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Unit 1 – Intro to Earth's Atmosphere
1.1 History and scope of atmospheric science
Atmospheric science has come a long way since ancient times. From Aristotle's early observations to
modern satellite technology, our understanding of weather and climate has grown immensely. This field
now encompasses everything from daily forecasts to long-term climate predictions.

Today, atmospheric science plays a crucial role in our lives. It helps us prepare for severe weather,
manage water resources, and tackle air pollution. As climate change becomes more pressing, this field is
key to understanding and addressing its impacts on our planet.

Historical Development and Scope of Atmospheric Science

Historical development of atmospheric science
• Ancient times

• Aristotle's work "Meteorologica" (340 BC) first comprehensive treatise on weather phenomena and
hydrologic cycle including evaporation, precipitation, and wind

• 17th century

• Invention of thermometer (1593) by Galileo Galilei and barometer (1643) by Evangelista Torricelli
enabled quantitative measurements of temperature and pressure

• Boyle's Law (1662) by Robert Boyle described inverse relationship between pressure and volume of a
gas at constant temperature

• 18th and 19th centuries

• Charles' Law (1787) by Jacques Charles and Gay-Lussac's Law (1802) by Joseph Louis Gay-Lussac
described relationship between temperature and volume/pressure of a gas

• Coriolis effect described by Gaspard-Gustave de Coriolis (1835) explains deflection of moving objects
(wind) due to Earth's rotation

• First weather maps created by Heinrich Brandes (1820) using data from multiple locations to analyze
weather patterns

• Telegraph enabled rapid sharing of weather data (1840s) allowing for more accurate forecasting

• 20th century

• Vilhelm Bjerknes introduced concept of fronts and air masses (1919) laying foundation for modern
synoptic meteorology

• Radiosondes developed for upper-air observations (1930s) providing data on temperature, humidity,
and wind at various altitudes

• Numerical weather prediction began with Jule Charney's work (1950s) using computers to solve
complex atmospheric equations

• Weather satellites launched (1960s) revolutionizing global weather observation (TIROS-1)
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• Global climate models developed (1970s) to simulate Earth's climate system and project future
changes

• 21st century

• Advancements in remote sensing (radar, lidar), high-performance computing, and data assimilation
techniques improving accuracy and resolution of weather and climate models

Subdisciplines in atmospheric science
• Meteorology

• Weather forecasting predicts future atmospheric conditions (temperature, precipitation, wind) using
observations and models

• Synoptic meteorology studies large-scale weather systems (high and low pressure systems, fronts)

• Mesoscale meteorology focuses on smaller-scale phenomena (thunderstorms, sea breezes)

• Boundary layer meteorology investigates lowest part of atmosphere influenced by Earth's surface

• Tropical meteorology studies weather in tropical regions (hurricanes, monsoons)

• Climatology

• Paleoclimatology reconstructs past climates using proxy data (tree rings, ice cores, sediments)

• Climate dynamics investigates physical processes driving climate variability and change

• Climate modeling develops and applies numerical models to simulate Earth's climate system

• Climate change and variability studies long-term changes and natural variations in climate

• Atmospheric physics

• Atmospheric thermodynamics applies laws of thermodynamics to atmospheric processes (heat
transfer, phase changes)

• Atmospheric radiation studies interaction of solar and terrestrial radiation with atmosphere and Earth's
surface

• Cloud physics investigates formation, growth, and dissipation of clouds and precipitation

• Atmospheric electricity studies electrical phenomena (lightning, thunder, fair-weather electric field)

• Atmospheric chemistry

• Atmospheric composition studies chemical constituents of atmosphere (gases, aerosols)

• Air pollution investigates sources, transport, and impacts of pollutants (ozone, particulate matter)

• Atmospheric aerosols studies suspended particles in atmosphere (dust, smoke, sea salt)

• Biogeochemical cycles investigate exchange of elements (carbon, nitrogen, sulfur) between
atmosphere, biosphere, and oceans

• Atmospheric dynamics

• Fluid dynamics applies principles of fluid motion to atmosphere (Navier-Stokes equations)

• Large-scale atmospheric circulation studies global wind patterns (Hadley cell, jet streams)
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• Numerical weather prediction develops and applies computer models to forecast weather

• Hydrometeorology

• Precipitation processes investigate formation and distribution of rain, snow, and hail

• Hydrologic cycle studies movement and storage of water in atmosphere, land, and oceans

• Flood forecasting predicts timing and magnitude of river flooding using hydrologic models

Importance for weather and climate
• Weather forecasting

• Protecting lives and property by providing advance warning of severe weather (hurricanes, tornadoes,
blizzards)

• Supporting agriculture by forecasting favorable conditions for planting, harvesting, and pest control

• Aiding transportation by predicting hazardous weather for aviation, shipping, and ground transport

• Informing energy sector of expected demand based on temperature forecasts (heating, cooling)

• Climate change

• Understanding causes of global warming, primarily anthropogenic greenhouse gas emissions (carbon
dioxide, methane)

• Assessing consequences of climate change (sea level rise, more frequent and intense heatwaves,
droughts, and floods)

• Developing mitigation strategies to reduce greenhouse gas emissions (renewable energy, carbon
capture and storage)

• Formulating adaptation strategies to cope with unavoidable impacts (coastal protection, water
management, agricultural practices)

• Air quality

• Monitoring concentrations of air pollutants (ozone, nitrogen oxides, particulate matter) to assess
compliance with standards

• Predicting air pollution episodes based on weather conditions and emissions to issue public health
warnings

• Developing policies to reduce emissions from sources (industry, transportation, agriculture) and
improve air quality

• Natural hazards

• Studying processes that lead to severe weather events (hurricanes, tornadoes, thunderstorms,
blizzards, floods, droughts)

• Improving forecasting of hazardous weather to provide longer lead times for warnings and emergency
preparedness

• Supporting emergency management by providing real-time information on storm tracks, wind speeds,
and precipitation amounts

• Water resources
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• Understanding variability of hydrologic cycle (evaporation, transpiration, precipitation, runoff) on
regional and global scales

• Assessing impacts of climate change on water availability (changes in snowpack, glaciers,
groundwater recharge)

• Managing water resources for competing demands (agriculture, industry, municipal supply, ecosystem
services)

Interdisciplinary connections of atmospheric science
• Oceanography

• Ocean-atmosphere interactions exchange heat, moisture, and momentum (evaporation, precipitation,
wind stress)

• El Niño-Southern Oscillation (ENSO) coupled ocean-atmosphere phenomenon affecting global
weather patterns

• Sea surface temperature influences atmospheric circulation (Hadley cell, monsoons) and climate
(heat transport, carbon dioxide absorption)

• Hydrology

• Land-atmosphere interactions involve exchange of water and energy between surface and
atmosphere (evapotranspiration, precipitation, runoff)

• Soil moisture influences atmospheric processes (boundary layer development, convection) and
climate (surface albedo, heat capacity)

• Precipitation and runoff processes link atmospheric and terrestrial branches of hydrologic cycle

• Geology

• Volcanic eruptions inject ash and gases (sulfur dioxide) into atmosphere, affecting solar radiation,
climate, and air quality

• Dust and mineral aerosols from arid regions (Sahara, Gobi) influence atmospheric chemistry, cloud
formation, and biogeochemical cycles

• Weathering of rocks consumes atmospheric carbon dioxide on geologic time scales, regulating
climate

• Ecology

• Biosphere-atmosphere interactions involve exchange of gases (carbon dioxide, water vapor,
methane), energy, and momentum

• Carbon and nitrogen cycles mediated by photosynthesis, respiration, decomposition, and combustion

• Vegetation and land cover changes (deforestation, urbanization) alter surface properties (albedo,
roughness) and atmospheric composition

• Space science

• Solar activity (sunspots, flares, coronal mass ejections) modulates incoming solar radiation and
influences Earth's climate
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• Magnetosphere-ionosphere-atmosphere coupling involves exchange of charged particles and
electromagnetic energy

• Space weather affects technological systems (satellites, power grids, radio communication) and poses
risks to astronauts

1.2 Earth's atmospheric system and its interactions
Earth's atmosphere is a complex system of layers and gases that shape our planet's climate. From the
weather-filled troposphere to the auroras in the thermosphere, each layer plays a unique role in protecting
and regulating life on Earth.

The atmosphere interacts with other Earth systems to maintain a delicate balance. Through processes like
the greenhouse effect, albedo, and atmospheric circulation, it regulates temperature and distributes heat
and moisture around the globe, creating our diverse climates.

Atmospheric Structure and Composition

Structure of Earth's atmosphere
• Layers of the atmosphere

• Troposphere

• Lowest layer contains about 75% of the atmosphere's mass (air, water vapor, aerosols)

• Weather phenomena occur here (clouds, precipitation, storms)

• Temperature decreases with height at a rate of about 6.5℃ per km (lapse rate)

• Stratosphere

• Above the troposphere separated by the tropopause boundary

• Contains the ozone layer which absorbs harmful UV radiation from the Sun

• Temperature increases with height due to ozone absorbing UV

• Mesosphere

• Above the stratosphere separated by the stratopause boundary

• Temperature decreases with height reaching as low as -90℃ at the mesopause

• Meteors burn up here due to friction with the thin air (meteor showers)

• Thermosphere

• Above the mesosphere separated by the mesopause boundary

• Temperature increases with height reaching up to 1,500℃ due to absorption of intense solar radiation

• Auroras occur here when charged particles from the Sun interact with Earth's magnetic field
(northern/southern lights)

• Exosphere

• Uppermost layer merges gradually with the vacuum of outer space
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• Extremely low density so gas molecules rarely collide and can escape Earth's gravity (helium,
hydrogen)

• Composition of the atmosphere

• Nitrogen ( ): 78%, most abundant gas but chemically inert

• Oxygen ( ): 21%, second most abundant gas essential for aerobic life

• Argon (Ar): 0.93%, third most abundant gas but chemically inert

• Carbon dioxide ( ): 0.04%, small amount but important greenhouse gas

• Water vapor ( ): 0-4%, highly variable amounts act as a powerful greenhouse gas (clouds,
humidity)

• Trace gases: methane ( ) from wetlands/livestock, nitrous oxide ( ) from fertilizers/natural
sources, ozone ( ) in the stratosphere

Atmospheric Interactions and Climate

Atmosphere's role in climate regulation
• Greenhouse effect

• Greenhouse gases ( , , ) absorb and re-emit infrared radiation emitted by Earth's surface

• Traps heat in the lower atmosphere warming Earth to a habitable average of 15℃ (without it Earth
would be -18℃)

• Albedo

• Fraction of incoming solar radiation reflected back to space by Earth's surface (snow, ice, deserts) and
atmosphere (clouds, aerosols)

• Higher albedo means more solar energy is reflected so Earth absorbs less heat (ice ages)

• Atmospheric circulation

• Hadley, Ferrel and Polar cells form as warm air rises at the equator and cold air sinks at the poles
redistributing heat

• Jet streams, trade winds and westerlies steer weather systems and transport heat/moisture affecting
regional climates (monsoons, hurricanes)

• Cloud formation and precipitation

• Clouds reflect incoming sunlight cooling Earth (albedo) but also absorb outgoing infrared warming
Earth (greenhouse effect)

• Precipitation releases latent heat when water vapor condenses warming the air (thunderstorms,
tropical cyclones)

Atmospheric interactions with Earth systems
• Hydrosphere

• Evaporation from oceans, lakes and rivers adds water vapor (humidity) to the atmosphere
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• Precipitation (rain, snow) returns water to the surface recharging rivers, lakes and groundwater (water
cycle)

• Cryosphere

• Ice and snow cover have a high albedo cooling Earth by reflecting sunlight

• Melting of glaciers and ice sheets due to warming raises sea levels and alters ocean circulation
patterns (sea ice, permafrost)

• Biosphere

• Photosynthesis by plants removes  from the air and releases  (carbon cycle)

• Respiration by plants and animals releases  back into the atmosphere

• Changes in vegetation (deforestation, agriculture) alter regional albedo, evapotranspiration and
carbon storage affecting local climates

Human impact on atmospheric system
• Greenhouse gas emissions 1. Burning fossil fuels (coal, oil, gas) and deforestation have increased
atmospheric  by 50% since the industrial revolution 2. Enhanced greenhouse effect leads to global
warming, rising sea levels, more extreme weather, shifting climates (climate change)

• Air pollution

• Emissions of pollutants like sulfur dioxide ( ) and nitrogen oxides ( ) from industries and
vehicles react to form acid rain harming ecosystems

• Photochemical smog containing ground-level ozone irritates lungs and damages crops (Los Angeles,
Beijing)

• Stratospheric ozone depletion

• Chlorofluorocarbons (CFCs) once used as refrigerants and propellants break down ozone in the
stratosphere creating the 'ozone hole'

• Increases risk of skin cancer, cataracts and immune disorders in humans and damages phytoplankton
and crops (Montreal Protocol)

• Land use changes

• Deforestation and urbanization alter local albedo, evapotranspiration and roughness affecting regional
temperature and rainfall patterns

• Expansion of agriculture (irrigation, fertilizers) changes evapotranspiration and releases greenhouse
gases ( )

1.3 Fundamental atmospheric processes and phenomena
The atmosphere is a complex system of gases, particles, and processes that shape our weather and
climate. From its layered structure to the interplay of temperature, pressure, and moisture, understanding
these elements is crucial for grasping atmospheric behavior.

Atmospheric phenomena like clouds, precipitation, and winds arise from intricate physical and chemical
interactions. These processes, along with global circulation patterns and factors like solar radiation and
topography, drive the ever-changing weather we experience daily.
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Physical and Chemical Processes in the Atmosphere

Atmospheric processes and behavior
• Composition of the atmosphere comprises nitrogen (78%), oxygen (21%), argon (0.93%), carbon
dioxide (0.04%), and water vapor (variable)

• Atmospheric layers include the troposphere, the lowest layer containing most of the atmosphere's
mass where temperature decreases with height; the stratosphere, containing the ozone layer that
absorbs UV radiation and where temperature increases with height; the mesosphere, where
temperature decreases with height; and the thermosphere, where temperature increases with height
due to absorption of solar radiation

• Atmospheric pressure decreases with height and is measured in millibars (mb) or hectopascals (hPa)

• Ideal Gas Law: , where  represents pressure,  represents volume,  represents the
number of moles,  represents the gas constant, and  represents temperature

• Atmospheric stability refers to the atmosphere's ability to suppress (stable) or enhance (unstable)
vertical motion, determined by the lapse rate (change in temperature with height)

• Greenhouse effect occurs when atmospheric gases (CO2, water vapor) absorb and re-emit infrared
radiation, warming the Earth's surface and lower atmosphere

Formation of atmospheric phenomena
• Cloud formation occurs through condensation of water vapor on aerosol particles (cloud condensation
nuclei) when air cools to its dew point temperature, resulting in various types of clouds (cumulus,
stratus, cirrus)

• Precipitation forms when cloud droplets or ice crystals grow large enough to fall, leading to rain, snow,
sleet, or hail

• Wind is the horizontal motion of air caused by pressure gradients and the Coriolis force, with
geostrophic wind representing the balance between pressure gradient force and Coriolis force

• Thunderstorms develop in unstable atmospheres with strong vertical motion, characterized by
lightning, thunder, heavy rain, and sometimes hail

• Tornadoes are rotating columns of air extending from a thunderstorm to the ground, formed in highly
unstable atmospheres with strong wind shear

Atmospheric circulation and weather patterns
• General circulation includes the Hadley cell (rising motion near the equator, sinking motion in the
subtropics), Ferrel cell (rising motion in the mid-latitudes, sinking motion in the polar regions), and Polar
cell (rising motion in the polar regions, sinking motion in the subpolar regions)

• Jet streams are fast-moving, narrow bands of strong winds in the upper atmosphere, with the polar jet
stream located between the Ferrel and Polar cells and the subtropical jet stream located between the
Hadley and Ferrel cells

• Rossby waves are large-scale atmospheric waves that influence weather patterns, caused by the
variation of the Coriolis force with latitude
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• El Niño-Southern Oscillation (ENSO) involves fluctuations in ocean temperatures and atmospheric
pressure in the Pacific Ocean, affecting global weather patterns

• North Atlantic Oscillation (NAO) involves fluctuations in atmospheric pressure differences between the
Icelandic Low and the Azores High, influencing weather patterns in Europe and North America

Factors in atmospheric development
• Solar radiation is the primary energy source for atmospheric processes, varying with latitude, season,
and time of day

• Topography influences local and regional weather patterns by blocking or deflecting air flow, creating
rain shadows, and generating orographic precipitation (mountains)

• Land-sea interactions, driven by differences in heat capacity and surface properties between land and
water, influence the development of sea and land breezes, monsoons, and lake-effect precipitation

• Anthropogenic factors, such as urbanization (urban heat island effect), land use changes, and
greenhouse gas emissions, affect atmospheric processes

• Teleconnections are linkages between atmospheric and oceanic phenomena in distant parts of the
world (ENSO, NAO, Arctic Oscillation)

• Feedback mechanisms are processes that amplify or dampen initial changes in the atmosphere
(ice-albedo feedback, water vapor feedback)
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Unit 2 – Atmospheric Composition and
Structure
2.1 Chemical composition of the atmosphere
The atmosphere's chemical makeup is a complex blend of gases, each playing a unique role. Nitrogen and
oxygen dominate, but trace gases like carbon dioxide and methane are crucial for Earth's climate.
Understanding these components is key to grasping atmospheric processes.

From greenhouse gases trapping heat to ozone shielding us from UV rays, atmospheric gases shape our
world. Sources and sinks of these gases, along with their mixing ratios, help scientists track changes and
predict future climate scenarios.

Chemical Composition of the Atmosphere

Composition of Earth's atmosphere
• Nitrogen ( )

• Most abundant gas in the atmosphere makes up about 78% of the atmosphere by volume

• Largely inert and does not participate in many chemical reactions

• Oxygen ( )

• Second most abundant gas in the atmosphere comprises about 21% of the atmosphere by volume

• Essential for life on Earth as it is used in respiration by many organisms

• Argon (Ar)

• Third most abundant gas in the atmosphere makes up about 0.93% of the atmosphere by volume

• Inert gas that does not react with other substances under normal conditions

• Carbon dioxide ( )

• Trace gas in the atmosphere comprises about 0.04% of the atmosphere by volume

• Important greenhouse gas that absorbs and emits infrared radiation contributing to the Earth's energy
balance

Role of atmospheric trace gases
• Greenhouse gases

• Absorb and emit infrared radiation trapping heat in the atmosphere (greenhouse effect)

• Examples: water vapor ( ), carbon dioxide ( ), methane ( ), nitrous oxide ( )

• Increasing concentrations due to human activities lead to global warming and climate change

• Ozone ( )

• Absorbs ultraviolet (UV) radiation in the stratosphere protecting life on Earth from harmful UV rays
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• Can be a pollutant in the troposphere contributing to smog and respiratory issues (ground-level ozone)

• Formed by photochemical reactions involving nitrogen oxides (NOx) and volatile organic compounds
(VOCs)

• Aerosols

• Solid or liquid particles suspended in the atmosphere can have cooling or warming effects on climate

• Scatter and absorb solar radiation influencing the Earth's energy balance (aerosol direct effect)

• Act as cloud condensation nuclei affecting cloud properties and precipitation (aerosol indirect effect)

• Examples: dust, sea salt, volcanic ash, sulfates, black carbon

Sources and sinks of gases
• Carbon dioxide ( )

• Sources: fossil fuel combustion (coal, oil, natural gas), deforestation, cement production, respiration

• Sinks: photosynthesis by plants and phytoplankton, ocean absorption, weathering of rocks

• Increasing atmospheric concentrations primarily due to human activities (anthropogenic emissions)

• Methane ( )

• Sources: wetlands, agriculture (rice cultivation, livestock), fossil fuel extraction (natural gas, coal),
landfills

• Sinks: chemical reactions in the atmosphere (oxidation by hydroxyl radicals)

• Has a stronger greenhouse effect per molecule compared to  but shorter atmospheric lifetime

• Nitrous oxide ( )

• Sources: microbial processes in soils and oceans, agricultural activities (fertilizer use), industrial
processes

• Sinks: photodissociation in the stratosphere where it is broken down by ultraviolet radiation

• Long-lived greenhouse gas with a global warming potential 298 times that of  over a 100-year
period

• Ozone ( )

• Sources: photochemical reactions involving NOx and VOCs in the troposphere, stratospheric
production from oxygen photolysis

• Sinks: chemical reactions with other substances (NOx, HOx), deposition to surfaces

• Beneficial in the stratosphere but harmful to human health and vegetation in the troposphere

Atmospheric mixing ratios
• Mixing ratio

• Ratio of the number of moles of a particular gas to the total number of moles of air in a given volume

• Expressed as mole fraction, parts per million by volume (ppmv), or parts per billion by volume (ppbv)
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• Allows for consistent comparison of gas concentrations across different locations and times

• Dry air mixing ratio

• Excludes water vapor from the calculation as water vapor content can vary significantly

• Used to compare the composition of air masses with different moisture content

• Helpful in understanding the behavior of gases in the atmosphere

• Conversion between units

• ppmv = (mole fraction) × 

• ppbv = (mole fraction) × 

• Useful for expressing the concentrations of trace gases with very low abundances

• Importance in atmospheric science

• Used in atmospheric models and climate simulations to represent the composition of the atmosphere

• Helps monitor changes in atmospheric composition due to natural and anthropogenic factors

• Provides a standardized way to report and analyze atmospheric measurements from different
instruments and platforms

2.2 Vertical structure and layers of the atmosphere
Earth's atmosphere is a complex system of layers, each with unique properties. The troposphere, where
we live, experiences decreasing temperatures with height. Above it, the stratosphere warms due to ozone,
while the mesosphere cools again.

