
* Reflection occurs at boundaries between atmospheric layers with different acoustic properties
» Ground reflection influences the propagation of infrasound near the Earth's surface

» Atmospheric inhomogeneities can cause scattering and multipath propagation of infrasound waves

Fiveable archived study guides Page 578



Long-range propagation
* Infrasound can travel thousands of kilometers due to low atmospheric attenuation
« Influenced by global wind patterns, particularly jet streams and stratospheric winds
» Seasonal variations in propagation paths observed due to changes in atmospheric circulation

 Long-range propagation enables detection of distant atmospheric and geophysical events

Detection and measurement

* Infrasound detection and measurement techniques are essential for studying atmospheric phenomena

» Advanced sensor technologies and signal processing methods enable precise analysis of infrasonic
waves

Infrasound sensors

» Microbarometers measure small pressure variations associated with infrasound waves
« Differential pressure sensors detect pressure differences between multiple ports
+ Low-frequency microphones designed specifically for infrasound detection

* Optical fiber infrasound sensors offer high sensitivity and low noise characteristics

Array configurations
* Multiple sensors arranged in geometric patterns to enhance signal detection and analysis
« Triangular arrays provide basic directional information for infrasound sources
* Large aperture arrays (kilometers in size) used for long-range detection and improved resolution

» Small aperture arrays (meters to hundreds of meters) employed for local and regional monitoring
Signal processing techniques

» Beamforming algorithms used to determine the direction of arrival of infrasound signals

 Frequency-wavenumber analysis helps separate coherent signals from background noise

* Cross-correlation techniques applied to identify similarities between signals at different array elements

 Adaptive filtering methods employed to reduce wind noise and improve signal-to-noise ratio
Atmospheric applications

* Infrasound analysis provides valuable information for various atmospheric and geophysical
applications

» Atmospheric physicists utilize infrasound data to study and monitor large-scale atmospheric
processes

Severe weather monitoring

* Infrasound signatures associated with tornadoes and severe thunderstorms
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* Long-range detection of hurricanes and tropical cyclones using infrasonic emissions
» Monitoring of convective activity and atmospheric instabilities through infrasound analysis

* Potential for early warning systems based on infrasound detection of severe weather phenomena

Volcanic eruption detection

* Infrasound generated by explosive volcanic eruptions can be detected at great distances
 Characterization of eruption dynamics and intensity through analysis of infrasonic signals
+ Monitoring of volcanic activity and ash plume propagation using infrasound networks

* Integration of infrasound data with other geophysical measurements for comprehensive volcano
monitoring

Nuclear test surveillance

« Infrasound serves as one of the technologies used in the Comprehensive Nuclear-Test-Ban Treaty
verification regime

* Detection and characterization of atmospheric nuclear explosions through infrasonic signatures
+ Discrimination between nuclear tests and other explosive sources (chemical explosions, bolides)

* Global network of infrasound stations contributes to international nuclear non-proliferation efforts

Infrasound vs audible sound

» Comparison between infrasound and audible sound reveals important differences in their behavior
and detection

» Understanding these distinctions helps atmospheric physicists interpret and analyze infrasonic signals

Frequency differences

* Infrasound occupies frequencies below 20 Hz, while audible sound ranges from 20 Hz to 20 kHz
* Lower frequencies of infrasound result in longer wavelengths compared to audible sound
* Infrasound can penetrate solid structures more easily due to its long wavelengths

+ Audible sound experiences greater atmospheric attenuation compared to infrasound

Propagation differences

* Infrasound can propagate over much longer distances than audible sound in the atmosphere
» Atmospheric ducting effects more pronounced for infrasound due to its longer wavelengths
* Infrasound less affected by small-scale atmospheric turbulence compared to audible sound

+ Audible sound more susceptible to scattering and absorption by atmospheric particles and structures

Detection challenges

* Specialized sensors required for infrasound detection due to its low frequencies
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* Wind noise poses a significant challenge in infrasound measurements
« Infrasound signals often have very low amplitudes, requiring sensitive detection equipment

+ Distinguishing between infrasound sources and background noise demands advanced signal
processing techniques

Environmental impacts

« Infrasound in the atmosphere can have various effects on the environment and living organisms

» Atmospheric physicists study these impacts to understand the broader implications of infrasonic
phenomena

Effects on animals

» Many animals can perceive infrasound and use it for communication and navigation
* Elephants utilize infrasound for long-distance communication, up to several kilometers
* Whales and other marine mammals employ infrasonic vocalizations for underwater communication

» Some birds may use infrasound for navigation during migration

Human perception of infrasound

* Humans generally cannot hear infrasound but may perceive it through other sensory mechanisms
» Some individuals report feelings of unease or discomfort in the presence of strong infrasonic signals
* Potential physiological effects of prolonged exposure to high-intensity infrasound under investigation

* Infrasound from wind turbines and other industrial sources subject of ongoing research on human
health impacts

Infrasonic pollution
» Anthropogenic sources of infrasound can contribute to environmental noise pollution
» Wind turbines generate low-frequency noise and infrasound, raising concerns in nearby communities