The upper layers, including the thermosphere and exosphere, play crucial roles in Earth's climate and
space weather. These regions host phenomena like auroras and noctilucent clouds, and interact with solar
radiation and particles, shaping our planet's environment.

Atmospheric Layers and Their Characteristics

Layers of Earth's atmosphere
• Troposphere

• Lowest layer extends from Earth's surface to an average height of 12 km (ranges from 8-18 km
depending on latitude and season)

• Contains about 80% of the total mass of the atmosphere and almost all water vapor and aerosols

• Air pressure and density decrease rapidly with altitude

• Temperature decreases with height at an average rate of 6.5℃/km (known as the environmental lapse
rate) due to adiabatic cooling as air expands and rises

• Stratosphere

• Extends from the tropopause (top of the troposphere) to an altitude of about 50 km

• Contains the ozone layer which absorbs harmful ultraviolet (UV) radiation from the sun protecting life
on Earth
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• Temperature increases with altitude due to ozone absorbing UV radiation

• Very stable layer with little vertical mixing and low humidity

• Mesosphere

• Extends from the stratopause (top of the stratosphere) to an altitude of about 85 km

• Coldest layer with temperatures dropping to -90℃ at the mesopause (top of the mesosphere)

• Noctilucent clouds made of ice crystals can form near the mesopause during summer at high latitudes
(visible at twilight)

• Most meteors burn up in the mesosphere due to friction with air molecules

• Thermosphere

• Extends from the mesopause to an altitude of about 600 km

• Temperature increases with height reaching up to 2000℃ due to absorption of intense solar radiation
(UV and X-rays) by oxygen and nitrogen molecules

• Highly variable temperatures depending on solar activity

• Lower part of the thermosphere (80-550 km) is the ionosphere a region with high concentrations of
ions and free electrons (important for radio wave propagation)

• Aurora (Northern and Southern Lights) occur in the thermosphere when energetic charged particles
from the solar wind are guided by Earth's magnetic field and collide with air molecules

• Exosphere

• Uppermost layer above the thermosphere extending to about 10,000 km

• Extremely low density (atoms and molecules are so far apart they rarely collide)

• Atoms (mainly hydrogen and helium) can escape Earth's gravitational pull into space

• No clear upper boundary where the exosphere merges with interplanetary space

Temperature profile of atmosphere
• Temperature changes with altitude are determined by the balance between absorption and emission
of radiation and energy transfer by convection and conduction

• Troposphere 1. Solar radiation passes through and is absorbed by Earth's surface 2. Earth's surface
heats the lower troposphere by conduction and convection 3. Greenhouse gases (water vapor, carbon
dioxide) absorb outgoing infrared radiation emitted by Earth's surface further warming the lower
troposphere 4. Temperature decreases with height at an average rate of 6.5℃/km (environmental lapse
rate) due to adiabatic cooling as air parcels expand and rise

• Stratosphere

• Temperature increases with altitude due to ozone absorbing solar UV radiation

• Ozone is produced by photochemical reactions involving oxygen molecules and UV radiation

• Positive lapse rate (temperature increasing with height) creates a stable layer with little vertical mixing

• Mesosphere



Fiveable archived study guides Page 15

• Temperature decreases with altitude due to decreasing ozone concentration and reduced solar
heating

• Coldest layer reaching -90℃ at the mesopause

• Thermosphere

• Temperature increases with altitude due to absorption of intense solar radiation (UV and X-rays) by
oxygen and nitrogen molecules

• Highly variable temperatures (500-2000℃) depending on solar activity (higher during solar maximum)

Tropopause and Upper Atmospheric Layers

Role of tropopause
• The tropopause is the boundary between the troposphere and stratosphere

• Acts as a barrier to the vertical transport of air, moisture, and pollutants between the troposphere and
stratosphere

• Tropopause height varies with latitude and season

• Higher in the tropics (16-18 km) where warm air rises to greater heights

• Lower in polar regions (8-10 km) where cold dense air sinks

• Higher in summer and lower in winter due to seasonal temperature changes

• Controls the vertical extent of weather systems (thunderstorms, hurricanes) by limiting convection to
the troposphere

• Affects the exchange of greenhouse gases (water vapor, ozone) and pollutants between the
troposphere and stratosphere impacting climate and air quality

• Changes in tropopause height and temperature can influence jet stream patterns and the
development of extreme weather events

Features of upper atmospheric layers
• Mesosphere

• Noctilucent clouds form near the mesopause (85 km) in summer at high latitudes

• Composed of ice crystals that nucleate on meteoric dust particles

• Visible at twilight when illuminated by the sun below the horizon

• Most meteors ablate (burn up) in the mesosphere due to high-speed collisions with air molecules

• Meteor showers occur when Earth passes through the dusty trail of a comet

• Thermosphere

• Ionosphere (80-550 km) is a region with high concentrations of ions and free electrons

• Ionization caused by solar UV and X-ray radiation and energetic particle precipitation

• Divided into distinct layers (D, E, and F) based on electron density profiles
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• Reflects radio waves enabling long-distance communication (AM radio, shortwave)

• Responsible for GPS signal delays and errors that must be corrected

• Aurora form when energetic electrons and protons guided by Earth's magnetic field collide with
oxygen and nitrogen atoms and molecules causing them to emit light

• Colors depend on the type of atom/molecule and the energy of the collision (green from oxygen,
red/blue from nitrogen)

• Auroral ovals centered around the geomagnetic poles (not the geographic poles)

• More intense and frequent during solar storms (coronal mass ejections, solar flares)

• Exosphere

• Transition zone between Earth's atmosphere and interplanetary space

• Extremely low density (particles rarely collide) allowing atoms to follow ballistic trajectories

• Lightest atoms (hydrogen and helium) can escape Earth's gravity into space

• Exosphere is supplied with atoms from the lower atmosphere and ions from the ionosphere

• Influenced by the solar wind (stream of charged particles from the sun) which can compress the
exosphere on the dayside and create a geotail on the nightside

2.3 Atmospheric density, pressure, and temperature profiles
The atmosphere's structure and composition play a crucial role in weather patterns, air quality, and
aviation. Pressure decreases with altitude, following an exponential relationship, while the ideal gas law
governs the interplay between pressure, temperature, and density in the air around us.

The atmosphere's vertical structure is characterized by hydrostatic equilibrium, where gravity balances
pressure gradients. Temperature variations with altitude result from solar radiation, greenhouse gases, and
convection. These factors shape weather patterns, pollution dispersion, and flight conditions.

Atmospheric Structure and Composition

Atmospheric pressure and altitude
• Atmospheric pressure is the force per unit area exerted by the weight of the atmosphere above a
given point

• Pressure decreases with increasing altitude due to the decreasing amount of air above a given point

• At higher altitudes, there is less air mass above, resulting in lower atmospheric pressure (Mount
Everest, stratospheric balloons)

• The relationship between pressure and altitude is approximately exponential, with pressure
decreasing by about half for every 5.5 km increase in altitude

• This relationship is described by the barometric formula: , where  is pressure,  is
pressure at sea level,  is altitude, and  is the scale height (Earth's atmosphere, Mars' atmosphere)
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Ideal gas law in atmosphere
• The ideal gas law relates density, pressure, and temperature of a gas: , where  is
pressure,  is volume,  is the number of moles,  is the universal gas constant, and  is temperature

• Density ( ) is related to pressure and temperature by the equation: 

• At constant temperature, an increase in pressure leads to an increase in density (compressed air
tanks, scuba diving)

• At constant pressure, an increase in temperature leads to a decrease in density (hot air balloons,
convection currents)

• In the atmosphere, density, pressure, and temperature vary with altitude due to the compressibility of
air and the influence of gravity (troposphere, stratosphere)

Vertical Structure of the Atmosphere

Hydrostatic equilibrium in atmosphere
• Hydrostatic equilibrium is a state in which the upward force of pressure gradient balances the
downward force of gravity on a parcel of air

• In hydrostatic equilibrium, there is no net vertical acceleration of air parcels (stable atmospheric
conditions, stratified layers)

• The hydrostatic equation describes this balance: , where  is the vertical pressure
gradient,  is density, and  is gravitational acceleration

• The hydrostatic equation explains why pressure decreases with altitude in the atmosphere

• As altitude increases, the weight of the overlying air decreases, resulting in a decrease in pressure
(mountain climbing, aircraft altimeters)

Factors in atmospheric temperature
• Solar radiation is the primary source of energy for the Earth's atmosphere

• The amount of solar radiation absorbed by the atmosphere varies with altitude, latitude, and the
presence of clouds and aerosols (equatorial regions, polar regions)

• Greenhouse gases, such as water vapor, carbon dioxide, and methane, absorb and re-emit infrared
radiation, trapping heat in the lower atmosphere

• The greenhouse effect contributes to the warming of the lower atmosphere and the cooling of the
upper atmosphere (global warming, climate change)

• Convection is the vertical transport of heat and moisture in the atmosphere

• Convection occurs when air parcels become buoyant due to heating from the Earth's surface or the
release of latent heat during condensation (thunderstorms, cumulus clouds)

• Convection can lead to the formation of clouds and the vertical mixing of air, affecting the temperature
profile of the atmosphere (atmospheric boundary layer, tropopause)
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Implications of atmospheric profiles
• Weather patterns are influenced by the vertical distribution of temperature, pressure, and density in
the atmosphere

• The formation of high and low-pressure systems, which drive wind patterns and precipitation, is
related to the spatial variations in these variables (cyclones, anticyclones)

• Air pollution dispersion is affected by atmospheric stability, which depends on the vertical temperature
gradient

• In a stable atmosphere, where temperature increases with altitude, vertical mixing is suppressed,
leading to the accumulation of pollutants near the surface (temperature inversions, smog)

• In an unstable atmosphere, where temperature decreases rapidly with altitude, vertical mixing is
enhanced, promoting the dispersion of pollutants (clean air, good visibility)

• Aviation is impacted by the decrease in air density and pressure with altitude

• As air density decreases, aircraft require higher speeds to generate sufficient lift, affecting takeoff and
landing performance (high-altitude airports, longer runways)

• The decrease in pressure with altitude affects the operation of aircraft systems, such as pressurization
and engine performance (cabin pressurization, turbine efficiency)
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Unit 3 – Solar Radiation and Earth's
Energy Balance
3.1 Solar radiation and electromagnetic spectrum
Electromagnetic waves are the foundation of energy transfer in our atmosphere. From radio waves to
gamma rays, these waves vary in wavelength, frequency, and energy, all traveling at the speed of light.
Understanding their characteristics is crucial for grasping atmospheric processes.

The electromagnetic spectrum affects Earth's climate in various ways. Solar radiation, modified by factors
like orbital variations and atmospheric absorption, drives our weather patterns. Meanwhile, infrared
radiation plays a key role in the greenhouse effect, influencing global temperatures.

Electromagnetic Spectrum Characteristics and Components

Components of electromagnetic spectrum
• Electromagnetic spectrum range of all possible frequencies and wavelengths of electromagnetic
radiation

• Extends from low frequency, long wavelength radio waves to high frequency, short wavelength
gamma rays (radio waves, microwaves, infrared, visible light, ultraviolet, X-rays, gamma rays)

• All electromagnetic waves travel at speed of light in vacuum (  m/s)

Wavelength, frequency, and energy relationships
• Wavelength ( ) distance between two consecutive crests or troughs of wave

• Measured in meters (m) or submultiples (nm, μm)

• Frequency ( ) number of wave cycles that pass fixed point per unit time

• Measured in Hertz (Hz), cycles per second

• Energy ( ) amount of energy carried by photon of electromagnetic radiation

• Measured in Joules (J) or electron volts (eV)

• Relationship between wavelength, frequency, and speed of light: 

• Energy inversely proportional to wavelength and directly proportional to frequency: 

•  is Planck's constant (  J⋅s)

• Higher frequency (shorter wavelength) radiation has higher energy, lower frequency (longer
wavelength) has lower energy (X-rays vs radio waves)

Regions of electromagnetic spectrum
• Ultraviolet (UV) radiation

• Wavelengths shorter than visible light (10-400 nm)

• Divided into UV-A, UV-B, and UV-C
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• UV-C and most UV-B absorbed by ozone layer in stratosphere, UV-A and some UV-B reach Earth's
surface causing sunburn and skin damage

• Visible light

• Wavelengths between 400-700 nm

• Comprises colors of rainbow (ROYGBIV)

• Most solar radiation reaching Earth's surface in visible range

• Infrared (IR) radiation

• Wavelengths longer than visible light (700 nm - 1 mm)

• Divided into near-IR, mid-IR, and far-IR

• Plays crucial role in Earth's energy balance and greenhouse effect, Earth's surface and atmosphere
emit IR radiation

Factors affecting solar radiation
• Solar constant: average amount of solar radiation reaching top of Earth's atmosphere (  W/m²)

• Earth's orbital variations (Milankovitch cycles) 1. Eccentricity: shape of Earth's orbit around Sun
(100,000-year cycle) 2. Axial tilt (obliquity): angle between Earth's rotational axis and perpendicular to
orbital plane (41,000-year cycle) 3. Precession: wobble of Earth's rotational axis (23,000-year cycle)

• Atmospheric absorption and scattering

• Gases (ozone, water vapor, carbon dioxide) absorb radiation at specific wavelengths

• Aerosols and molecules scatter radiation (Rayleigh and Mie scattering)

• Earth's surface albedo

• Ratio of reflected to incident solar radiation

• Varies with surface type (snow, ice, water, vegetation)

• Latitude and season

• Higher solar radiation intensity at lower latitudes and during summer due to more direct angle of
incidence

3.2 Earth's energy balance and greenhouse effect
Earth's energy balance is like a cosmic thermostat, regulating our planet's temperature. It's all about the
give-and-take between incoming solar energy and outgoing heat. When this balance shifts, it can lead to
global warming or cooling.

The greenhouse effect is nature's cozy blanket, trapping heat in our atmosphere. Without it, Earth would be
a frigid -18°C. Greenhouse gases like water vapor and CO2 keep us at a comfy 15°C, making life possible.
But too much of a good thing can upset the balance.
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Earth's Energy Balance

Earth's energy balance concept
• Equilibrium between incoming solar radiation (shortwave) and outgoing terrestrial radiation (longwave)

• Balance determines Earth's average surface temperature

• Incoming radiation exceeds outgoing radiation, surface temperature increases (global warming)

• Outgoing radiation exceeds incoming radiation, surface temperature decreases (global cooling)

• Crucial for maintaining stable climate

• Changes lead to global temperature shifts (ice ages, warming periods)

Greenhouse Effect

Greenhouse effect's temperature role
• Natural process traps heat in Earth's atmosphere

• Greenhouse gases absorb and re-emit longwave radiation emitted by Earth's surface

• Warms lower atmosphere and Earth's surface

• Without greenhouse effect, Earth's average surface temperature much colder, around  ( )

• Presence of greenhouse gases raises average surface temperature to  ( )

• Essential for maintaining Earth's habitability

• Keeps planet warm enough to support life (liquid water, biodiversity)

Primary greenhouse gases
• Water vapor ( )

• Enters atmosphere through evaporation (oceans, lakes) and transpiration (plants)

• Carbon dioxide ( )

• Produced by burning fossil fuels (coal, oil, natural gas), deforestation, cement production

• Released through respiration (animals, plants) and volcanic eruptions

• Methane ( )

• Generated by decomposition of organic matter (landfills, wetlands)

• Produced by livestock (cattle), rice cultivation, fossil fuel extraction (natural gas)

• Nitrous oxide ( )

• Released by agricultural activities (fertilizer use, soil management)

• Produced by industrial processes and combustion of fossil fuels

• Other gases: ozone ( ), chlorofluorocarbons (CFCs)
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Factors in greenhouse effect strength
• Atmospheric concentration of greenhouse gases

• Higher concentrations lead to stronger greenhouse effect

• Human activities (fossil fuel burning, deforestation) have increased concentrations

• Radiative forcing of greenhouse gases

• Gases have varying abilities to absorb and re-emit longwave radiation

• Higher radiative forcing gases (methane) have more potent effect per molecule than 

• Feedback mechanisms 1. Positive feedback loops amplify greenhouse effect

• Melting of Arctic sea ice reduces Earth's albedo, increases absorption of solar radiation, further
warming 2. Negative feedback loops dampen greenhouse effect

• Increased evaporation from warmer temperatures leads to more cloud formation, reflects more solar
radiation back to space

• Changes in land use and land cover

• Deforestation and urbanization alter Earth's surface albedo, affect absorption and emission of
radiation

• Variations in solar activity

• Fluctuations in solar output influence incoming solar radiation amount

• Effect relatively small compared to impact of greenhouse gases on Earth's energy balance

3.3 Radiative transfer and atmospheric absorption
The atmosphere is a complex system of gases and particles that interact with radiation in various ways.
Absorption, emission, and scattering processes play crucial roles in determining how energy moves
through the air, affecting our weather and climate.

Understanding these radiative processes is key to grasping how the atmosphere works. From the
greenhouse effect to the ozone layer's protective role, these interactions shape Earth's temperature profile
and influence global climate patterns.

Radiative Processes in the Atmosphere

Radiation processes in atmosphere
• Absorption

• Atmospheric constituents absorb incoming or outgoing radiation

• Converts absorbed energy into internal energy, heating the atmosphere

• Main absorbers include water vapor, carbon dioxide, ozone, and aerosols (dust, smoke)

• Emission

• Atmospheric constituents emit radiation based on their temperature
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• Governed by the Stefan-Boltzmann law 

• Emitted radiation can be in any direction (upward, downward, or sideways)

• Scattering

• Atmospheric particles redirect radiation in different directions

• Types of scattering depend on particle size relative to radiation wavelength

• Rayleigh scattering occurs when particle size is much smaller than wavelength (air molecules)

• Mie scattering occurs when particle size is approximately equal to wavelength (aerosols, cloud
droplets)

• Scattering affects the distribution of radiation in the atmosphere (blue sky, red sunsets)

Radiative transfer and temperature profiles
• Radiative transfer studies how radiation propagates through the atmosphere

• Involves absorption, emission, and scattering processes

• Described by the radiative transfer equation (RTE) 

•  is spectral radiance

•  is absorption coefficient

•  is Planck function

•  is scattering coefficient

•  is phase function

• Vertical temperature profile determined by balance between radiative heating and cooling at each
level

• Radiative heating from absorption of solar radiation and longwave radiation from surface and lower
atmosphere

• Radiative cooling from emission of longwave radiation to space and to lower levels

• Lapse rate (vertical temperature gradient) influenced by radiative processes (greenhouse effect,
convection)

Atmospheric Absorption and Its Implications

Main atmospheric absorbers
• Water vapor (H2O) is the primary absorber in the troposphere

• Absorbs in the near-infrared and infrared regions (heat trapping)

• Carbon dioxide (CO2) is an important absorber in the infrared region

• Absorption bands at 4.3 μm and 15 μm (greenhouse gas)

• Ozone (O3) is the main absorber in the stratosphere
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• Absorbs ultraviolet (UV) radiation, especially in the UV-C range 200-280 nm (protection from harmful
UV)

• Also absorbs in the visible and infrared regions (minor greenhouse gas)

• Aerosols absorb and scatter radiation depending on their composition and size

• Examples include dust, smoke, and anthropogenic pollutants (air quality, climate effects)

Absorption effects on climate
• Greenhouse effect

• Atmospheric absorbers trap outgoing longwave radiation

• Warms the lower atmosphere and surface (livable temperatures)

• Without the greenhouse effect, Earth's average temperature would be about -18℃

• Radiative forcing

• Changes in atmospheric composition (increased greenhouse gases) alter the energy balance

• Positive radiative forcing leads to warming, negative forcing leads to cooling (climate change)

• Climate sensitivity

• Amount of warming expected from a doubling of atmospheric CO2 concentration

• Depends on feedback mechanisms (water vapor feedback, ice-albedo feedback)

• Atmospheric window

• The 8-12 μm region where the atmosphere is relatively transparent

• Allows some longwave radiation to escape directly to space (regulates Earth's temperature)
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Unit 4 – Atmospheric Thermodynamics
4.1 Laws of thermodynamics applied to the atmosphere
The atmosphere operates like a giant heat engine, governed by fundamental laws of thermodynamics.
These laws explain how energy moves and transforms, driving weather patterns and climate systems
around the globe.

From the transfer of heat between the equator and poles to the formation of hurricanes, thermodynamic
principles shape our weather. Understanding these laws helps meteorologists predict atmospheric
behavior and analyze complex climate processes.

Thermodynamic Laws in the Atmosphere

First law of thermodynamics
• Fundamental principle of energy conservation states energy cannot be created or destroyed, only
converted from one form to another (kinetic, potential, thermal, etc.)

• Total energy of an atmospheric system remains constant during any process, such as air parcel rising
or sinking

• Mathematically expressed as 

•  represents change in internal energy of the system (air parcel)

•  represents heat added to or removed from the system (through radiation, conduction, or latent heat
release/absorption)

•  represents work done by or on the system (such as expansion or compression of air parcel)

• Applies to various atmospheric processes:

• Adiabatic temperature changes as air parcels rise (cool) or sink (warm) in the atmosphere due to
expansion or compression

• Latent heat release/absorption during phase changes of water (evaporation, condensation, freezing,
melting of clouds and precipitation)

• Sensible heat transfer between Earth's surface and atmosphere (heating of air near warm ground or
cooling over cold surfaces)

Second law of thermodynamics
• States that entropy (measure of disorder or randomness) of an isolated system always increases over
time

• Atmospheric systems tend to evolve towards a state of maximum entropy or disorder

• Implies that heat always flows spontaneously from a hotter body to a colder body, never the reverse

• Basis for the natural direction of energy transfer in the atmosphere (from warm equator to cold poles)

• Impossible to convert all heat from a hot reservoir into useful work without some waste heat being
released to a cold reservoir
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• Limits efficiency of atmospheric heat engines (hurricanes, convective systems)

• Excess heat must be expelled (through outflow and exhaust) for continued operation

Thermodynamics in atmospheric processes
• First law used to analyze energy balance of Earth-atmosphere system 1. Incoming solar radiation
(shortwave) absorbed by Earth's surface and atmosphere 2. Some energy stored in oceans, land, and
atmosphere (as heat or potential energy) 3. Outgoing longwave radiation emitted to space balances
incoming energy

• Second law explains atmosphere acting as heat engine, transferring energy from warm equatorial
regions to cold polar regions

• Drives global circulation patterns (Hadley cell, jet streams)

• Responsible for weather systems and climate patterns

• Thermodynamic principles used to calculate efficiency and potential intensity of atmospheric
processes:

• Maximum possible intensity of hurricanes based on sea surface temperature and atmospheric
conditions (pressure, humidity, wind shear)

• Potential energy available for convection based on temperature and moisture profile of the
atmosphere (CAPE - Convective Available Potential Energy)

Entropy in atmospheric systems
• Measure of the unavailability of a system's energy to do useful work

• Increases when energy is dispersed or spread out (mixing of air masses with different temperatures
and humidities)

• Related to second law of thermodynamics (entropy of isolated system always increases over time)

• Atmospheric processes tend to evolve towards state of maximum entropy or disorder (uniform
temperature and composition)

• Calculated using Boltzmann equation: 

•  = entropy of the system

•  = Boltzmann constant (1.380649 × 10^−23 J/K)

•  = number of microstates or possible configurations of the system

• Important for understanding irreversible processes in the atmosphere:

• Mixing of air masses with different properties (temperature, humidity, momentum)

• Dissipation of kinetic energy through friction and turbulence (wind shear, surface drag)

• Diffusion of heat and moisture through molecular motion (conduction, evaporation)
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4.2 Adiabatic processes and potential temperature
Adiabatic processes are key to understanding atmospheric temperature changes. As air parcels move
vertically, they expand or compress without exchanging heat, leading to cooling or warming. This affects
cloud formation, precipitation, and overall atmospheric stability.

Dry and moist adiabatic processes differ based on air saturation. Dry processes follow a steeper lapse
rate, while moist processes involve latent heat release. Understanding these differences is crucial for
predicting weather patterns and atmospheric behavior.

Adiabatic Processes

Adiabatic processes in thermodynamics
• Involve no heat exchange between a system (air parcel) and its surroundings

• Occur when air parcels move vertically in the atmosphere with minimal heat exchange due to air's low
thermal conductivity (insulating properties)

• Adiabatic cooling and warming significantly influence atmospheric temperature changes

• Rising air parcels expand and cool adiabatically as pressure decreases (adiabatic cooling in updrafts)

• Sinking air parcels compress and warm adiabatically as pressure increases (adiabatic warming in
downdrafts)

• Crucial for understanding atmospheric stability, cloud formation (cumulus), and precipitation
processes (rain, snow)

Potential temperature conservation
• Potential temperature ( ) is the temperature an air parcel would have if brought adiabatically to a
reference pressure level (usually 1000 hPa)

• Defined as: 

•  is the actual temperature (K)

•  is the reference pressure (1000 hPa)

•  is the actual pressure (hPa)

•  is the gas constant for dry air (287 J/kg/K)

•  is the specific heat capacity at constant pressure (1004 J/kg/K)

• Conserved during adiabatic processes, remaining constant as an air parcel moves vertically without
heat exchange

• Useful for comparing temperatures of air parcels at different heights and identifying atmospheric
stability (stable vs unstable layers)

Dry and Moist Adiabatic Processes

Dry vs moist adiabatic processes
• Dry adiabatic processes occur in unsaturated air (relative humidity < 100%)
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• Temperature changes follow the dry adiabatic lapse rate (DALR) of approximately -9.8℃/km

• Rising unsaturated air cools at the DALR, sinking unsaturated air warms at the DALR

• Moist adiabatic processes occur in saturated air (relative humidity = 100%)

• Temperature changes follow the moist adiabatic lapse rate (MALR), which varies with temperature
and pressure

• MALR is less than the DALR due to latent heat release during condensation (cloud formation)

• Rising saturated air cools at the MALR, sinking saturated air warms at the MALR

• Transition between dry and moist adiabatic processes occurs at the lifted condensation level (LCL)

• LCL is the height at which a rising air parcel becomes saturated and condensation begins (cloud
base)

Atmospheric stability analysis
• Atmospheric stability depends on the environmental lapse rate compared to adiabatic lapse rates

• Stable: Environmental lapse rate < MALR (vertical motion suppressed)

• Conditionally unstable: MALR < Environmental lapse rate < DALR (instability depends on saturation)

• Unstable: Environmental lapse rate > DALR (vertical motion enhanced)

• Potential temperature assesses atmospheric stability

• Increasing  with height indicates a stable atmosphere (inversion)

• Decreasing  with height indicates an unstable atmosphere (allows convection)

• Constant  with height indicates a neutrally stable atmosphere (allows vertical mixing)

• Analyzing atmospheric stability using adiabatic processes and potential temperature is essential for
predicting convection (thunderstorms), turbulence (clear air), and other weather phenomena (fog, haze)

4.3 Thermodynamic diagrams and their applications
Thermodynamic diagrams are essential tools for understanding the atmosphere's vertical structure. They
graphically represent temperature, pressure, and humidity, helping meteorologists analyze stability and
predict severe weather events.

These diagrams allow forecasters to determine crucial parameters like the Lifting Condensation Level and
Convective Available Potential Energy. By interpreting these factors, meteorologists can assess the
potential for thunderstorms, tornadoes, and other atmospheric phenomena.

Thermodynamic Diagrams

Purpose of thermodynamic diagrams
• Graphically represent atmospheric temperature, pressure, and humidity to analyze vertical structure
and stability

• Visualize how temperature and moisture change with height in the atmosphere
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• Identify layers of instability, stability, and conditional instability (e.g., stable layer near the surface
capped by an unstable layer aloft)

• Determine the potential for convection and severe weather events (thunderstorms, tornadoes)

Interpretation for atmospheric stability
• Stable atmosphere: environmental lapse rate is less than moist adiabatic lapse rate, air parcel
temperature cooler than environment at all levels

• Vertical motion is suppressed, limited convection

• Unstable atmosphere: environmental lapse rate is greater than dry adiabatic lapse rate, air parcel
temperature warmer than environment at all levels

• Vertical motion is enhanced, favoring convection (cumulus clouds, thunderstorms)

• Conditionally unstable atmosphere: environmental lapse rate between moist and dry adiabatic lapse
rates

• Air parcel initially cooler than environment but becomes warmer with height

• If air parcel reaches saturation, it can become unstable and rise freely (convective instability)

Determination of atmospheric parameters
• Lifting Condensation Level (LCL): height at which a lifted air parcel becomes saturated

• Determined by following a dry adiabat from the surface to the saturation mixing ratio line

• Indicates the base of cumulus clouds

• Level of Free Convection (LFC): height at which a lifted air parcel becomes warmer than the
environment

• Determined by following a moist adiabat from the LCL until it intersects the environmental temperature
profile

• Represents the level where convection can occur freely without external lifting

• Equilibrium Level (EL): height at which a rising air parcel becomes cooler than the environment again

• Determined by following a moist adiabat from the LFC until it intersects the environmental temperature
profile

• Indicates the top of convective clouds (cumulonimbus anvil)

Application in weather forecasting
• Convective Available Potential Energy (CAPE): measure of the amount of energy available for
convection

• Calculated by integrating the area between the air parcel temperature and the environmental
temperature from the LFC to the EL

• Higher CAPE values indicate greater potential for strong convection (severe thunderstorms,
tornadoes)

• Convective Inhibition (CIN): measure of the amount of energy needed to initiate convection
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• Calculated by integrating the area between the air parcel temperature and the environmental
temperature from the surface to the LFC

• Higher CIN values indicate greater resistance to convection initiation (stable layer capping the
atmosphere)

• Severe weather forecasting combines thermodynamic and dynamic factors

• High CAPE ( ) and low CIN ( ) suggest favorable conditions for severe
thunderstorms

• Strong wind shear (change in wind speed and direction with height) can lead to supercell
thunderstorms and tornadoes

• Thermodynamic diagrams help identify "loaded gun" soundings: high CAPE, low CIN, and strong wind
shear (EF4-EF5 tornadoes)
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Unit 5 – Atmospheric Moisture and Clouds
5.1 Water vapor and humidity measurements
Water vapor is crucial in atmospheric science. It affects weather patterns, climate, and energy transfer.
This section explores different humidity measurements, instruments used to detect moisture, and how
humidity varies across space and time.

Understanding humidity calculations is key for meteorologists and climatologists. We'll look at important
equations like Clausius-Clapeyron and how to use psychrometric charts. These tools help predict weather
and analyze climate trends.

Water Vapor and Humidity

Types of humidity measurements
• Absolute humidity measures actual amount of water vapor in a given volume of air, usually expressed
in 

• Specific humidity calculates ratio of water vapor mass to total mass of moist air, expressed in 

• Remains constant unless water vapor is added or removed from the air parcel

• Relative humidity represents ratio of actual water vapor pressure to saturation vapor pressure at a
given temperature, expressed as a percentage

• Indicates how close the air is to being fully saturated with water vapor (100% relative humidity)

• Changes with temperature fluctuations even if absolute amount of water vapor remains constant

• Dew point temperature defines the temperature at which air becomes saturated (reaches 100%
relative humidity) when cooled at constant pressure

• Directly measures absolute moisture content of the air

• When air temperature cools to the dew point, water vapor condenses into liquid water droplets (dew,
fog, clouds)

Instruments for humidity detection
• Hygrometers directly measure humidity levels

• Capacitive hygrometers utilize a thin polymer film that absorbs or releases water vapor as relative
humidity changes, altering the film's capacitance which is measured and converted to relative humidity
value

• Resistive hygrometers employ a hygroscopic material whose electrical resistance varies with humidity
levels, allowing resistance measurement to be converted to relative humidity

• Psychrometers indirectly measure humidity by comparing the cooling effect of evaporation between
two thermometers

• Consist of a dry-bulb thermometer measuring air temperature and a wet-bulb thermometer with a
moistened wick around its bulb

• As water evaporates from the wet-bulb wick, it cools the thermometer
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• The difference in temperature readings between the dry-bulb and wet-bulb (wet-bulb depression) is
used to calculate relative humidity or dew point

• Dew point sensors directly measure the dew point temperature

• Chilled mirror hygrometers use a cooled mirror surface and optical sensor to detect condensation

• The mirror is progressively cooled until water droplets form on its surface, with the temperature at
which condensation occurs representing the dew point

Patterns of atmospheric humidity
• Spatial variations in humidity levels

• Generally decreases with increasing latitude as colder temperatures reduce evaporation rates

• Higher humidity over oceans and large water bodies compared to land surfaces due to increased
evaporation

• Coastal regions typically experience higher humidity than inland areas

• Tends to decrease with increasing elevation as air pressure and temperature drop

• Temporal variations in humidity

• Diurnal changes see humidity increase at night and decrease during the day in response to
temperature fluctuations

• Seasonal changes result in higher humidity in summer and lower in winter, especially in mid-latitude
regions

• Weather patterns influence humidity levels

• Low-pressure systems, fronts, and convective activity often associated with high humidity

• High-pressure systems and clear, stable conditions typically bring lower humidity

• Atmospheric processes impacting humidity

• Evaporation from water surfaces and transpiration from plants add moisture to the atmosphere,
increasing humidity

• Condensation and precipitation remove moisture from the air, decreasing humidity

• Advection transports humid or dry air masses between regions, altering local humidity levels

Calculations with humidity data
• Thermodynamic equations quantify relationships between humidity, temperature, and pressure

• Clausius-Clapeyron equation relates saturation vapor pressure ( ) to temperature ( )

• 

• : reference vapor pressure at temperature 

• : latent heat of vaporization

• : gas constant for water vapor

• Relative humidity ( ) calculated from actual vapor pressure ( ) and saturation vapor pressure ( )
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• 

• Specific humidity ( ) determined by vapor pressure ( ) and total atmospheric pressure ( )

• 

• Psychrometric charts graphically represent relationships between temperature, humidity, and
thermodynamic properties of moist air

• Used to determine humidity parameters (relative humidity, specific humidity, dew point) by plotting
dry-bulb and wet-bulb temperatures on the chart and following the lines to the desired value

5.2 Cloud formation processes and classification
Clouds form through condensation, coalescence, and ice nucleation. These processes depend on factors
like adiabatic cooling, atmospheric stability, and moisture availability. Understanding cloud formation is key
to predicting weather patterns and precipitation.

Clouds are classified by altitude, shape, and composition. Different cloud types are associated with specific
weather phenomena. For example, nimbostratus clouds bring steady rain, while cumulonimbus clouds can
produce thunderstorms. Recognizing cloud types helps forecast weather conditions.

Cloud Formation Processes

Processes of cloud formation
• Condensation

• Water vapor cools and condenses into liquid water droplets

• Requires presence of condensation nuclei (dust, salt particles) for water vapor to condense upon

• Occurs when air becomes saturated and relative humidity reaches 100%

• Coalescence

• Water droplets collide and merge to form larger droplets

• Larger droplets fall faster than smaller ones, causing collisions and combining

• Essential for growth of cloud droplets into raindrops (precipitation)

• Ice nucleation

• Formation of ice crystals in clouds

• Requires presence of ice nuclei (dust particles, bacteria) for ice crystals to form around

• Two processes:

1. Homogeneous nucleation: Temperatures below -40℃, water droplets freeze spontaneously

2. Heterogeneous nucleation: Temperatures between 0℃ and -40℃, ice nuclei facilitate formation of
ice crystals

Factors in cloud development
• Adiabatic cooling
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• Decrease in temperature when air parcel rises and expands without exchanging heat with
surroundings

• Causes relative humidity of rising air to increase, potentially leading to condensation and cloud
formation

• Dry adiabatic lapse rate ~9.8℃/km, moist adiabatic lapse rate varies with moisture content

• Atmospheric stability

• Atmosphere's resistance to vertical motion

• Stable conditions suppress vertical motion and cloud development, unstable conditions promote them

• Determined by comparing environmental lapse rate (ELR) with adiabatic lapse rates:

• Absolute stability: ELR < Moist adiabatic lapse rate

• Conditional instability: Moist adiabatic lapse rate < ELR < Dry adiabatic lapse rate

• Absolute instability: ELR > Dry adiabatic lapse rate

• Moisture availability

• Amount of water vapor present in atmosphere

• Higher moisture increases likelihood of condensation and cloud formation

• Sources: evaporation from water bodies, transpiration from plants, advection from other regions

Cloud Classification and Characteristics

Classification of clouds
• Cloud classification by altitude

• Low-level clouds (surface to 2 km)

• Stratus (St)

• Stratocumulus (Sc)

• Cumulus (Cu)

• Mid-level clouds (2 km to 6 km)

• Altostratus (As)

• Altocumulus (Ac)

• Nimbostratus (Ns)

• High-level clouds (6 km to 18 km)

• Cirrus (Ci)

• Cirrostratus (Cs)

• Cirrocumulus (Cc)

• Cloud classification by shape
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• Cumulus: Puffy, cauliflower-like appearance with flat bases

• Stratus: Flat, featureless, often covering entire sky

• Cirrus: Thin, wispy, composed of ice crystals

• Cloud classification by composition

• Water clouds: Composed entirely of liquid water droplets (cumulus, stratus)

• Ice clouds: Composed entirely of ice crystals (cirrus)

• Mixed-phase clouds: Contain both liquid water droplets and ice crystals (nimbostratus)

Cloud types vs weather phenomena
• Precipitation

• Nimbostratus clouds associated with steady, prolonged precipitation

• Cumulonimbus clouds can produce heavy rainfall, hail, and snow

• Thunderstorms

• Cumulonimbus clouds responsible for thunderstorms due to strong vertical development and unstable
atmospheric conditions

• Thunderstorms require moisture, instability, and lifting mechanism (fronts, orographic lifting,
convective heating)

• Frontal systems

• Warm fronts: Sequence of cloud types from high-level cirrus to mid-level altostratus and nimbostratus,
then low-level stratus

• Cold fronts: Often accompanied by cumulonimbus clouds, leading to thunderstorms and heavy
precipitation

• Occluded fronts: Mix of cloud types and precipitation patterns depending on occlusion type (warm or
cold) and atmospheric stability

5.3 Precipitation types and formation mechanisms
Precipitation comes in many forms, from gentle rain to hailstones. These different types result from
complex processes in the atmosphere, involving temperature, moisture, and air movement. Understanding
how precipitation forms is key to predicting weather patterns.

Measuring precipitation accurately is crucial for meteorologists and hydrologists. They use various tools,
from simple rain gauges to advanced radar systems and satellites, to track precipitation across different
scales. This data helps forecast weather and manage water resources.

Precipitation Types and Formation Mechanisms

Types of precipitation
• Liquid precipitation

• Rain: Liquid water droplets that fall from clouds when they become too heavy to remain suspended in
the air (drizzle, shower, downpour)
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• Frozen precipitation

• Snow: Solid precipitation in the form of ice crystals that fall from clouds when the temperature is below
freezing throughout the lower atmosphere (flurries, blizzard)

• Sleet: Partially melted snow that refreezes into ice pellets before reaching the ground, often bouncing
upon impact (ice pellets, freezing rain)

• Freezing rain: Liquid rain that falls through a layer of subfreezing air near the surface, causing it to
freeze upon contact with objects on the ground, creating a glaze of ice (black ice, icing)

• Hail: Solid precipitation in the form of ice balls or lumps that form within strong thunderstorm updrafts,
often with distinct layers of ice (pea-sized, golfball-sized)

Formation of precipitation
• Cold cloud processes

• Bergeron-Findeisen process: The growth of ice crystals at the expense of supercooled liquid water
droplets in mixed-phase clouds, due to the lower saturation vapor pressure over ice compared to liquid
water

1. Ice crystals grow by vapor deposition, while nearby water droplets evaporate

2. Evaporated water vapor is deposited onto the ice crystals, causing them to grow larger

• Warm cloud processes

• Collision-coalescence: The growth of liquid water droplets by colliding with and merging with other
droplets in clouds with temperatures above freezing

1. Larger droplets fall faster than smaller ones, leading to collisions

2. Upon collision, droplets merge to form even larger droplets (coalescence)

• Melting

• The process by which frozen precipitation, such as snow or sleet, melts into liquid water as it falls
through a layer of above-freezing air (thawing, liquefaction)

• The melting layer, or bright band, is often visible on weather radar as a zone of enhanced reflectivity
due to the high dielectric constant of water compared to ice

Factors affecting precipitation
• Moisture availability

• Atmospheric moisture content: The amount of water vapor present in the air, which directly influences
the potential for precipitation formation (humidity, dewpoint)

• Proximity to moisture sources, such as oceans, lakes, or regions with high evapotranspiration
(maritime air masses, lake-effect snow)

• Vertical motion

• Upward motion: Rising air cools adiabatically, leading to condensation and the formation of clouds and
precipitation
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• Mechanisms for upward motion include convection (thunderstorms), frontal lifting (cold fronts), and
orographic lifting (mountain ranges)

• Downward motion: Sinking air warms adiabatically, leading to the evaporation of clouds and the
suppression of precipitation (subsidence, high pressure systems)

• Topography

• Orographic effects: The influence of mountains and other terrain features on precipitation patterns

• Windward side: Enhanced precipitation due to forced ascent and cooling of air as it encounters a
mountain barrier (orographic lifting, upslope flow)

• Leeward side: Reduced precipitation due to the descent and warming of air after passing over a
mountain range, creating a rain shadow (downslope flow, föhn winds)

Measurement of precipitation
• In-situ measurements

• Rain gauges: Instruments that collect and measure the amount of liquid precipitation at a specific
location

• Types include standard rain gauges (cylinder with funnel), tipping bucket gauges (records each 0.01"
of rain), and weighing gauges (measures weight of collected water)

• Snow gauges: Specialized instruments designed to measure the liquid water equivalent of solid
precipitation (snow pillow, snow depth sensor)

• Remote sensing techniques

• Weather radar: A system that emits microwave pulses and detects the backscattered energy from
precipitation particles in the atmosphere

• Reflectivity ( ) is related to the size and number of precipitation particles in a given volume (dBZ)

• Doppler radar can measure the velocity of precipitation particles, providing information on wind speed
and direction (m/s)

• Satellite observations: The use of Earth-orbiting satellites to monitor precipitation patterns and
intensities over large areas

• Visible and infrared imagery can be used to identify and track precipitation systems (cloud tops,
convective cells)

• Microwave sensors can provide estimates of precipitation rates and amounts based on the scattering
and emission of microwave energy by precipitation particles (GPM, TRMM)
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Unit 6 – Atmospheric Stability and
Instability
6.1 Static stability and instability
The atmosphere's resistance or tendency to enhance vertical motion is crucial in understanding weather
patterns. Static stability suppresses vertical movement, while instability amplifies it, influencing cloud
formation and precipitation.