+ Urban environments may experience elevated levels of infrasonic noise from traffic and industrial
activities

+ Natural infrasound sources (ocean waves, wind) contribute to background infrasonic levels in the
environment

Infrasound in atmospheric dynamics

* Infrasound analysis provides insights into various atmospheric dynamic processes

» Atmospheric physicists use infrasound data to study and model complex atmospheric phenomena

Gravity waves vs infrasound

* Gravity waves are oscillations in the atmosphere driven by buoyancy forces

« Infrasound can be generated by gravity waves breaking in the upper atmosphere
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* Both phenomena play roles in energy and momentum transfer in the atmosphere

+ Distinguishing between gravity waves and infrasound requires analysis of frequency, wavelength, and
propagation characteristics

Atmospheric turbulence detection

* Infrasound generated by atmospheric turbulence provides information on turbulent structures
+ Clear Air Turbulence (CAT) detection possible through analysis of infrasonic signatures
* Turbulence intensity and scale can be inferred from characteristics of infrasound signals

* Infrasound monitoring contributes to improved understanding of atmospheric mixing processes

Stratospheric phenomena

* Infrasound propagation strongly influenced by stratospheric winds and temperature structure

» Sudden Stratospheric Warming (SSW) events detectable through changes in infrasound propagation
patterns

* Polar vortex dynamics studied using long-range infrasound propagation observations

+ Infrasound data contribute to improved modeling of stratospheric processes and their impact on
weather and climate

Advanced infrasound analysis

« Sophisticated analysis techniques enable atmospheric physicists to extract detailed information from
infrasound data

» These methods enhance the utility of infrasound for studying atmospheric processes and events

Spectral analysis techniques

+ Fast Fourier Transform (FFT) used to decompose infrasound signals into frequency components
» Wavelet analysis applied for time-frequency representation of non-stationary infrasound signals
» Power Spectral Density (PSD) estimation reveals the distribution of signal power across frequencies

» Spectrogram analysis visualizes the time-varying spectral content of infrasound signals
Waveform modeling

+ Synthetic waveform generation based on atmospheric propagation models

* Ray tracing techniques simulate infrasound propagation paths through the atmosphere

« Parabolic equation methods model infrasound propagation in complex atmospheric environments

* Finite-difference time-domain (FDTD) simulations for detailed modeling of infrasound-atmosphere
interactions

Source localization methods

« Time difference of arrival (TDOA) techniques estimate infrasound source locations
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* Back-azimuth determination using array processing methods (beamforming)
+ Probabilistic approaches account for uncertainties in atmospheric conditions and propagation paths

» Machine learning algorithms applied to improve source localization accuracy and efficiency

Infrasound in geophysics

* Infrasound analysis contributes to the study of various geophysical phenomena

» Atmospheric physicists collaborate with geophysicists to interpret infrasound data in geological
contexts

Earthquake precursors
* Potential infrasound emissions associated with pre-seismic crustal deformation

+ Analysis of infrasonic signals preceding earthquakes to identify possible precursor patterns

+ Challenges in distinguishing earthquake-related infrasound from other atmospheric and anthropogenic
sources

* Integration of infrasound data with other geophysical measurements for improved earthquake
prediction research

Avalanche detection
* Infrasound generated by snow avalanches provides information on their size and dynamics
+ Real-time monitoring of avalanche-prone areas using infrasound sensors
+ Characterization of different avalanche types (powder snow, wet snow) through infrasonic signatures

» Development of early warning systems based on infrasound detection of avalanche initiation

Ocean wave interactions

* Infrasound generated by ocean waves through various mechanisms (microbaroms)
+ Coupling between ocean surface waves and atmospheric pressure fluctuations
+ Long-range detection of ocean storm activity using infrasound monitoring networks

« Study of ocean-atmosphere energy exchange processes through infrasound analysis

Future directions

» Ongoing research and technological advancements continue to expand the applications of infrasound
in atmospheric physics

* Future developments promise to enhance our understanding of atmospheric processes and improve
monitoring capabilities

Emerging technologies

» Development of more sensitive and compact infrasound sensors for improved spatial coverage
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* Integration of infrasound sensors with other atmospheric measurement instruments for
comprehensive monitoring

» Advanced data processing techniques utilizing artificial intelligence and machine learning algorithms

* Improved numerical models for infrasound propagation in complex atmospheric environments

Climate change impacts

* Investigation of potential changes in infrasound propagation patterns due to climate change
« Study of infrasound signatures associated with extreme weather events in a changing climate
* Long-term monitoring of infrasound to detect trends in atmospheric dynamics and composition

« Utilization of infrasound data to validate and improve climate models

Potential new applications

+ Exploration of infrasound for monitoring upper atmospheric phenomena (airglow, aurora)
+» Development of infrasound-based early warning systems for various natural hazards
* Investigation of infrasound applications in space weather monitoring and prediction

« Utilization of infrasound data for improving weather forecasting models and techniques
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