Environmental lapse rate plays a key role in determining atmospheric stability. By comparing it to adiabatic
lapse rates, we can classify the atmosphere as absolutely stable, conditionally unstable, or absolutely
unstable, each with distinct impacts on weather phenomena.

Static Stability and Instability

Static stability vs instability
• Static stability refers to the atmosphere's resistance to vertical motion

• Stable atmosphere resists vertical motion and tends to suppress vertical displacements

• Air parcels displaced vertically will tend to return to their original position (ping pong ball pushed
underwater)

• Static instability refers to the atmosphere's tendency to enhance vertical motion

• Unstable atmosphere enhances vertical motion and amplifies vertical displacements

• Air parcels displaced vertically will continue to move away from their original position (hot air balloon
rising)

Environmental lapse rate in stability
• Environmental lapse rate (ELR) is the rate at which the atmosphere's temperature decreases with
height

• Atmospheric stability is determined by comparing the ELR to the adiabatic lapse rates

• Dry adiabatic lapse rate (DALR): Rate at which unsaturated air cools as it rises, approximately

• Moist adiabatic lapse rate (MALR): Rate at which saturated air cools as it rises, varies with
temperature and pressure (typically 4-7℃/km)

• If ELR < DALR and MALR, the atmosphere is absolutely stable

• If ELR > DALR, the atmosphere is absolutely unstable

• If MALR < ELR < DALR, the atmosphere is conditionally unstable

Types of atmospheric stability
• Absolutely stable:
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• ELR < DALR and MALR

• Vertical motion is suppressed for both unsaturated and saturated air parcels

• Air parcels tend to return to their original position when displaced vertically (inversion layer)

• Conditionally unstable:

• MALR < ELR < DALR

• Unsaturated air parcels are stable, while saturated air parcels are unstable

• If an air parcel becomes saturated through lifting and cooling, it will continue to rise (cumulus clouds)

• Absolutely unstable:

• ELR > DALR

• Vertical motion is enhanced for both unsaturated and saturated air parcels

• Air parcels continue to move away from their original position when displaced vertically (severe
thunderstorms)

Stability's impact on weather
• Atmospheric stability influences the formation of clouds and precipitation

• In a stable atmosphere:

• Vertical motion is suppressed, limiting the development of clouds and precipitation

• Clouds that form tend to be stratiform (layered) and have limited vertical development (stratus, fog)

• In an unstable atmosphere:

• Vertical motion is enhanced, promoting the formation of clouds and precipitation

• Clouds that form tend to be cumuliform (vertically developed) and can lead to showers and
thunderstorms

• Conditional instability:

• If an air parcel becomes saturated and unstable, it can rise and form clouds and precipitation

• Mechanisms such as orographic lifting (mountains), frontal lifting (cold fronts), or surface heating can
trigger the onset of instability

• The release of latent heat during condensation can further enhance instability and vertical motion
(positive feedback loop)

6.2 Convection and buoyancy
Convection and buoyancy are key players in atmospheric motion. They drive vertical transport of heat and
moisture, shaping cloud formation and weather patterns. Understanding these processes helps explain
phenomena from gentle breezes to severe storms.

Factors like surface heating, moisture, and wind shear influence convective strength. These elements
combine to create diverse weather events, from thunderstorms to tornadoes. Grasping these concepts
illuminates the complex dance of forces behind our ever-changing skies.
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Convection and Buoyancy in the Atmosphere

Convection in atmospheric motion
• Convection vertically transports heat and moisture in the atmosphere

• Occurs when a parcel of air becomes warmer and less dense than surrounding air (hot air balloon)

• Buoyancy causes the parcel to rise, creating an updraft (smoke from a chimney)

• As the parcel rises, it expands and cools without exchanging heat with its surroundings (adiabatic
cooling)

• If the parcel remains warmer than its surroundings, it continues to rise (thermal columns used by
birds)

• Convection plays a crucial role in vertical atmospheric motion

• Responsible for cloud and precipitation formation (cumulonimbus clouds, thunderstorms)

• Contributes to vertical mixing of air and transport of heat and moisture (atmospheric circulation)

• Influences the development of atmospheric instability (severe weather events)

Buoyancy and atmospheric stability
• Buoyancy is the upward force exerted on an object immersed in a fluid

• In the atmosphere, buoyancy acts on air parcels (hot air balloons, weather balloons)

• The magnitude of the buoyant force depends on the density difference between the parcel and its
surroundings (Archimedes' principle)

• Relationship between buoyancy and atmospheric stability:

• Unstable atmosphere: air parcel warmer (less dense) than surroundings, experiences positive
buoyant force and rises (cumulus cloud formation)

• Stable atmosphere: air parcel cooler (denser) than surroundings, experiences negative buoyant force
and sinks (temperature inversions, fog)

• Neutral atmosphere: air parcel has the same temperature (density) as surroundings, experiences no
buoyant force and remains at its original level (fair weather conditions)

Factors Influencing Convection and Atmospheric Phenomena

Factors affecting convective strength
• Surface heating

• Solar radiation warms Earth's surface, which heats the air above it (land-sea breeze, urban heat
islands)

• Stronger surface heating leads to more intense convection (deserts, tropics)

• Moisture availability

• Presence of moisture in the atmosphere increases convection potential (humid regions)
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• Water vapor condensation releases latent heat, providing additional energy for convection
(thunderstorms, hurricanes)

• Atmospheric instability

• More unstable atmosphere is more conducive to convection (severe weather outbreaks)

• Instability is determined by the lapse rate (temperature decrease with height)

1. Unstable: lapse rate greater than dry adiabatic lapse rate ( )

2. Stable: lapse rate less than moist adiabatic lapse rate ( )

• Wind shear

• Change in wind speed or direction with height (jet streams, frontal systems)

• Strong wind shear can enhance or suppress convection depending on orientation and magnitude
(tornado formation, squall lines)

Convection's role in weather phenomena
• Thunderstorms

• Convection is the primary mechanism for thunderstorm development

• Strong surface heating and atmospheric instability lead to cumulonimbus cloud formation (supercell
thunderstorms)

• Updrafts transport moisture and heat, fueling storm growth (hail, heavy rainfall)

• Downdrafts, precipitation, and lightning are associated with convective processes in thunderstorms
(microbursts, cloud-to-ground lightning)

• Tornadoes

• Convection plays a crucial role in tornado formation, particularly in supercell thunderstorms

• Strong updrafts within the supercell can lead to a rotating mesocyclone (Doppler radar signatures)

• Interaction between updraft and environmental wind shear can cause air rotation, potentially forming a
tornado (tornado alley)

• Convective processes contribute to the strengthening and maintenance of tornadoes once formed
(multiple vortex tornadoes)

6.3 Atmospheric soundings and stability indices
Atmospheric soundings and stability assessments are crucial tools for understanding vertical atmospheric
structure. They help meteorologists analyze temperature, moisture, and pressure changes with height,
providing insights into potential weather patterns and severe storm development.

Stability indices like the Lifted Index, K-Index, and CAPE quantify atmospheric instability. These
calculations aid forecasters in predicting thunderstorm potential and severe weather risks. However, they
have limitations and should be used alongside other data for accurate predictions.
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Atmospheric Soundings and Stability Assessment

Interpretation of atmospheric soundings
• Skew-T log-P diagrams provide a vertical profile of temperature and dew point in the atmosphere

• Pressure decreases logarithmically with height on the y-axis

• Temperature lines are skewed to the right, allowing for more detailed analysis of the lower
troposphere

• Dry adiabatic lapse rate (DALR) represents the rate at which unsaturated air cools as it rises,
approximately 9.8℃/km

• Moist adiabatic lapse rate (MALR) represents the rate at which saturated air cools as it rises

• Varies with temperature and pressure due to the release of latent heat during condensation

• Environmental lapse rate (ELR) is the actual rate of temperature change with height in the atmosphere

• Stability assessment using lapse rates:

• Absolutely stable: ELR < MALR, vertical motion is suppressed

• Conditionally unstable: MALR < ELR < DALR, instability depends on moisture content

• Absolutely unstable: ELR > DALR, vertical motion is enhanced

Calculation of stability indices
• Lifted Index (LI) measures the difference between the temperature of a parcel lifted adiabatically to
500 mb and the actual temperature at 500 mb

• Calculated using the formula: 

• Negative values indicate instability, with lower values suggesting greater instability

• K-Index (KI) assesses the potential for thunderstorm development based on temperature and
moisture content at different levels

• Calculated using the formula: 

• Higher values indicate greater instability and potential for thunderstorms

• Convective Available Potential Energy (CAPE) measures the amount of energy available for
convection

• Calculated using the formula: 

• Higher values indicate greater instability and potential for strong updrafts

• Lifting Condensation Level (LCL): Level at which a lifted parcel becomes saturated (cloud base)

• Level of Free Convection (LFC): Level above which a saturated parcel is warmer than its environment
and rises freely

• Equilibrium Level (EL): Level at which a rising parcel becomes cooler than its environment and stops
rising
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Application of Stability Indices in Weather Forecasting

Stability indices in severe weather forecasting
• Thunderstorm potential: 1. High CAPE and low LI values indicate favorable conditions for
thunderstorm development 2. K-Index values above 30 suggest potential for heavy rainfall and severe
thunderstorms (hail, damaging winds)

• Severe weather risk:

• Combination of high instability (CAPE) and strong vertical wind shear favors severe thunderstorms,
including supercells and tornadoes

• Helicity measures the potential for a rotating updraft, which is crucial for tornado formation

• Convective initiation:

• Stability indices help determine the likelihood of convection occurring

• Factors such as moisture (dew point depression), lift (convergence, fronts), and instability (CAPE, LI)
must be considered

Limitations of stability indices
• Spatial and temporal variability:

• Soundings represent a single point in space and time, limiting their representativeness

• Atmospheric conditions can change rapidly, especially in pre-convective environments
(destabilization, moisture advection)

• Data quality and resolution:

• Errors in temperature, humidity, or wind measurements can affect stability index calculations

• Vertical resolution of soundings may not capture thin layers of instability or inversions (capping
inversions)

• Microphysical processes:

• Stability indices do not account for the effects of cloud microphysics, such as entrainment and
precipitation

• These processes can influence the evolution of convection and severe weather (downdrafts, cold
pools)

• Interpretation and context:

• Stability indices should be used in conjunction with other data sources (satellite imagery, radar,
surface observations)

• Forecaster experience and understanding of the local environment are crucial for interpreting stability
indices effectively
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Unit 7 – Atmospheric Pressure and Wind
Systems
7.1 Pressure gradients and geostrophic balance
Pressure gradients drive atmospheric motion, causing wind as air moves from high to low pressure areas.
The pressure gradient force is balanced by the Coriolis force, resulting in geostrophic flow - wind parallel to
isobars above the influence of surface friction.

Weather maps reveal pressure systems and wind patterns. High-pressure systems have diverging winds
and clockwise rotation in the Northern Hemisphere, while low-pressure systems have converging winds
and counterclockwise rotation. Wind speed is proportional to the pressure gradient, indicated by isobar
spacing.

Pressure Gradients and Geostrophic Balance

Pressure gradients in atmospheric motion
• Pressure gradient

• Difference in atmospheric pressure between two locations

• Measured over a given distance (millibars per kilometer)

• Pressure gradient force (PGF)

• Force that moves air from high pressure to low pressure areas

• Directly proportional to the magnitude of the pressure gradient

• Acts perpendicular to isobars (lines of constant pressure on a weather map)

• Atmospheric motion

• Wind results from air moving from high to low pressure

• Pressure gradient force is the primary driver of atmospheric motion (wind)

Balance of forces in geostrophic flow
• Geostrophic balance

• Occurs when the pressure gradient force is balanced by the Coriolis force

• Results in geostrophic flow (wind parallel to isobars)

• Pressure gradient force (PGF)

• Acts perpendicular to isobars, from high to low pressure

• Strength depends on the pressure difference and distance between isobars

• Coriolis force

• Apparent force due to Earth's rotation



Fiveable archived study guides Page 45

• Deflects moving objects to the right in the Northern Hemisphere and to the left in the Southern
Hemisphere

• Magnitude depends on latitude (stronger at higher latitudes) and wind speed

• Geostrophic flow

• Wind flow parallel to isobars

• Occurs at altitudes above the influence of surface friction (usually above 1000 m)

Calculation of geostrophic wind speed
• Geostrophic wind speed equation: 

• : geostrophic wind speed (m/s)

• : air density (kg/m³)

• : Coriolis parameter (depends on latitude, )

• : pressure difference between two points (Pa)

• : distance between the two points (m)

• Calculating geostrophic wind speed 1. Determine the pressure gradient using isobars on a weather
map 2. Use the geostrophic wind speed equation to calculate the wind speed 3. Account for the Coriolis
parameter based on latitude (use a table or calculate)

Weather map analysis for wind patterns
• Identifying pressure systems

• High-pressure systems (anticyclones)

• Characterized by diverging wind flow and clockwise rotation in the Northern Hemisphere
(counterclockwise in the Southern Hemisphere)

• Associated with fair weather and clear skies

• Low-pressure systems (cyclones)

• Characterized by converging wind flow and counterclockwise rotation in the Northern Hemisphere
(clockwise in the Southern Hemisphere)

• Associated with stormy weather and precipitation

• Geostrophic wind patterns

• Wind flows parallel to isobars (lines of constant pressure)

• Speed is proportional to the pressure gradient (closer isobars indicate faster winds)

• Analyzing weather maps 1. Identify high and low-pressure systems based on isobar patterns 2.
Determine the direction of geostrophic wind flow based on isobars and pressure system rotation 3.
Estimate wind speed based on the spacing of isobars (closer spacing = higher wind speed)
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7.2 Coriolis force and its effects on atmospheric motion
The Coriolis force, an apparent force caused by Earth's rotation, plays a crucial role in atmospheric motion.
It deflects moving objects to the right in the Northern Hemisphere and left in the Southern Hemisphere,
shaping wind patterns and weather systems.

This force significantly impacts atmospheric circulation, contributing to geostrophic balance and the
formation of global circulation patterns. It influences the development of cyclonic systems, including
hurricanes and mid-latitude cyclones, as well as anticyclones, affecting weather patterns worldwide.

Coriolis Force

Origin of Coriolis force
• Apparent force acts on moving objects in a rotating reference frame

• Appears to exist due to the motion of the reference frame (Earth's surface)

• Coordinate system rotates with respect to an inertial frame (space)

• Originates from Earth's rotation about its axis

• Creates a non-inertial reference frame

• Objects moving in a straight line relative to space appear to curve when viewed from Earth's surface
(deflection)

• Mathematically expressed as 

•  represents the Coriolis force

•  represents the mass of the moving object (air parcel)

•  represents the angular velocity of Earth's rotation (7.29 × 10⁻⁵ rad/s)

•  represents the velocity of the moving object relative to the rotating reference frame (wind speed)

Effects on atmospheric motion
• Northern Hemisphere deflects moving objects to the right of their initial direction

• Winds deflected to the right resulting in counterclockwise rotation around low-pressure systems
(cyclones)

• Clockwise rotation around high-pressure systems (anticyclones)

• Southern Hemisphere deflects moving objects to the left of their initial direction

• Winds deflected to the left resulting in clockwise rotation around low-pressure systems (cyclones)

• Counterclockwise rotation around high-pressure systems (anticyclones)

• Magnitude depends on latitude and speed of the moving object

• Increases with increasing latitude strongest at the poles zero at the equator

• Increases with increasing speed of the moving object (faster winds experience greater deflection)
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Atmospheric Circulation

Role in geostrophic balance
• Equilibrium between the pressure gradient force and the Coriolis force

• Pressure gradient force acts from high to low pressure

• Coriolis force balances the pressure gradient force

• In geostrophic balance winds flow parallel to isobars (lines of constant pressure)

• No net force acting on the air parcel

• Wind speed determined by the balance between pressure gradient and Coriolis forces

• Contributes to the formation of global circulation patterns

• Hadley cells circulation in the tropics with rising motion near the equator and sinking motion in the
subtropics

• Ferrel cells circulation in the mid-latitudes with rising motion in the subpolar regions and sinking
motion in the subtropics

• Polar cells circulation in the polar regions with sinking motion over the poles and rising motion in the
subpolar regions

• Influences the formation of jet streams

• Fast-moving narrow bands of strong winds in the upper troposphere (30-40 m/s)

• Polar jet stream located between the Ferrel and polar cells

• Subtropical jet stream located between the Hadley and Ferrel cells

Influence on cyclonic systems
• Hurricanes and tropical cyclones

• Low-pressure systems that form over warm tropical oceans (sea surface temperature > 26.5°C)

• Northern Hemisphere Coriolis force causes counterclockwise wind rotation around the storm center

• Southern Hemisphere Coriolis force causes clockwise wind rotation around the storm center

• Contributes to the development of the eye eyewall and spiral rainbands

• Mid-latitude cyclones

• Low-pressure systems that form in the mid-latitudes often associated with frontal systems

• Northern Hemisphere Coriolis force causes counterclockwise wind rotation around the cyclone center

• Southern Hemisphere Coriolis force causes clockwise wind rotation around the cyclone center

• Contributes to the development of warm and cold fronts and the overall structure of the cyclone

• Anticyclones

• High-pressure systems characterized by sinking motion and diverging winds
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• Northern Hemisphere Coriolis force causes clockwise wind rotation around the anticyclone center

• Southern Hemisphere Coriolis force causes counterclockwise wind rotation around the anticyclone
center

• Contributes to the development of clear skies and stable weather conditions

7.3 Local and regional wind systems
Local and regional wind systems shape our weather patterns and climate. From sea breezes to monsoons,
these winds result from temperature differences between land and water, topography, and seasonal
changes. They play a crucial role in moving air, moisture, and heat.

These wind systems have significant environmental impacts. They transport pollutants, influence
precipitation patterns, and redistribute heat across regions. Understanding these winds helps us predict
weather, manage air quality, and grasp climate dynamics on local and regional scales.

Local and Regional Wind Systems

Local and regional wind systems
• Sea breezes form during the day as land heats up faster than water creating a pressure gradient that
draws cool, moist air from the sea inland (Mediterranean coast)

• Land breezes develop at night when land cools more rapidly than water causing cool, dry air to flow
from land to sea (Florida coast)

• Anabatic winds (valley winds) occur during the day as sun-heated mountain slopes warm the air,
causing it to rise along the slopes creating a valley-to-mountain flow (Rocky Mountains)

• Katabatic winds (mountain winds) form at night as mountain slopes cool, causing dense, cool air to
flow downslope from mountain to valley (Alps)

Monsoon wind system characteristics
• Monsoons are caused by seasonal reversal of temperature gradients between land and ocean

• Summer monsoons occur when land heats faster than ocean, creating a low-pressure system that
draws moist, cool ocean air inland resulting in heavy rainfall (Indian Monsoon)

• Winter monsoons happen when land cools faster than ocean, creating a high-pressure system that
pushes dry, cool air from land towards the ocean (East Asian Monsoon)

• Monsoon winds reverse direction seasonally, blowing from ocean to land in summer and land to
ocean in winter (Southeast Asia)

Factors in wind system development
• Temperature gradients, or horizontal temperature differences between land and water or different land
surfaces, influence local and regional wind intensity (Great Plains)

• Topography, such as mountains, valleys, and plateaus, can channel or block wind flow and affect
heating and cooling patterns (Andes Mountains)

• Land cover, like vegetation and urban areas, affects surface heating and cooling rates (Amazon
Rainforest)
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• Proximity to water bodies influences moisture availability and temperature moderation (Great Lakes)

• Synoptic-scale weather patterns can enhance or suppress local and regional wind systems (El Niño)

Wind systems' environmental impact
• Local and regional winds transport pollutants away from sources, with sea breezes carrying them
inland and land breezes offshore (Los Angeles)

• Mountain-valley winds can trap pollutants in valleys or disperse them to higher altitudes (Mexico City)

• Sea breezes and monsoon winds transport moisture inland, contributing to precipitation (South Asia)

• Mountain-valley winds move moisture upslope, causing orographic precipitation (Sierra Nevada)

• Local and regional winds redistribute heat between land and water surfaces (Chesapeake Bay)

• Monsoon winds transport heat and energy across large regions (Australia)

• Mountain-valley winds can create temperature inversions and affect local climate patterns (Salt Lake
City)

7.4 Boundary layer dynamics
The atmospheric boundary layer is the lowest part of the troposphere, directly influenced by Earth's
surface. It plays a crucial role in exchanging heat, moisture, momentum, and pollutants between the
surface and atmosphere, affecting various processes like energy balance and air quality.

The boundary layer's characteristics are influenced by factors like surface roughness, heat transfer, and
friction. Its structure exhibits significant diurnal variations due to changes in surface heating and cooling,
with turbulent eddies playing a key role in mixing and transport within the layer.

Atmospheric Boundary Layer

Structure of atmospheric boundary layer
• Lowest part of the troposphere directly influenced by Earth's surface

• Extends from surface to 100-3000 m above ground

• Responds quickly to surface forcing (within an hour or less)

• Plays crucial role in exchanging heat, moisture, momentum, and pollutants between surface and
atmosphere

• Divided into sublayers:

• Surface layer: Lowest 10% of ABL, turbulence dominated by surface friction and heat transfer

• Mixed layer: Well-mixed layer above surface layer with strong turbulence and vertical mixing

• Entrainment zone: Top of ABL where mixed layer interacts with free atmosphere above

• Essential for various atmospheric processes:

• Surface energy balance and heat transfer

• Moisture transport and cloud formation
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• Dispersion of pollutants and air quality

• Development of local wind systems (sea breezes, mountain-valley winds)

Factors affecting boundary layer characteristics
• Surface roughness affects wind profile and turbulence within ABL

• Rougher surfaces (cities, forests) generate more turbulence and have higher aerodynamic roughness
length ( )

• Smoother surfaces (oceans, ice) generate less turbulence and have lower 

• Heat transfer between surface and atmosphere influences ABL stability

• Daytime solar heating leads to unstable ABL with enhanced vertical mixing

• Nighttime surface cooling creates stable ABL with suppressed vertical mixing

• Monin-Obukhov length ( ) measures relative importance of shear production and buoyancy
production/destruction of turbulence

• Surface friction generates wind shear and mechanical turbulence in ABL

• Wind speed increases with height due to reduced surface friction

• Logarithmic wind profile describes wind speed variation with height under neutral stability:

•  is wind speed at height 

•  is friction velocity

•  is von Karman constant (  0.4)

•  is roughness length

Boundary Layer Dynamics

Diurnal variations in boundary layer
• ABL structure exhibits significant diurnal variations due to changes in surface heating and cooling

• Daytime (unstable) ABL:

• Strong surface heating develops well-mixed, convective boundary layer (CBL)

• CBL has intense turbulence, large eddies, and rapid vertical mixing

• CBL depth grows throughout day due to entrainment of air from free atmosphere

• Deep, well-mixed CBL favors dispersion of pollutants and formation of cumulus clouds

• Nighttime (stable) ABL:

• Surface cooling creates stable boundary layer (SBL) with suppressed turbulence and vertical mixing

• SBL has strong temperature inversion, weak and intermittent turbulence, and shallow mixing

• SBL depth typically much shallower than daytime CBL
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• Stable stratification in SBL can lead to accumulation of pollutants near surface and formation of fog or
frost

• Transition periods (morning and evening):

• Morning transition: surface heating destroys nocturnal inversion, leading to CBL growth

• Evening transition: surface cooling creates stable layer near ground, gradually deepening into SBL

Turbulent eddies in boundary layer
• Turbulent eddies are irregular, chaotic air motions occurring at various scales within ABL

• Eddies generated by shear production (mechanical turbulence) and buoyancy production/destruction
(thermal turbulence)

• Shear production caused by wind shear (change in wind speed or direction with height)

• Buoyancy production occurs when surface is warmer than air above, leading to unstable conditions
and rising thermals

• Buoyancy destruction occurs when surface is cooler than air above, leading to stable conditions and
suppressed vertical motions

• Characteristics of turbulent eddies:

• Wide range of sizes, from millimeters to depth of ABL

• Larger eddies more effective at transporting heat, moisture, and pollutants over greater distances

• Smaller eddies responsible for dissipation of turbulent kinetic energy into heat through molecular
viscosity

• Role of turbulent eddies in mixing and transport:

• Facilitate vertical exchange of heat, moisture, and momentum between surface and atmosphere

• In surface layer, eddies responsible for turbulent fluxes of sensible heat, latent heat, and momentum

• In mixed layer, eddies promote homogenization of temperature, humidity, and pollutants throughout
ABL depth

• Contribute to entrainment of air from free atmosphere into ABL, influencing growth and properties of
boundary layer



Fiveable archived study guides Page 52

Unit 8 – Global Circulation and Climate
Zones
8.1 General circulation of the atmosphere
Earth's atmosphere is in constant motion, driven by uneven heating and the planet's rotation. This creates
a complex system of wind patterns and pressure zones, from the humid tropics to the arid subtropics and
beyond.

These global circulation patterns shape our weather and climate. They influence everything from the
formation of deserts and rainforests to the paths of storms and the distribution of temperature and rainfall
across the planet.

Atmospheric Circulation Drivers and Patterns

Drivers of atmospheric circulation
• Uneven heating of Earth's surface by the Sun

• More solar radiation received near the equator (tropics) compared to the poles (arctic regions)

• Creates temperature gradients between the equator and the poles, driving atmospheric circulation

• Pressure gradients resulting from uneven heating

• Warm air rises near the equator, creating low pressure (Intertropical Convergence Zone)

• Cold air sinks near the poles, creating high pressure (polar highs)

• Coriolis effect caused by Earth's rotation

• Deflects wind to the right in the Northern Hemisphere (clockwise)

• Deflects wind to the left in the Southern Hemisphere (counterclockwise)

Solar radiation and Earth's rotation
• Solar radiation creates convection cells

• Hadley cells: Rising air near the equator, descending air around 30° latitude (subtropical highs)

• Ferrel cells: Rising air around 60° latitude (subpolar lows), descending air around 30° latitude

• Polar cells: Rising air around 60° latitude, descending air near the poles (polar highs)

• Earth's rotation causes the Coriolis effect

• Deflects wind direction, creating easterly (trade winds) and westerly winds (prevailing westerlies)

• Influences the direction of trade winds, westerlies, and polar easterlies, shaping global wind patterns
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Global Wind Belts and Pressure Systems

Major wind belts and pressure systems
• Intertropical Convergence Zone (ITCZ)

• Area of low pressure near the equator where the northeast and southeast trade winds converge

• Associated with rising air, cloudiness, and heavy rainfall (rainforests)

• Trade winds

• Blow from the northeast in the Northern Hemisphere and southeast in the Southern Hemisphere

• Located between the equator and 30° latitude, providing consistent winds for sailing routes

• Subtropical high-pressure belts

• Located around 30° latitude in both hemispheres (Bermuda High, Pacific High)

• Associated with descending air, clear skies, and dry conditions (deserts)

• Prevailing westerlies

• Located between 30° and 60° latitude in both hemispheres

• Blow from the southwest in the Northern Hemisphere and northwest in the Southern Hemisphere,
influencing weather patterns

• Polar front

• Boundary between cold polar air and warmer mid-latitude air around 60° latitude

• Associated with the formation of mid-latitude cyclones and frontal systems

• Polar easterlies

• Located between 60° latitude and the poles

• Blow from the northeast in the Northern Hemisphere and southeast in the Southern Hemisphere,
bringing cold air to lower latitudes

Impact on temperature and precipitation
• Hadley cells 1. Rising air near the equator leads to heavy rainfall in the ITCZ (Amazon Rainforest) 2.
Descending air around 30° latitude creates arid conditions in the subtropical high-pressure belts
(Sahara Desert)

• Ferrel cells

• Rising air around 60° latitude contributes to the formation of the polar front and mid-latitude cyclones,
bringing precipitation (temperate rainforests)

• Descending air around 30° latitude reinforces the subtropical high-pressure belts, promoting dry
conditions

• Polar cells

• Descending air near the poles leads to cold, dry conditions (polar deserts)
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• Jet streams

• Strong upper-level winds that influence the movement of air masses and weather systems

• Polar jet stream: Located near the polar front, affects mid-latitude weather (storm tracks)

• Subtropical jet stream: Located near the subtropical high-pressure belts, influences the movement of
tropical weather systems (hurricanes)

8.2 Hadley, Ferrel, and polar cells
Earth's atmosphere is a complex system of air movements that shape our climate. The global atmospheric
circulation consists of three main cells: Hadley, Ferrel, and polar. These cells drive weather patterns and
create distinct climate zones around the planet.

The Intertropical Convergence Zone (ITCZ) forms where trade winds meet near the equator, causing rising
air and heavy rainfall. The Coriolis effect deflects moving air, influencing wind patterns and jet streams.
Together, these processes impact regional climates and weather systems worldwide.

Global Atmospheric Circulation

Hadley, Ferrel, and polar cells
• Hadley cells located between equator and 30° latitude in both hemispheres

• Rising motion near equator, poleward flow aloft, sinking motion in subtropics, and equatorward flow
near surface

• Generate trade winds (e.g., northeast and southeast trade winds) and subtropical high-pressure belts
(e.g., North Pacific High, Azores High)

• Ferrel cells situated between 30° and 60° latitude in both hemispheres

• Ascending motion at 60° latitude, equatorward flow aloft, descending motion at 30° latitude, and
poleward flow near surface

• Shaped by Coriolis effect and interaction between Hadley and polar cells

• Linked to prevailing westerlies (e.g., roaring forties) and midlatitude low-pressure belts (e.g., Aleutian
Low, Icelandic Low)

• Polar cells positioned between 60° and 90° latitude in both hemispheres

• Rising motion at 60° latitude, poleward flow aloft, sinking motion over poles, and equatorward flow
near surface

• Produce polar easterlies and polar high-pressure regions (e.g., Siberian High, Antarctic High)

Formation of ITCZ
• ITCZ is low-pressure belt near equator where Northern and Southern Hemisphere trade winds
converge

• Intense solar heating near equator causes warm, moist air to ascend, creating low-pressure zone

• Rising air cools, condenses, and forms clouds and precipitation (e.g., thunderstorms, heavy rainfall)

• Ascending motion balanced by convergence of trade winds from both hemispheres
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• ITCZ migrates seasonally, following path of maximum solar heating (e.g., shifts northward during
Northern Hemisphere summer)

• Plays crucial role in global monsoon system (e.g., Asian monsoon, African monsoon) and distribution
of tropical rainfall

Coriolis effect in circulation
• Coriolis effect is apparent force caused by Earth's rotation, deflecting moving objects to right in
Northern Hemisphere and left in Southern Hemisphere

• Hadley cells 1. Coriolis effect deflects poleward flow aloft, causing it to turn eastward and form
subtropical jet streams (e.g., North African Jet, Australian Jet) 2. Equatorward flow near surface is
deflected westward, forming trade winds

• Ferrel cells
1. Coriolis effect deflects equatorward flow aloft, causing it to turn westward and form prevailing
westerlies 2. Poleward flow near surface is deflected eastward, contributing to midlatitude low-pressure
systems (e.g., cyclones, frontal systems)

• Polar cells 1. Coriolis effect deflects poleward flow aloft, causing it to turn eastward and form polar jet
streams (e.g., polar night jet, polar vortex) 2. Equatorward flow near surface is deflected westward,
forming polar easterlies

Impact of cells on climate
• Hadley cells

• Generate trade winds, which transport moisture from subtropics to equatorial regions (e.g., Amazon
rainforest, Congo Basin)

• Contribute to formation of subtropical high-pressure belts, associated with dry, stable weather and
desert regions (e.g., Sahara, Atacama)

• Ferrel cells

• Linked to prevailing westerlies, which transport weather systems across midlatitudes (e.g.,
extratropical cyclones, anticyclones)

• Contribute to formation of midlatitude low-pressure systems, leading to variable weather conditions
and moderate precipitation (e.g., temperate rainforests, grasslands)

• Polar cells

• Produce polar easterlies, which transport cold, dry air from polar regions towards midlatitudes (e.g.,
polar air masses, arctic outbreaks)

• Contribute to formation of polar high-pressure regions, associated with cold, stable weather and low
precipitation (e.g., tundra, ice sheets)

• Three-cell circulation model helps define major climate zones on Earth

• Tropical climates near equator, influenced by ITCZ and rising motion in Hadley cells (e.g., rainforests,
savannas)

• Subtropical climates around 30° latitude, influenced by sinking motion in Hadley cells and subtropical
high-pressure belts (e.g., deserts, Mediterranean climate)
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• Temperate climates in midlatitudes, influenced by Ferrel cells and variable weather associated with
prevailing westerlies (e.g., deciduous forests, marine west coast climate)

• Polar climates near poles, influenced by polar cells and cold, stable weather associated with polar
high-pressure regions (e.g., tundra, ice caps)

8.3 Jet streams and their influence on weather
Jet streams are fast-moving air currents high in the atmosphere that shape our weather patterns. They
form due to temperature differences between the equator and poles, influenced by Earth's rotation.
Understanding jet streams helps predict weather systems and their movements.

Two main jet streams exist in each hemisphere: the polar and subtropical. These powerful winds steer
storms, influence temperatures, and can cause extreme weather events. Jet streams interact with Rossby
waves, creating complex atmospheric patterns that affect global climate.

Jet Streams and Their Influence on Weather

Jet streams and their formation
• Narrow, fast-moving air currents in the upper troposphere and lower stratosphere

• Occur at altitudes of 9-16 km (30,000-50,000 ft)

• Wind speeds can exceed 400 km/h (250 mph) (hurricane-force winds)

• Formation driven by Coriolis force and temperature gradients

• Coriolis force caused by Earth's rotation deflects moving objects to the right in N. Hemisphere and left
in S. Hemisphere

• Temperature gradients exist between equator (warm) and poles (cold)

• Combination of Coriolis force and temperature gradients leads to geostrophic wind balance between
pressure gradient force and Coriolis force

• Influenced by thermal wind perpendicular to temperature gradient with cold air to left and warm air to
right in N. Hemisphere (opposite in S. Hemisphere)

• Relationship causes jet streams to form at boundaries between cold and warm air masses (fronts)

Major jet stream locations
• Two main jet streams in each hemisphere: polar jet stream and subtropical jet stream

• Polar jet stream

• Located between 50°-60° latitude in both hemispheres (over Canada and Russia in N. Hemisphere)

• Separates cold polar air from warmer mid-latitude air

• Stronger and more persistent in winter when temperature contrasts are greatest

• Subtropical jet stream

• Located around 30° latitude in both hemispheres (over southern US and northern Africa in N.
Hemisphere)

• Associated with poleward edge of Hadley cell and descending branch of Ferrel cell
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• Strongest in winter hemisphere

Jet stream influence on weather
• Play crucial role in steering weather systems and influencing their development and intensity

• Mid-latitude cyclones (low-pressure systems) and anticyclones (high-pressure systems) tend to follow
path of polar jet stream

• Speed and direction of jet stream determine movement and intensity of these systems

• Divergence in upper-level winds associated with jet streams can lead to surface cyclogenesis
(formation of low-pressure systems)

• Jet streaks (localized areas of high wind speed within jet stream) can influence development and
intensity of weather systems

• Divergence in left exit and right entrance regions of jet streak can lead to rising motion, development
of low-pressure systems, and precipitation (snowstorms)

• Convergence in right exit and left entrance regions can lead to sinking motion, development of
high-pressure systems, and clear skies

• Changes in position and strength of jet streams can lead to changes in temperature and precipitation
patterns across large regions (droughts, heat waves)

Jet streams vs Rossby waves
• Rossby waves are large-scale meanders in the jet stream caused by Earth's rotation and variations in
Coriolis force with latitude

• Formation of Rossby waves related to conservation of absolute vorticity (sum of Earth's vorticity due to
rotation and relative vorticity of air) 1. As air parcel moves poleward, Earth's vorticity increases, so air
parcel must develop counterclockwise (cyclonic) relative vorticity to conserve absolute vorticity 2. As air
parcel moves equatorward, Earth's vorticity decreases, so air parcel must develop clockwise
(anticyclonic) relative vorticity

• Process leads to formation of troughs (elongated areas of low pressure) and ridges (elongated areas
of high pressure) in jet stream

• Wavelength and amplitude of Rossby waves determined by factors such as strength of jet stream,
latitude, and variation in Coriolis force with latitude

• Longer wavelengths and larger amplitudes associated with slower-moving, more meandering jet
streams

• Shorter wavelengths and smaller amplitudes associated with faster, more zonal (west-to-east) jet
streams

• Rossby waves play key role in transfer of energy and momentum in atmosphere and can influence
development and movement of weather systems on global scale (extreme weather events)

8.4 Climate classification systems
Climate classification systems help us understand Earth's diverse weather patterns. Köppen and
Thornthwaite's methods use temperature and precipitation to categorize climates, but differ in their focus
on vegetation versus water balance.
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These systems divide the world into major climate zones like tropical, dry, temperate, continental, and
polar. Each zone has distinct characteristics, influenced by factors such as latitude, altitude, and proximity
to water bodies. Understanding these zones helps predict regional weather patterns and ecosystems.

Climate Classification Systems

Köppen vs Thornthwaite classification systems
• Köppen climate classification system

• Based on temperature and precipitation patterns

• Focuses on vegetation types as indicators of climate (rainforests, deserts, steppes)

• Uses letters to denote main climate types (A for tropical, B for dry, C for temperate)

• Further subdivides climate types using second and third letters (Af for tropical rainforest, BWh for hot
desert)

• Thornthwaite climate classification system

• Based on potential evapotranspiration and precipitation

• Considers the water balance and moisture availability

• Uses letters to denote moisture regimes (A for perhumid, B for humid, C for moist subhumid)

• Further subdivides climate types using thermal efficiency and seasonal concentration of precipitation

• Comparison

• Both systems use temperature and precipitation as primary factors

• Köppen system emphasizes vegetation, while Thornthwaite focuses on water balance

• Köppen system is more widely used and easier to apply

• Thornthwaite system provides more detailed information on moisture availability (drought
susceptibility)

Main climate zones
• Köppen climate zones

• A: Tropical climates

• Af: Tropical rainforest (Amazon Basin)

• Am: Tropical monsoon (India)

• Aw: Tropical savanna (African Serengeti)

• B: Dry climates

• BWh: Hot desert (Sahara)

• BWk: Cold desert (Gobi)

• BSh: Hot semi-arid (Australian Outback)

• BSk: Cold semi-arid (Patagonia)
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• C: Temperate climates

• Cfa: Humid subtropical (Southeastern US)

• Cfb: Oceanic (Western Europe)

• Csa: Hot-summer Mediterranean (Greece)

• Csb: Warm-summer Mediterranean (Northern California)

• D: Continental climates

• Dfa: Hot-summer humid continental (Northeastern China)

• Dfb: Warm-summer humid continental (Southern Canada)

• Dwa: Monsoon-influenced hot-summer humid continental (Eastern Russia)

• Dwb: Monsoon-influenced warm-summer humid continental (Manchuria)

• E: Polar and alpine climates

• ET: Tundra (Northern Siberia)

• EF: Ice cap (Antarctica)

Criteria for climate classification
• Köppen climate classification criteria

• Temperature

• A: Average temperature of the coldest month ≥ 18℃

• B: Average annual precipitation < 10 × (2 × average annual temperature)

• C: Average temperature of the coldest month between -3℃ and 18℃

• D: Average temperature of the coldest month ≤ -3℃

• E: Average temperature of the warmest month < 10℃

• Precipitation

• f: No dry season

• m: Monsoon climate

• s: Dry summer (Mediterranean)

• w: Dry winter

• Thornthwaite climate classification criteria

• Moisture regimes based on moisture index ( )

• , where  is precipitation and  is potential evapotranspiration

• A: Perhumid ( )

• B: Humid ( )

• C: Moist subhumid ( )
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• D: Dry subhumid ( )

• E: Semi-arid ( )

• Thermal efficiency based on potential evapotranspiration

• Seasonal concentration of precipitation (summer vs winter)

Global distribution of climate zones
• Use climate data (temperature and precipitation) to determine the climate type for a given location

• Create climate maps based on the classification systems

• Identify spatial patterns and distribution of climate zones

• Analyze the influence of factors such as latitude (Equator vs poles), altitude (mountains), and
proximity to water bodies (coastal vs inland)

• Compare the distribution of climate zones between the two classification systems

• Identify similarities and differences in the spatial patterns

• Discuss the implications of using different classification criteria (vegetation vs water balance)

• Relate the distribution of climate zones to global circulation patterns and other climatic factors 1.
Hadley cell circulation and its impact on tropical and subtropical climates (rising air near Equator,
descending air in subtropics) 2. Westerlies and their influence on temperate climates (prevailing winds
in midlatitudes) 3. Polar front and its role in shaping polar and subpolar climates (boundary between
cold polar air and warmer midlatitude air)
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Unit 9 – Air Masses and Fronts in
Mid-Latitude Cyclones
9.1 Air mass characteristics and classification
Air masses are vast bodies of air with uniform temperature and moisture characteristics. They significantly
influence weather patterns by affecting temperature, humidity, precipitation, and wind. Their interactions
create weather systems like fronts and cyclones.

Air masses are classified based on their source region, temperature, and moisture content. Examples
include Continental Polar (cP), Maritime Tropical (mT), and Continental Arctic (cA). As air masses travel,
they undergo modifications that impact their properties and the weather they bring.

Air Mass Characteristics and Classification

Role of air masses in weather
• Large bodies of air with relatively uniform temperature and moisture characteristics

• Cover hundreds or thousands of square kilometers

• Properties acquired from source region (land or ocean)

• Play a crucial role in determining weather conditions and patterns

• Influence temperature, humidity, precipitation, and wind

• Interactions between different air masses lead to weather systems

• Fronts (boundaries between air masses)

• Cyclones (low-pressure systems)

Classification of air masses
• Based on source region

• Continental (c): Originate over land masses

• Maritime (m): Originate over oceans or large bodies of water

• Based on temperature

• Arctic (A): Extremely cold air from polar regions

• Polar (P): Cold air from high latitudes

• Tropical (T): Warm air from low latitudes

• Equatorial (E): Hot air from equatorial regions

• Based on moisture content

• Dry (D): Low humidity due to limited moisture sources

• Moist (M): High humidity from evaporation over water bodies
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• Examples of air mass classifications

• cP (Continental Polar): Cold, dry air from northern Canada and Alaska

• mT (Maritime Tropical): Warm, humid air from tropical oceans

• cA (Continental Arctic): Extremely cold, dry air from the Arctic

Properties and impact of air masses
• Continental Polar (cP)

• Cold and dry properties

• Originates over northern Canada and Alaska

• Brings clear skies and cold temperatures to regions it affects

• Maritime Tropical (mT)

• Warm and humid characteristics

• Originates over warm tropical oceans (Gulf of Mexico, Caribbean Sea)

• Brings warm, humid weather and potential for thunderstorms

• Continental Arctic (cA)

• Extremely cold and dry conditions

• Originates over the Arctic region

• Brings severe cold and clear skies to affected areas

• Maritime Polar (mP)

• Cool and moist properties

• Originates over the North Pacific and North Atlantic oceans

• Brings cool, damp weather and potential for precipitation (rain, snow)

Modification of air masses
• Thermodynamic changes occur as air masses travel over different surfaces

• Heating from below

• Air mass passes over a warmer surface (land or water)

• Increases temperature and instability, leading to convection

• Cooling from below

• Air mass passes over a cooler surface (land or water)

• Decreases temperature and increases stability, suppressing vertical motion

• Addition of moisture

• Air mass passes over water bodies (oceans, lakes)
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• Increases humidity through evaporation from the surface

• Removal of moisture

• Precipitation occurs as the air mass moves over land

• Decreases humidity as moisture is lost through rainfall or snowfall

• Mixing with other air masses

• Frontal zones form at the boundaries between different air masses

• Leads to changes in temperature, moisture, and stability

• Warm fronts: Warm air replaces cold air, bringing milder temperatures and precipitation

• Cold fronts: Cold air replaces warm air, bringing cooler temperatures and potential for storms

9.2 Frontal systems and their properties
Frontal systems are dynamic weather phenomena that occur when air masses with different properties
collide. These boundaries between contrasting air masses create distinct weather patterns, including
temperature changes, precipitation, and wind shifts.

Understanding frontal systems is crucial for predicting and interpreting weather patterns. Cold fronts, warm
fronts, occluded fronts, and stationary fronts each have unique characteristics that influence local weather
conditions and can lead to significant meteorological events.

Frontal Systems

Formation of frontal systems
• Fronts form at boundaries between air masses with different properties

• Temperature differences between air masses create density differences

• Humidity variations affect air mass characteristics and stability

• Density differences lead to pressure gradients along the boundary

• Frontal formation process involves the interaction of contrasting air masses

• Two air masses with different temperatures and densities meet and create a boundary

• Pressure gradient forms along the boundary due to the air mass differences

• Wind flow is altered near the frontal boundary due to the pressure differences

• Frontal structure is characterized by the interaction of warm and cold air

• Warm air rises over cold air along a warm front, creating a gentle frontal slope

• Cold air undercuts warm air along a cold front, resulting in a steep frontal slope

• Narrow transition zone exists between the contrasting air masses at the front

• Pressure trough forms along the frontal boundary due to the air mass differences
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Types of weather fronts
• Cold fronts occur when cold air advances and replaces warm air

• Steep frontal slope (30-50 km wide) due to the density difference between air masses

• Narrow band of precipitation forms ahead of the front as warm air is lifted

• Abrupt weather changes occur, including a sharp temperature drop and wind shift

• Warm fronts occur when warm air advances and replaces cold air

• Gentle frontal slope (80-150 km wide) as warm air gradually rises over cold air

• Broad area of precipitation forms ahead of the front as warm air cools and condenses

• Gradual weather changes occur, including a slow temperature rise and increasing cloud cover

• Occluded fronts form when a cold front overtakes a warm front

• Two types of occluded fronts: warm occlusion and cold occlusion

• Warm occlusion occurs when warm air is aloft and cold air is at the surface

• Cold occlusion occurs when cold air is both aloft and at the surface

• Complex weather patterns develop with mixed precipitation types (rain, snow, sleet)

• Stationary fronts occur when a front remains nearly stationary with no significant movement

• Prolonged periods of cloudy and wet weather can occur near the frontal boundary

• Temperature contrast remains along the frontal boundary, with no significant mixing

Weather conditions at fronts
• Pre-frontal conditions vary depending on the type of front

• Warm front: increasing cloudiness, falling pressure, and steady temperatures occur ahead of the front

• Cold front: decreasing cloudiness, rising pressure, and steady temperatures occur ahead of the front

• Post-frontal conditions also differ based on the type of front

• Warm front: clearing skies, rising pressure, and warmer temperatures occur behind the front

• Cold front: clearing skies, rising pressure, and colder temperatures occur behind the front

• Precipitation patterns are influenced by the type of front

• Warm fronts typically produce prolonged periods of light to moderate precipitation

• Cold fronts often generate brief but intense showers or thunderstorms

• Wind shifts are characteristic of frontal passages

• Warm fronts are associated with gradual wind shifts (southeast to southwest)

• Cold fronts are associated with abrupt wind shifts (southwest to northwest)
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Interpretation of frontal symbols
• Frontal symbols on weather maps and charts convey important information

• Cold front: blue line with triangles pointing in the direction of movement

• Warm front: red line with semicircles pointing in the direction of movement

• Occluded front: purple line with alternating triangles and semicircles

• Stationary front: alternating red and blue line with triangles and semicircles on opposite sides

• Interpreting frontal movement is based on the direction of the symbols

• Direction of triangles or semicircles indicates the direction of frontal movement

• Speed of movement can be inferred from the distance between previous and current positions

• Identifying air masses is possible based on their location relative to fronts

• Cold air mass is located behind a cold front or ahead of a warm front

• Warm air mass is located behind a warm front or ahead of a cold front

9.3 Mid-latitude cyclone structure and life cycle
Mid-latitude cyclones are complex weather systems that bring diverse conditions to temperate regions.
These low-pressure systems feature a warm sector between warm and cold fronts, rotating
counterclockwise in the Northern Hemisphere and clockwise in the Southern Hemisphere.

The life cycle of a mid-latitude cyclone progresses through initial, open wave, occluded, and dissipating
stages. Fronts play a crucial role, marking boundaries between air masses and providing energy for
cyclone development through temperature gradients and wind shear.

Mid-Latitude Cyclone Structure

Structure of mid-latitude cyclones
• Low pressure center at the heart of the cyclone

• Counterclockwise rotation in the Northern Hemisphere (hurricane)

• Clockwise rotation in the Southern Hemisphere (cyclone)

• Warm sector situated between the warm front and cold front

• Characterized by warm, moist air originating from lower latitudes

• Cold sector located behind the cold front

• Characterized by cold, dry air originating from higher latitudes (polar regions)

• Fronts mark the boundaries between air masses of different temperatures and densities

• Cold front represents the leading edge of the cold air mass

• Symbolized by a blue line with triangles pointing in the direction of movement

• Warm front represents the leading edge of the warm air mass



Fiveable archived study guides Page 66

• Symbolized by a red line with semicircles pointing in the direction of movement

• Occluded front forms when the cold front overtakes the warm front

• Symbolized by a purple line with alternating triangles and semicircles

• Upper-level features play a crucial role in cyclone development

• Divergence aloft supports rising motion and low pressure development at the surface

• Jet stream provides upper-level support and energy for cyclone intensification (Rossby waves)

Life cycle of mid-latitude cyclones
1. Initial stage begins with a wave developing along a stationary front - Pressure falls at the surface low
as the wave amplifies

2. Open wave stage sees continued pressure fall at the surface low - Cold front and warm front begin to
take shape and extend outward

3. Occluded stage occurs when the cold front overtakes the warm front - Occluded front forms and
pressure reaches its minimum at the surface low

4. Dissipating stage marks the weakening of the cyclone - Pressure begins to rise at the surface low as
fronts weaken and dissipate

Role of fronts in cyclone development
• Fronts serve as boundaries between air masses of different temperatures and densities (polar vs.
tropical)

• Frontal boundaries are regions of strong temperature gradients and wind shear

• Provides energy for cyclone development and intensification through baroclinic instability

• Warm front marks the leading edge of warm, moist air

• Associated with a broad area of precipitation ahead of the front (warm air advection)

• Cold front marks the leading edge of cold, dry air

• Associated with a narrow band of strong precipitation along the front (cold air advection)

• Occluded front forms when the cold front overtakes the warm front

• Associated with complex weather patterns and precipitation as warm air is lifted

Weather conditions in cyclone stages
• Initial stage characterized by increasing cloudiness and precipitation along the frontal boundary

• Open wave stage features distinct weather in different sectors

• Warm sector brings warm, moist air with cloudy skies and occasional precipitation

• Ahead of the warm front, steady precipitation (possibly heavy) with stratiform clouds (nimbostratus,
altostratus)

• Behind the cold front, showery precipitation (possibly thunderstorms) with cumuliform clouds
(cumulus, cumulonimbus)
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• Occluded stage marked by wrap-around precipitation near the low pressure center

• Mixture of stratiform and cumuliform clouds as cold and warm air interact

• Dissipating stage sees decreasing precipitation and cloudiness as fronts weaken

Interpretation of cyclone imagery
• Satellite imagery provides valuable insights into cyclone structure and evolution

• Visible satellite imagery shows cloud patterns associated with fronts and the low pressure center

• Infrared satellite imagery depicts the temperature of cloud tops

• Colder cloud tops indicate higher, thicker clouds and more intense precipitation

• Weather maps help track the development and movement of mid-latitude cyclones

• Surface analysis maps show the positions of the low pressure center, fronts, and precipitation

• Upper-air maps (500 mb, 300 mb) reveal upper-level support for cyclone development

• Divergence aloft and jet stream positioning play key roles in cyclone intensification
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Unit 10 – Severe Storms: Thunderstorms
and Tornadoes
10.1 Thunderstorm formation and structure
Thunderstorms are nature's powerful atmospheric engines. They form when moisture, instability, and a
lifting mechanism combine, creating towering clouds that can unleash rain, wind, and lightning.
Understanding their formation and lifecycle is key to predicting their behavior and potential impacts.

Thunderstorms come in various types, each with unique characteristics. From short-lived single-cell storms
to long-lasting supercells with rotating updrafts, these atmospheric phenomena can range from benign rain
showers to severe weather producers capable of spawning tornadoes and large hail.

Thunderstorm Formation and Life Cycle

Conditions for thunderstorm formation
• Moisture

• Abundant water vapor in the lower troposphere enables cloud formation and latent heat release

• Sourced from warm, moist air advected from oceans, lakes, or evapotranspiration from vegetation
(Amazon rainforest)

• Instability

• Conditionally unstable atmosphere allows rising air parcels to accelerate upward through the
troposphere

• Characterized by a steep environmental lapse rate exceeding the moist adiabatic lapse rate

• Enables deep, moist convection and thunderstorm development (severe storms in the US Great
Plains)

• Lifting mechanism

• Provides the initial upward motion for air parcels to overcome stable layers and rise freely

• Orographic lifting forces air up mountain slopes (Rocky Mountains)

• Frontal lifting occurs when warm air rises over denser, cooler air at a front (cold fronts)

• Convergence brings air together at the surface, forcing it to ascend (sea breeze convergence)

• Localized heating creates thermal instability and rising air parcels (summer afternoons)

Stages of thunderstorm life cycle
• Cumulus stage (developing)

• Strong updrafts dominate, fueling cumulus cloud growth

• Updrafts reach speeds of 10-20 m/s, rapidly transporting moisture upward

• Stage lasts about 10-15 minutes (towering cumulus clouds)
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• Mature stage

• Both updrafts and downdrafts coexist within the storm

• Precipitation begins falling from the cloud, initially evaporating into the drier air below

• Heaviest rainfall and strongest winds occur, posing risks to life and property

• Lightning and thunder reach peak frequency (severe weather warnings issued)

• Stage lasts about 15-30 minutes (cumulonimbus clouds with anvil tops)

• Dissipating stage

• Downdrafts dominate as the storm weakens and collapses

• Updrafts weaken and eventually cease, no longer supporting the storm's growth

• Rainfall decreases in intensity as the storm's moisture supply is depleted

• Thunderstorm gradually dissipates, leaving behind a residual anvil cloud

• Stage can last up to an hour or more (light rain and stratiform clouds)

Updrafts and downdrafts in thunderstorms
• Updrafts

• Drive the vertical growth and development of the thunderstorm

• Transport warm, moist air from the lower troposphere to higher altitudes

• Facilitate the formation of the cumulonimbus cloud and its characteristic anvil top

• Strengthen during the cumulus and mature stages, fueling the storm's intensity

• Create a supportive environment for hail growth and tornado formation (supercell storms)

• Downdrafts

• Develop during the mature stage as the storm becomes precipitation-loaded

• Caused by the gravitational pull of falling precipitation and evaporative cooling

• Transport cooler, drier air from aloft down to the surface, undercutting the updraft

• Generate strong, gusty winds at the surface known as downbursts (microbursts, macrobursts)

• Contribute to the eventual dissipation of the thunderstorm by suppressing further updraft development

Types of Thunderstorms

Types of thunderstorms
• Single-cell thunderstorms

• Isolated storms that progress through the typical life cycle stages independently

• Usually last less than an hour, limiting their potential for severe weather

• Can produce brief heavy rainfall, lightning, and occasionally weak, short-lived tornadoes
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• Common in the summer months when instability is high but wind shear is low (Florida)

• Multi-cell thunderstorms

• Clusters of thunderstorms in various stages of development that interact with each other

• New cells continually form as old cells dissipate, allowing the system to persist for hours

• Often organized into squall lines or mesoscale convective systems (derecho events)

• Can produce prolonged heavy rainfall, strong straight-line winds, large hail, and tornadoes

• Require moderate instability and wind shear to develop and maintain their structure

• Supercell thunderstorms

• Highly organized, long-lived (1-4 hours) thunderstorms with a rotating updraft (mesocyclone)

• Deviate from the mean wind direction due to dynamic pressure perturbations around the mesocyclone

• Can produce giant hail (diameter > 2 in), damaging winds (> 58 mph), and strong, long-lived
tornadoes (EF3+)

• Require strong vertical wind shear (  > 20 m/s) and ample instability (CAPE > 2000 J/kg) to develop

• Most common in the US Great Plains during the spring and early summer (Tornado Alley)

10.2 Supercell thunderstorms and tornadogenesis
Supercell thunderstorms are nature's powerhouses, featuring rotating updrafts and unique radar
signatures. These storms are driven by wind shear, which tilts horizontal vorticity into the vertical, creating
the mesocyclone that defines a supercell.

Tornadoes form when the mesocyclone interacts with the rear flank downdraft, intensifying rotation near
the ground. From landspouts to devastating EF5 twisters, tornadoes come in various types and strengths,
each posing unique challenges for forecasters and communities.

Supercell Thunderstorm Characteristics

Key features of supercell thunderstorms
• Mesocyclone

• Rotating updraft within the supercell spans 2-10 km in diameter and extends through a significant
depth of the storm, driving the storm's rotation and severity

• Bounded weak echo region (BWER)

• Area of weak radar reflectivity within the updraft indicates strong updraft velocities, allowing the storm
to maintain its intensity and structure

• Hook echo

• Radar signature indicating the presence of a mesocyclone, often associated with the rear flank
downdraft (RFD) and potential tornado development

• Forward flank downdraft (FFD)
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• Downward motion ahead of the main updraft can cause damaging straight-line winds (downbursts)
and contribute to the storm's overall structure

• Rear flank downdraft (RFD)

• Downward motion behind the main updraft plays a crucial role in tornadogenesis by wrapping around
the mesocyclone and creating low-level convergence

Wind shear in supercell formation
• Wind shear is the change in wind speed and/or direction with height

• Vertical wind shear is essential for supercell development 1. Causes horizontal vorticity to be tilted into
the vertical 2. Contributes to the formation of the mesocyclone, allowing the storm to maintain its
rotation

• Directional wind shear

• Changes in wind direction with height enhance storm rotation and longevity, helping the supercell
persist for hours

• Speed shear

• Changes in wind speed with height help to separate updrafts and downdrafts within the storm,
preventing the storm from dissipating quickly

Tornadogenesis and Tornado Types

Tornadogenesis in supercells
• Interaction between the mesocyclone and the rear flank downdraft (RFD) 1. RFD wraps around the
mesocyclone, creating a region of low-level convergence 2. Stretches and intensifies vertical vorticity
near the ground, setting the stage for tornado formation

• Formation of a tornado vortex signature (TVS)

• Indicates the presence of a concentrated rotation within the mesocyclone, often preceding tornado
formation and serving as a warning sign

• Lowering of the wall cloud

• Rotating cloud base associated with the mesocyclone indicates the potential for tornado development
as the rotation extends closer to the ground

• Condensation funnel

• Visible funnel cloud extending from the wall cloud may or may not reach the ground initially, but
signals the presence of a developing tornado

Types and scales of tornadoes
• Landspout tornadoes

• Non-mesocyclone tornadoes formed by stretching of pre-existing vertical vorticity near the ground,
generally weaker and shorter-lived than supercell tornadoes (waterspouts over land)

• Waterspout tornadoes
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• Tornadoes that occur over water can be either mesocyclonic (associated with supercells) or
non-mesocyclonic (similar to landspouts)

• Enhanced Fujita (EF) Scale

• Used to rate tornado intensity based on damage caused, ranging from EF0 (weakest) to EF5
(strongest)

• Wind speed estimates for each category:

1. EF0: 65-85 mph (minor damage)

2. EF1: 86-110 mph (moderate damage)

3. EF2: 111-135 mph (considerable damage)

4. EF3: 136-165 mph (severe damage)

5. EF4: 166-200 mph (devastating damage)

6. EF5: >200 mph (incredible damage)

10.3 Severe weather phenomena and their impacts
Thunderstorms can pack a powerful punch, unleashing hail, strong winds, and flash floods. These severe
weather phenomena can wreak havoc on crops, vehicles, and buildings, while posing serious risks to
human life and infrastructure.

Microbursts, a particularly dangerous thunderstorm feature, form when cool, dense air rapidly descends.
These intense, localized wind events can cause major damage and create hazardous conditions for
aircraft. Understanding these risks helps us prepare and stay safe.

Severe Weather Phenomena and Impacts

Severe weather from thunderstorms
• Hail

• Forms when strong updrafts in thunderstorms carry water droplets above the freezing level where they
freeze and grow as they collide with supercooled water droplets

• Ranges in size from pea-sized to grapefruit-sized or larger

• Causes significant damage to crops (corn, wheat), vehicles, and structures (roofs, windows)

• Strong winds

• Downbursts: Rapidly descending air from a thunderstorm causes damaging straight-line winds at the
surface

• Macrobursts: Downbursts with a diameter greater than 4 km and lasting 5-20 minutes

• Microbursts: Downbursts with a diameter less than 4 km and lasting 2-5 minutes

• Gust fronts: The leading edge of cool air rushing out from a thunderstorm, often associated with a
sudden wind shift and increased wind speeds

• Can uproot trees, damage power lines, and cause structural damage to buildings
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• Flash floods

• Caused by heavy rainfall from slow-moving or stationary thunderstorms, leading to rapid flooding in
low-lying areas, particularly in urban settings with impervious surfaces (concrete, asphalt)

• Severity affected by rainfall intensity, duration, location, soil moisture, terrain, and land use

• Pose dangers such as road closures, damage to infrastructure (bridges, culverts), and risk to human
life

Microbursts: formation and impacts
• Formation

• Caused by a downdraft of cool, dense air from a thunderstorm

• Evaporative cooling: As precipitation falls through dry air beneath the cloud, evaporation cools the air,
making it denser and accelerating its descent

• Characteristics

• Intense, localized winds with speeds exceeding 75 m/s (168 mph) in severe cases

• Divergent wind pattern: As the downdraft reaches the surface, it spreads out in all directions

• Short duration, typically lasting 2-5 minutes

• Potential impacts

• Aviation hazards: Cause rapid changes in wind speed and direction, leading to aircraft accidents,
particularly during takeoff and landing

• Damage to structures (buildings, trees, power lines) due to strong winds

• In dry regions, can pick up dust and create a wall of dust known as a haboob

Consequences of severe weather
• Loss of life due to flooding, lightning strikes, wind-related accidents, and other hazards

• Injuries from flying debris, falling trees, or being caught in floodwaters

• Property damage

• Residential and commercial buildings damaged by strong winds, hail, and flooding

• Vehicles damaged by hail, falling trees, or floodwaters

• Agricultural losses: Destruction of crops (soybeans, cotton) leading to economic losses for farmers
and potentially affecting food prices and availability

• Infrastructure damage

• Transportation networks (roads, bridges, railways) damaged by flooding or debris, disrupting travel
and commerce

• Power outages caused by strong winds and lightning damaging power lines

• Business interruptions due to temporary closures, leading to lost revenue and productivity
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• Increased insurance costs for individuals and businesses in areas frequently affected by severe
weather events

Importance of weather forecasting
• Early warning

• Allows individuals and communities to take protective actions (seeking shelter, evacuating)

• Provides time for businesses to secure property and protect employees

• Enables emergency services to prepare and stage resources

• Improved forecasting techniques

• Numerical weather prediction models: High-resolution models simulate the development and evolution
of severe weather systems

• Radar and satellite observations provide real-time data on location, intensity, and movement of severe
weather

• Nowcasting: Short-term forecasting techniques use current observations to predict the development
and movement of severe weather in the next few hours

• Dissemination of warnings

• Wireless Emergency Alerts send warnings directly to cell phones in affected areas

• NOAA Weather Radio provides continuous broadcasts of weather information and warnings

• Media outlets (television, radio, internet) spread warnings to a wide audience

• Reduces economic losses by minimizing damage to property and infrastructure through early
warnings and preparedness measures

• Saves lives by providing timely and accurate warnings, helping people take action to protect
themselves and others during severe weather events
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Unit 11 – Tropical Weather and Hurricane
Systems
11.1 Tropical cyclone formation and structure
Tropical cyclones are nature's most powerful storms, forming over warm ocean waters. They require
specific conditions like warm sea temperatures, atmospheric instability, and low wind shear to develop into
swirling giants of wind and rain.

The structure of a mature tropical cyclone is a marvel of meteorology. With a calm eye at the center,
surrounded by an eyewall of intense winds and rain, these storms showcase the raw power of atmospheric
dynamics.

Tropical Cyclone Formation

Environmental conditions for tropical cyclones
• Warm sea surface temperatures (SSTs) of at least 26.5°C (80°F) extend to a depth of 50 m or more,
providing energy for storm development

• Atmospheric instability allows for deep convection and promotes thunderstorm formation, fueling the
cyclone's growth

• High humidity (at least 50%) in the lower to middle troposphere sustains deep convection and
supports the cyclone's development

• Low vertical wind shear (less than 10 m/s) between the lower and upper troposphere allows the
tropical cyclone to maintain its vertical structure

• Sufficient Coriolis force, typically at least 500 km from the equator, enables the storm to develop
rotation (counterclockwise in N. Hemisphere, clockwise in S. Hemisphere)

Tropical Cyclone Structure

Structure of mature tropical cyclones
• Warm core system with temperature increasing towards the center, helping maintain low surface
pressure

• Low surface pressure creates a pressure gradient that drives strong winds

• Eyewall surrounds the eye, containing the strongest winds and heaviest precipitation

• Eye is a calm, clear region at the center with subsiding air, light winds, and clear skies

• Rainbands are spiral bands of convection and precipitation extending outward from the eyewall

Coriolis force in cyclone rotation
• Coriolis force results from Earth's rotation, deflecting moving objects to the right in N. Hemisphere and
left in S. Hemisphere

• Coriolis force strengthens with increasing latitude, weaker near the equator
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• Coriolis force causes tropical cyclones to rotate counterclockwise in N. Hemisphere and clockwise in
S. Hemisphere

Eye vs eyewall vs rainbands
• Eye: calm, clear center (20-50 km diameter) with subsiding air, light winds, and clear skies

• Eyewall: surrounds eye, contains strongest winds and heaviest precipitation, most intense convection

• Rainbands: spiral bands of convection and precipitation extending outward from eyewall, lower wind
speeds and precipitation compared to eyewall

11.2 Hurricane intensification and decay processes
Hurricanes are nature's powerhouses, fueled by warm ocean waters and shaped by atmospheric
conditions. Their intensification depends on factors like sea surface temperatures, wind shear, and
moisture levels. Understanding these processes is crucial for predicting hurricane behavior and potential
impacts.

As hurricanes evolve, they undergo complex cycles of strengthening and weakening. Eyewall replacement
cycles can temporarily pause intensification, while landfall, cooler waters, and unfavorable atmospheric
conditions lead to decay. Ocean heat content plays a vital role in sustaining hurricane strength.

Hurricane Intensification and Decay Processes

Factors in hurricane intensification
• Warm sea surface temperatures (SSTs)

• Provide energy for hurricane development and intensification through increased evaporation and
latent heat release

• Typically need to be at least 26.5°C (80°F) for hurricane formation (Gulf of Mexico, Caribbean Sea)

• Low vertical wind shear

• Change in wind speed or direction with height is minimal, allowing hurricane to maintain its vertical
structure

• High wind shear disrupts storm structure and weakens it (Saharan Air Layer, upper-level troughs)

• Moist mid-level atmosphere

• Sustains deep convection and thunderstorm activity, increasing latent heat release which drives
intensification

• Dry air intrusion suppresses convection and weakens storm (subsidence from high-pressure systems)

• Upper-level divergence

• Removes air from top of hurricane, enhancing low-level convergence and inflow to support
intensification

• Typically associated with anticyclones or outflow channels (Tropical Upper Tropospheric Trough)

Eyewall replacement cycle impact
• Intense hurricanes undergo eyewall replacement cycles (ERCs)
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• During an ERC: 1. Outer rainbands organize and form secondary eyewall 2. Secondary eyewall
contracts and intensifies while inner eyewall weakens 3. Inner eyewall dissipates and secondary
eyewall becomes new primary eyewall

• Hurricane may temporarily weaken or maintain intensity during ERC

• After ERC completion, hurricane can re-intensify if conditions remain favorable

• Multiple ERCs can occur during hurricane's lifetime (Hurricane Ivan 2004)

• ERCs make intensity forecasting more challenging

Conditions for hurricane decay
• Landfall

• Cuts off hurricane's warm ocean water energy source

• Increases friction which slows wind speeds (roughness of land surface)

• Land interaction disrupts hurricane's structure

• Movement over cooler waters

• Reduces available energy to maintain intensity

• Cooler waters provide less latent heat release (hurricanes moving northward over Atlantic)

• Increased vertical wind shear

• Disrupts hurricane's structure and circulation

• Tilts vortex, making it less efficient at maintaining intensity

• Dry air intrusion

• Entrainment of dry air suppresses convection and weakens storm

• Dry air sources include Saharan Air Layer (SAL) or subsidence from nearby high-pressure systems

Ocean heat content role
• Ocean heat content (OHC) is total heat stored in upper ocean

• OHC depends on sea surface temperature and depth of warm water layer

• Higher OHC provides more energy for hurricane intensification and maintenance

• Hurricanes mix up cooler water from below which can limit intensification

• Deeper warm water layer (high OHC) reduces this effect allowing continued intensification

• OHC is better predictor of hurricane intensity than SST alone

• Hurricanes can intensify over regions with high OHC even if SSTs are not exceptionally warm (Loop
Current in Gulf of Mexico)

• Monitoring OHC helps improve intensity forecasts especially for slow-moving or stationary hurricanes
(Hurricane Ida 2021)
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11.3 Tropical cyclone forecasting and impacts
Tropical cyclone forecasting relies on advanced tools like satellite imagery, numerical models, and
reconnaissance aircraft. These help predict storm tracks and intensities, but challenges remain in
forecasting rapid intensification and eyewall replacement cycles.

Tropical cyclones have devastating impacts, including storm surge, flooding, and high winds. The
Saffir-Simpson scale categorizes hurricanes, but has limitations. Effective communication and
preparedness are crucial for mitigating impacts and building community resilience.

Tropical Cyclone Forecasting Techniques and Tools

Tools for cyclone forecasting
• Satellite imagery provides critical information for cyclone forecasting

• Visible imagery shows cloud structure and organization, aiding in identifying eye formation and
eyewall replacement cycles

• Infrared imagery indicates cloud top temperatures and convective activity, helping determine cyclone
intensity

• Microwave imagery penetrates clouds to reveal inner core structure, locating the center of circulation
and assessing storm organization

• Numerical weather prediction models are essential tools for cyclone forecasting

• Global models (GFS, ECMWF) provide long-range forecasts and general steering patterns

• Regional models (HWRF, HMON) offer higher resolution and more detailed forecasts

• Ensemble modeling runs multiple simulations with slightly different initial conditions to quantify
uncertainty in track and intensity forecasts

• Reconnaissance aircraft provide in-situ measurements of wind speed, pressure, and temperature to
refine initial conditions for numerical models

• Radar identifies rainbands, eyewall structure, and potential for tornadoes

• Scatterometers measure ocean surface winds to assess cyclone intensity and structure

Challenges in cyclone prediction
• Intensity prediction is challenging due to factors such as rapid intensification, eyewall replacement
cycles, and internal storm dynamics

• Rapid intensification occurs when favorable environmental conditions align and is difficult to predict
due to complex storm-environment interactions

• Eyewall replacement cycles can cause fluctuations in storm intensity and are challenging to forecast in
timing and impact

• Small-scale processes within the storm can affect intensity but are difficult to resolve in numerical
models due to their coarse resolution

• Track prediction challenges include interaction with environmental steering currents, land interaction,
and model initialization
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• Changes in steering currents can cause shifts in storm track, and accuracy depends on predicting the
evolution of the steering environment

• Proximity to land can affect storm track and intensity, and modeling the impact of land on storm
structure and motion is challenging

• Accurate initial conditions are crucial for track forecasting, but limited observations over the ocean can
lead to uncertainties in model initialization

Tropical Cyclone Impacts and Communication

Saffir-Simpson scale and limitations
• The Saffir-Simpson Hurricane Wind Scale categorizes hurricanes based on maximum sustained wind
speeds

• Category 1: 74-95 mph, Category 2: 96-110 mph, Category 3: 111-129 mph, Category 4: 130-156
mph, Category 5: 157 mph or higher

• Used to estimate potential property damage and coastal flooding

• Limitations of the Saffir-Simpson scale include focusing solely on wind speed, not considering storm
size or duration of hurricane-force winds, and not accounting for local factors (building codes,
topography, infrastructure)

Impacts of tropical cyclones
• Storm surge is a rise in sea level caused by the storm's low pressure and strong winds, leading to
coastal flooding and erosion

• Surge depends on factors such as storm intensity, size, forward speed, and coastal bathymetry

• Heavy rainfall from cyclones can produce intense rainfall rates and high total accumulations, causing
inland flooding, particularly in areas with poor drainage or near rivers and streams

• Strong winds can damage structures, infrastructure, and vegetation, and generate tornadoes,
particularly in the right-front quadrant of the storm

• Other impacts include rip currents and high waves, landslides and mudslides in mountainous areas,
and economic and social disruption

Communication for cyclone preparedness
• Effective communication is crucial for mitigating cyclone impacts

• Clear and consistent messaging ensures the public receives accurate and timely information

• Tailored communication strategies consider the needs of different audiences (vulnerable populations,
non-native speakers)

• A multi-channel approach utilizes various platforms (social media, television, radio, text alerts) to
reach a wide audience

• Collaboration between agencies promotes a unified message and reduces confusion

• Preparedness measures include emergency planning, disaster supply kits, structural mitigation,
coastal protection, and insurance coverage
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• Benefits of effective communication and preparedness include reducing loss of life and property
damage, facilitating faster recovery and rebuilding efforts, and enhancing community resilience to future
cyclone events
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Unit 12 – Weather Forecasting &
Numerical Prediction
12.1 Basic principles of weather forecasting
Weather forecasting combines science and art to predict atmospheric conditions. It relies on numerical
models, statistical methods, and real-time observations to create short-term to long-range forecasts for
various purposes.

Forecasters use surface, upper-air, radar, and satellite data to understand current conditions. Despite
advanced technology, chaos theory and model uncertainties limit long-term predictability, highlighting the
importance of clear communication and understanding forecast limitations.

Fundamentals of Weather Forecasting

Principles of weather forecasting
• Numerical Weather Prediction (NWP)

• Mathematical models of atmosphere and oceans predict weather based on current conditions

• Solves complex equations describing motion of air and water

• Examples: Global Forecast System (GFS), European Centre for Medium-Range Weather Forecasts
(ECMWF)

• Statistical methods

• Historical data and patterns predict future weather conditions

• Examples: Analog forecasting, regression analysis, machine learning techniques (neural networks,
decision trees)

• Ensemble forecasting

• Multiple model runs with slightly different initial conditions create range of possible outcomes

• Quantifies uncertainty in forecast and improves overall accuracy

• Combines results from various models to create probabilistic forecast

• Nowcasting

• Short-term forecasting (0-6 hours) based on current observations and trends

• Radar, satellite, and surface observations extrapolate near-term changes in weather

• Useful for severe weather warnings and short-term decision making (airport operations, outdoor
events)

Types of weather forecasts
• Short-range forecasts (0-3 days)

• Daily planning, severe weather warnings, emergency management
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• Examples: local weather reports, aviation forecasts (TAFs), marine forecasts (coastal waters, high
seas)

• Medium-range forecasts (3-10 days)

• Agricultural planning (planting, harvesting), energy demand forecasting, long-term emergency
preparedness

• Example: extended weather outlooks (6-10 day, 8-14 day)

• Long-range forecasts (beyond 10 days)

• Seasonal planning for crop planting, water resource management, energy supply

• Examples: monthly and seasonal outlooks (1-month, 3-month), climate predictions (El Niño/La Niña)

• Specialized forecasts

• Tailored to specific industries or user needs

• Examples: air quality forecasts (ozone, particulate matter), fire weather forecasts (wildfire risk), space
weather forecasts (solar flares, geomagnetic storms)

Atmospheric data in forecasting
• Surface observations

• Weather stations, buoys, ships provide data on temperature, pressure, humidity, wind, precipitation

• Automated stations (ASOS, AWOS) and manual observations (SYNOP, METAR)

• Upper-air observations

• Weather balloons (radiosondes), aircraft, wind profilers provide data on temperature, humidity, wind at
various altitudes

• Soundings and wind profiles crucial for understanding vertical structure of atmosphere

• Radar observations

• Radio waves detect precipitation and wind patterns

• Identify and track severe weather (thunderstorms, tornadoes, hail)

• Examples: Doppler radar (WSR-88D), dual-polarization radar

• Satellite observations

• Global coverage of weather patterns, cloud cover, surface conditions

• Monitor large-scale features (hurricanes, frontal systems, jet streams)

• Examples: geostationary satellites (GOES, Himawari), polar-orbiting satellites (NOAA, MetOp)

• Data assimilation

• Incorporates observations into numerical weather models

• Improves accuracy of initial conditions and model forecasts

• Techniques: 3D-Var, 4D-Var, Ensemble Kalman Filter (EnKF)
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Limitations of weather predictions
• Chaos theory and the "butterfly effect"

• Small changes in initial conditions lead to large differences in forecast over time

• Limits predictability of weather beyond 10-14 days

• Lorenz's famous example: a butterfly flapping its wings can influence weather patterns weeks later

• Model uncertainties

• Imperfect representation of atmospheric processes and interactions in numerical models

• Simplified parameterizations of sub-grid scale phenomena (cloud formation, turbulence)

• Assumptions and approximations in model physics and dynamics

• Observation limitations

• Incomplete spatial and temporal coverage of observations

• Measurement errors and biases in observing systems (instrument calibration, site location)

• Data gaps in remote areas (oceans, polar regions, developing countries)

• Forecast interpretation and communication

• Challenges in conveying probabilistic information and uncertainty to users

• Misinterpretation or misuse of forecast information by decision-makers and the public

• Need for clear, concise, and actionable communication of weather risks and impacts

12.2 Numerical weather prediction models and techniques
Numerical Weather Prediction models are the backbone of modern forecasting. They use complex math
and current observations to simulate future weather. These models break down the atmosphere into grid
points, solving equations for each to predict how conditions will change.

NWP models handle various physical processes, from air movement to cloud formation. They use
simplified equations and clever tricks to represent small-scale events they can't directly simulate. Data
assimilation helps improve forecasts by blending real-world observations with model predictions.

Fundamentals of Numerical Weather Prediction (NWP) Models

Concepts of NWP models
• NWP models simulate future atmospheric conditions using computer simulations

• Utilize current weather observations and mathematical equations representing physical processes
(Navier-Stokes equations, thermodynamic equations)

• Key components of NWP models include:

• Dynamical core solves equations of motion governing atmospheric flow (primitive equations)

• Physical parameterizations represent sub-grid scale processes (radiation, convection, turbulence)
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• Data assimilation incorporates observations to improve initial conditions (3D-Var, 4D-Var, Ensemble
Kalman Filter)

• NWP models discretize the atmosphere into grid points with:

• Horizontal resolution specifying distance between grid points (1 km, 10 km)

• Vertical resolution defining number of layers in the atmosphere

• Boundary conditions specify the atmospheric state at the edges of the model domain

• Initial conditions represent the current atmospheric state used to start the model (generated from data
assimilation)

Physical processes in NWP
• Equations of motion describe the movement of air in the atmosphere:

• Navier-Stokes equations represent conservation of momentum

• Continuity equation represents conservation of mass

• Thermodynamic equation represents conservation of energy

• Primitive equations simplify the equations of motion used in NWP models by:

• Assuming hydrostatic balance where vertical pressure gradient force balances gravity

• Neglecting small-scale turbulent motions

• Parameterization schemes represent sub-grid scale processes:

• Radiation transfers energy through electromagnetic waves

• Microphysics involves formation and evolution of cloud droplets and precipitation

• Convection transports heat and moisture vertically due to buoyancy

• Turbulence encompasses small-scale, chaotic motions that mix the atmosphere

• Surface processes involve interactions between the atmosphere and Earth's surface (land, ocean)

Data Assimilation and Model Performance

Data assimilation for NWP
• Data assimilation combines observations with model predictions to improve initial conditions

• Observations include measurements of atmospheric variables (temperature, pressure, wind)

• Model predictions estimate atmospheric state based on previous model run

• Data assimilation is important for: 1. Reducing errors in initial conditions, leading to more accurate
forecasts 2. Incorporating real-world observations into the model 3. Correcting model biases and drift

• Common data assimilation techniques:

• 3D-Var minimizes the difference between observations and model state at a single time

• 4D-Var minimizes the difference between observations and model state over a time window
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• Ensemble Kalman Filter uses an ensemble of model states to estimate optimal initial conditions

• Observation types assimilated include satellite data, radar, weather balloons, surface stations, and
aircraft measurements

NWP models vs techniques
• Global models (GFS, ECMWF) provide:

• Advantages: Forecasts for the entire Earth, capturing large-scale atmospheric patterns

• Limitations: Coarser resolution, may not resolve small-scale features

• Regional models (WRF, HRRR) offer:

• Advantages: Higher resolution, better representation of local weather phenomena

• Limitations: Limited area coverage, require boundary conditions from global models

• Ensemble forecasting:

• Advantages: Provides probabilistic forecasts, accounts for uncertainty in initial conditions and model
physics

• Limitations: Computationally expensive, requires interpretation of multiple scenarios

• Coupled models (atmosphere-ocean, atmosphere-chemistry) have:

• Advantages: Represent interactions between different Earth system components

• Limitations: Increased complexity, higher computational costs, require additional data and
parameterizations

• Machine learning and AI techniques can:

• Advantages: Improve model performance, efficiently process large amounts of data

• Limitations: Require extensive training data, may not capture physical processes explicitly, face
interpretability challenges

12.3 Ensemble forecasting and probabilistic predictions
Weather forecasting has evolved beyond single predictions to ensemble forecasting. This method runs
multiple simulations with slight variations, capturing a range of possible outcomes. It's like getting multiple
expert opinions instead of relying on just one.

Ensemble forecasting leads to probabilistic predictions, expressing weather events as likelihoods. This
approach gives us a more nuanced understanding of potential outcomes, helping decision-makers in
various fields assess risks and plan accordingly.

Ensemble Forecasting

Concept of ensemble forecasting
• Method of weather prediction using multiple model runs accounts for uncertainties in initial conditions
and model physics

• Runs numerical weather prediction model multiple times with slightly different initial conditions or
model configurations captures range of possible future atmospheric states
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• Provides probabilistic assessment of future weather conditions quantifies uncertainty in forecasts
enables better risk assessment and decision-making (agriculture, energy, transportation)

Methods for ensemble generation
• Perturbation of initial conditions makes small changes to initial atmospheric state used in model runs
accounts for uncertainties in observations and data assimilation

• Perturbation of model physics varies model parameters (convection schemes, boundary layer
parameterizations) addresses uncertainties in representation of physical processes

• Multi-model ensembles combine forecasts from different numerical weather prediction models
leverages strengths of individual models reduces model-specific biases

• Advantages of ensemble forecasting: 1. Provides range of possible outcomes allows better
assessment of forecast uncertainty 2. Improves overall accuracy of weather forecasts especially for
longer lead times 3. Enables development of probabilistic forecasts more informative than deterministic
forecasts

Probabilistic Predictions

Interpretation of probabilistic forecasts
• Express likelihood of specific weather events occurring presented as probabilities or percentages
(60% chance of rain) provide information on uncertainty associated with forecast

• Higher probabilities indicate greater likelihood of event occurring

• Lower probabilities suggest lower chance of event occurring but do not rule it out entirely

• Implications for decision-making allow consideration of risks and potential outcomes associated with
different actions enable development of contingency plans and risk management strategies help
optimize resource allocation and minimize potential losses in weather-sensitive industries

Challenges in ensemble predictions
• Computational resources: 1. Running multiple model simulations requires significant computational
power and storage capacity 2. Limits number of ensemble members and resolution of models

• Model uncertainties ensemble forecasts still subject to uncertainties in representation of physical
processes imperfect understanding of atmosphere and its interactions with other Earth systems

• Communicating probabilistic forecasts can be complex and challenging to convey to general public
requires effective communication strategies to ensure proper interpretation and use

• Verification and evaluation assessing skill and reliability of ensemble forecasts and probabilistic
predictions more complex than traditional deterministic forecasts requires specialized verification
metrics and techniques to account for probabilistic nature of forecasts

12.4 Weather data analysis and interpretation
Weather data analysis techniques are crucial for understanding and predicting atmospheric conditions.
From satellite imagery to radar data, these tools help meteorologists interpret complex weather patterns
and phenomena, enabling accurate forecasts and timely warnings.
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Statistical and communication techniques are essential for analyzing weather patterns and conveying
information effectively. Time series analysis, spatial analysis, and correlation studies help identify trends
and relationships, while clear maps, charts, and presentations ensure weather information is understood
by diverse audiences.

Weather Data Analysis Techniques

Analysis of weather data
• Satellite imagery interpretation

• Visible satellite imagery reveals cloud identification and distribution, shadows and terrain features
(mountains, valleys)

• Infrared satellite imagery shows cloud top temperatures, helps identify frontal systems (cold fronts,
warm fronts) and atmospheric boundaries

• Water vapor imagery identifies moist and dry regions in the upper atmosphere, locates jet streams
(polar jet, subtropical jet) and upper-level dynamics

• Radar data interpretation

• Reflectivity indicates precipitation intensity and distribution, identifies convective (thunderstorms) and
stratiform precipitation (steady rain)

• Doppler velocity measures wind speed and direction, identifies rotation (mesocyclones) and wind
shear

• Polarimetric radar products classify hydrometeors (rain, snow, hail), identify non-meteorological
echoes (birds, insects, debris)

• Surface observation analysis

• METAR and SPECI reports are decoded and interpreted to identify trends and changes in surface
weather conditions (temperature, dew point, wind)

• Synoptic weather maps are plotted and analyzed to identify high and low pressure systems, fronts
(stationary, occluded), and other features

Interpretation of meteorological tools
• Nowcasting and short-term forecasting

• Identify and track severe weather threats (tornadoes, severe thunderstorms)

• Monitor the evolution of precipitation systems (squall lines, hurricanes)

• Update and refine weather forecasts based on real-time data (radar, satellite, observations)

• Synoptic-scale weather analysis

• Identify large-scale atmospheric circulation patterns (Rossby waves, blocking patterns)

• Analyze the development and movement of weather systems (mid-latitude cyclones, anticyclones)

• Assess the potential for significant weather events (blizzards, heat waves)

• Mesoscale weather analysis
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• Identify local-scale weather features (sea breezes, mountain waves)

• Analyze the impact of topography on weather conditions (orographic lift, rain shadows)

• Monitor the development of convective storms (supercells, microbursts) and other small-scale
phenomena

Statistical and Communication Techniques

Techniques for weather pattern analysis
• Time series analysis

• Identify trends, cycles, and anomalies in weather data (temperature, precipitation)

• Calculate and interpret moving averages and other smoothing techniques

• Spatial analysis

• Use interpolation methods (kriging, inverse distance weighting) to create weather maps

• Create contour maps and other spatial visualizations of weather data (temperature, pressure)

• Correlation and regression analysis

• Identify relationships between weather variables (temperature and humidity, wind speed and
pressure)

• Develop and evaluate statistical models for weather prediction

• Climatological analysis

• Calculate and interpret climate normals (30-year averages) and anomalies

• Identify long-term trends and variability in weather patterns (El Niño, La Niña)

Communication of weather information
• Map design principles

• Choose appropriate map projections (Mercator, Lambert Conformal) and scales

• Select effective color schemes (rainbow, diverging) and symbology (isolines, wind barbs)

• Incorporate legends, titles, and other map elements for clarity

• Chart and graph design

• Select appropriate chart types (line for trends, bar for comparisons, scatter for relationships)

• Format axes, labels, and other chart elements for readability

• Highlight key findings and trends with annotations and callouts

• Written communication skills 1. Organize and structure weather reports with clear headings and
sections 2. Use clear and concise language, avoiding jargon and technical terms when possible 3.
Explain technical concepts (advection, convection) to non-expert audiences with analogies and
examples
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• Oral presentation skills 1. Deliver engaging and informative weather briefings with a clear introduction,
main points, and conclusion 2. Respond to questions and feedback from the audience with patience
and clarity 3. Adapt communication style to different contexts (public, media, aviation) and audiences
(general public, scientists)



Fiveable archived study guides Page 90

Unit 13 – Atmospheric Chemistry & Air
Pollution
13.1 Atmospheric chemical composition and reactions
The atmosphere's chemical composition is a complex mix of gases and particles. Nitrogen and oxygen
dominate, but trace gases like carbon dioxide and methane play crucial roles in climate and chemistry.
Understanding these components is key to grasping atmospheric processes.

Chemical reactions in the atmosphere shape air quality and climate. Photochemical reactions, driven by
sunlight, and oxidation processes, often initiated by the hydroxyl radical, are fundamental. Factors like
temperature, pressure, and solar radiation influence reaction rates and outcomes.

Atmospheric Chemical Composition

Components of atmospheric composition
• Nitrogen ( ) most abundant component makes up about 78% of the atmosphere

• Oxygen ( ) second most abundant component makes up about 21% of the atmosphere essential for
life and combustion processes

• Argon (Ar) third most abundant component makes up about 0.93% of the atmosphere inert gas does
not participate in chemical reactions

• Water vapor ( ) highly variable concentration ranging from 0.1% to 4% depending on location and
weather conditions (humidity) plays a crucial role in the Earth's energy balance and hydrological cycle

• Carbon dioxide ( ) trace gas with a concentration of about 0.04% (400 ppm) important greenhouse
gas contributes to climate change

• Other trace gases collectively make up less than 0.1% of the atmosphere

• Methane ( ) potent greenhouse gas produced by natural and anthropogenic sources (wetlands,
agriculture, fossil fuel extraction)

• Nitrous oxide ( ) long-lived greenhouse gas produced by microbial processes in soils and oceans
and anthropogenic activities (fertilizer use, industrial processes)

• Ozone ( ) secondary pollutant formed by photochemical reactions protects life from UV radiation in
the stratosphere but harmful to health and vegetation in the troposphere

Trace gases and aerosols
• Trace gases play critical roles in atmospheric chemistry and climate

• Greenhouse gases ( , , ) absorb and emit infrared radiation contributing to the
greenhouse effect and climate change

• Ozone ( ) in the stratosphere absorbs harmful ultraviolet (UV) radiation protecting life on Earth but
acts as a pollutant in the troposphere harming human health and vegetation

• Aerosols are solid or liquid particles suspended in the atmosphere can be natural (dust, sea salt) or
anthropogenic (sulfates, black carbon)
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• Affect the Earth's radiative balance by scattering and absorbing solar radiation leading to cooling or
warming effects depending on their properties and altitude

• Act as cloud condensation nuclei (CCN) and ice nuclei (IN) influencing cloud formation and
precipitation (indirect effect on climate)

• Can have adverse effects on human health when inhaled particularly fine particulate matter (PM2.5)
linked to respiratory and cardiovascular diseases

Atmospheric Chemical Reactions

Key atmospheric chemical reactions
• Photochemical reactions are initiated by the absorption of solar radiation

• Example: Photolysis of nitrogen dioxide ( ) to form nitric oxide (NO) and atomic oxygen (O)

• Atomic oxygen can then react with molecular oxygen to form ozone  where M is
a third molecule (usually  or ) that absorbs excess energy and stabilizes the ozone molecule

• Oxidation processes involve the transfer of electrons from one species to another

• Hydroxyl radical ( ) is the primary oxidant in the troposphere formed by the reaction of excited
atomic oxygen with water vapor 

•  initiates the oxidation of many trace gases such as methane and carbon monoxide
  these reactions help to remove pollutants and

greenhouse gases from the atmosphere but can also lead to the formation of secondary pollutants like
ozone and aerosols

Factors in atmospheric reaction dynamics
• Temperature higher temperatures generally increase reaction rates by providing more kinetic energy
for collisions and can shift equilibrium constants affecting the balance between reactants and products

• Pressure higher pressures increase the frequency of molecular collisions enhancing reaction rates
and can shift equilibrium constants in reactions involving changes in the number of moles of gas

• Concentration of reactants higher concentrations lead to more frequent collisions and faster reaction
rates

• Solar radiation photochemical reactions depend on the intensity and wavelength of available solar
radiation with diurnal and seasonal variations affecting reaction rates

• Presence of catalysts lower the activation energy of reactions increasing rates without being
consumed

• Examples include heterogeneous reactions on aerosol surfaces (ice, mineral dust) and homogeneous
reactions involving trace metals (iron, copper)

13.2 Air pollution sources and types
Air pollution comes from both natural and human-made sources. Volcanoes, wildfires, and dust storms
release pollutants naturally. Meanwhile, vehicles, industries, and agriculture contribute to human-caused
pollution. Understanding these sources is crucial for addressing air quality issues.



Fiveable archived study guides Page 92

Air pollutants can be primary, emitted directly, or secondary, formed through chemical reactions. Major
pollutants include particulate matter, ozone, and nitrogen oxides. These substances can lead to smog
formation and acid rain, causing significant health and environmental impacts.

Air Pollution Sources and Types

Sources of air pollution
• Natural sources

• Volcanic eruptions emit sulfur dioxide, ash, and other particulates into the atmosphere

• Wildfires release smoke, particulate matter, and volatile organic compounds (VOCs) during
combustion (forest fires)

• Dust storms in arid regions (Sahara Desert) generate large amounts of particulate matter that can be
transported long distances

• Biological decay of organic matter produces methane and other organic compounds (wetlands)

• Anthropogenic sources

• Transportation sector, including vehicles (cars, trucks), aircraft, and ships, emits carbon monoxide,
nitrogen oxides, and particulate matter

• Industrial processes such as manufacturing and power generation (coal-fired power plants) release
sulfur dioxide, nitrogen oxides, and particulate matter

• Agricultural activities, including livestock farming (cattle) and fertilizer use, emit ammonia and
methane

• Residential and commercial sources, such as heating, cooking, and waste incineration, produce
particulate matter and VOCs (wood-burning stoves)

Primary vs secondary pollutants
• Primary air pollutants are emitted directly from sources

• Carbon monoxide from vehicle exhaust

• Sulfur dioxide from coal-fired power plants

• Particulate matter from construction sites (dust)

• Secondary air pollutants form in the atmosphere through chemical reactions involving primary
pollutants

• Ozone forms from nitrogen oxides and VOCs in the presence of sunlight

• Sulfuric acid forms from sulfur dioxide and water vapor

• Secondary particulate matter forms from reactions involving ammonia, nitrogen oxides, and sulfur
dioxide (ammonium sulfate)

Characteristics of major air pollutants
• Particulate matter (PM)
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• Solid or liquid particles suspended in the air classified by size: PM10 (diameter < 10 μm) and PM2.5
(diameter < 2.5 μm)

• Health effects include respiratory issues (asthma), cardiovascular disease, and premature death

• Ozone (O3)

• Highly reactive gas formed in the troposphere as a component of photochemical smog

• Health effects include respiratory irritation, reduced lung function, and aggravation of asthma
(wheezing)

• Nitrogen oxides (NOx)

• Includes nitric oxide (NO) and nitrogen dioxide (NO2), contributes to the formation of ozone and acid
rain

• Health effects include respiratory issues, increased susceptibility to infections (pneumonia), and
aggravation of asthma

Formation of smog and acid rain
• Photochemical smog 1. NOx and VOCs react in the presence of sunlight in urban areas with high
concentrations of these pollutants (Los Angeles) 2. Reactions produce ozone and other oxidants 3.
Stagnant atmospheric conditions and temperature inversions trap pollutants near the ground

• Acid rain 1. SO2 and NOx are oxidized in the atmosphere to form sulfuric acid (H2SO4) and nitric acid
(HNO3) 2. Acids dissolve in water droplets and fall as acid rain, snow, or fog

• Environmental effects include acidification of lakes and streams (fish kills), damage to forests and
crops (leaf damage), and corrosion of buildings and infrastructure (limestone erosion)

13.3 Atmospheric transport and dispersion of pollutants
Air pollutants don't just sit still. They move and spread through the atmosphere, influenced by wind,
stability, and turbulence. Understanding these processes helps predict where pollutants end up and how
concentrated they become.

Topography and land use also play a big role in pollutant distribution. Mountains can trap pollutants in
valleys, while cities create their own microclimates. The atmospheric boundary layer, where most pollution
occurs, changes throughout the day, affecting how pollutants mix and spread.

Atmospheric Transport and Dispersion of Pollutants

Transport and dispersion of air pollutants
• Atmospheric stability

• Determines vertical motion and mixing of air masses

• Stable conditions suppress vertical motion and mixing, causing pollutants to remain concentrated near
the source (temperature inversion)

• Unstable conditions enhance vertical motion and mixing, allowing pollutants to disperse more rapidly
(convective boundary layer)

• Wind
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• Advection transports pollutants horizontally in the direction of the prevailing wind (long-range
transport)

• Wind speed and direction influence the rate and direction of pollutant transport

• Higher wind speeds lead to faster dispersion and dilution of pollutants (reduced local concentrations)

• Turbulence

• Mechanical turbulence caused by wind shear and surface roughness (buildings, trees)

• Thermal turbulence caused by solar heating and atmospheric instability (convective updrafts)

• Turbulence enhances mixing and dispersion of pollutants in the vertical and horizontal dimensions

Movement of pollutants in atmosphere
• Advection

• Horizontal transport of pollutants by wind currents

• Pollutants move in the direction of the prevailing wind (downwind transport)

• Diffusion

• Spreading of pollutants due to turbulent mixing in the atmosphere

• Molecular diffusion is negligible at atmospheric scales compared to turbulent diffusion

• Turbulent diffusion is the dominant mechanism for pollutant dispersion (mixing and dilution)

• Deposition

• Removal of pollutants from the atmosphere to the Earth's surface

• Dry deposition involves direct settling of particles or absorption of gases by surfaces (vegetation, soil)

• Wet deposition involves removal of pollutants by precipitation (acid rain, snow)

Factors Influencing Pollutant Distribution

Topography and pollutant distribution
• Topography

• Mountains and valleys can channel or block wind flow, influencing pollutant transport (mountain-valley
breezes)

• Terrain-induced circulations can trap pollutants in valleys or basins (temperature inversions)

• Elevated terrain can act as a barrier to pollutant transport, causing accumulation on the windward side
(orographic lifting)

• Land use

• Urban areas have increased surface roughness and heat island effect, enhancing turbulence and
vertical mixing (urban boundary layer)

• Vegetation and water bodies can absorb or reflect pollutants, altering local concentrations (dry
deposition)



Fiveable archived study guides Page 95

• Land use patterns influence local wind patterns and microclimate, affecting pollutant dispersion (sea
breeze, lake breeze)

Atmospheric boundary layer processes
• Atmospheric boundary layer (ABL)

• Lowest part of the atmosphere directly influenced by the Earth's surface

• Typically extends from the surface to 100-3000 meters depending on stability and surface
characteristics

• ABL processes

• Turbulent mixing and vertical transport of pollutants occur within the ABL

• Diurnal variation of ABL height affects pollutant dispersion:

1. Daytime: Convective boundary layer with enhanced mixing and deeper ABL

2. Nighttime: Stable boundary layer with reduced mixing and shallower ABL

• Pollutant dispersion in the ABL

• Mixing height defines the upper limit of the ABL, capping vertical pollutant dispersion

• Fumigation occurs when the nocturnal inversion breaks up, causing rapid mixing of pollutants
(morning smog)

• Temperature inversions can trap pollutants below the inversion layer, leading to high concentrations
(pollution episodes)

13.4 Air quality monitoring and management
Air quality monitoring is crucial for assessing pollution levels and identifying sources. It involves various
sampling methods, from passive diffusion to active pumping, and uses specialized instruments to measure
gases and particles. Understanding these techniques helps evaluate the effectiveness of pollution control
measures.

Interpreting air quality data involves analyzing pollutant concentrations, temporal and spatial variations,
and comparing results to standards. This information guides air quality management strategies, including
emission controls and public awareness campaigns. Regulations at national and international levels
provide frameworks for addressing air pollution and its impacts.

Air Quality Monitoring Principles and Techniques

Principles of air quality monitoring
• Assesses ambient air quality levels by measuring pollutant concentrations in the atmosphere

• Identifies pollutant sources (power plants, industrial facilities) and determines their contributions to
overall air pollution

• Evaluates the effectiveness of air pollution control measures (emission regulations, clean
technologies) in reducing pollutant levels
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Sampling methods
• Passive sampling relies on natural diffusion or adsorption of pollutants onto a collection medium

• Diffusive samplers use a concentration gradient to collect gaseous pollutants (nitrogen dioxide, ozone)

• Adsorptive samplers use a solid surface to collect pollutants (volatile organic compounds, polycyclic
aromatic hydrocarbons)

• Active sampling involves pumping air through a collection device

• High-volume samplers collect large volumes of air for particulate matter analysis (PM10, PM2.5)

• Low-volume samplers collect smaller volumes of air for specific pollutant analysis (metals, organic
compounds)

• Continuous analyzers provide real-time measurements of pollutant concentrations (carbon monoxide,
sulfur dioxide)

Instrumentation
• Gas analyzers measure specific gaseous pollutants

• Chemiluminescence detects nitrogen oxides by measuring light emitted from the reaction between NO
and ozone

• Non-dispersive infrared absorption measures carbon monoxide based on its absorption of infrared
light

• Ultraviolet fluorescence detects sulfur dioxide by measuring the fluorescence emitted when SO2 is
excited by UV light

• Particulate matter monitors measure the mass concentration of particles in the air

• Beta attenuation monitors measure the attenuation of beta radiation by particles collected on a filter

• Tapered element oscillating microbalance measures the change in frequency of an oscillating element
as particles accumulate on its surface

• Light scattering monitors measure the amount of light scattered by particles in a sample volume

• Meteorological sensors provide data on weather conditions that influence pollutant dispersion and
transport

• Wind speed and direction sensors (anemometers, wind vanes) help determine pollutant transport
patterns

• Temperature and humidity sensors (thermometers, hygrometers) affect chemical reactions and
particle formation

• Atmospheric pressure sensors (barometers) influence the vertical mixing and stability of the
atmosphere

Interpretation of air quality data
• Pollutant concentrations are calculated from measured data

• Gaseous pollutants are typically reported in parts per million or parts per billion (ppm, ppb)
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• Particulate matter concentrations are reported in micrograms per cubic meter ( )

• Temporal and spatial variations in pollutant levels are analyzed

• Diurnal patterns show variations in pollutant levels throughout the day (rush hour traffic,
photochemical smog formation)

• Weekly and seasonal patterns reveal the influence of human activities and meteorological conditions
(heating emissions in winter, ozone formation in summer)

• Hotspots are identified as areas with consistently high pollutant levels (industrial zones, congested
roadways)

• Spatial distribution maps show the geographic variation in pollutant concentrations across a region

• Air quality standards and guidelines provide benchmarks for assessing the severity of air pollution

• National Ambient Air Quality Standards in the US set limits for criteria pollutants to protect public
health (primary standards) and welfare (secondary standards)

• World Health Organization air quality guidelines recommend exposure limits for various pollutants
based on health risk assessments

• Comparing monitored data with standards and guidelines helps identify areas of non-compliance and
prioritize air quality management efforts

Air Quality Management and Regulations

Components of air quality management
• Emission control strategies target specific sources of air pollution

• Best Available Control Technology is required for new or modified sources to minimize emissions

• Reasonably Available Control Technology is applied to existing sources to reduce emissions using
cost-effective methods

• Mobile source controls include vehicle emission standards (tailpipe emissions, evaporative emissions)
and fuel quality regulations (low-sulfur diesel, reformulated gasoline)

• Area source controls address diffuse emission sources, such as fugitive dust from construction sites
and solvent use in industrial processes

• Public awareness campaigns educate and engage the public in air quality issues

• Information on the health effects (respiratory illnesses, cardiovascular disease) and environmental
consequences (acid rain, visibility reduction) of air pollution is disseminated

• Individuals are encouraged to take actions that reduce emissions, such as carpooling, using public
transportation, and adopting energy-efficient practices (LED lighting, programmable thermostats)

• Monitoring and evaluation are essential for assessing the effectiveness of air quality management
strategies

• Regular monitoring tracks changes in pollutant levels over time and helps identify areas requiring
additional attention

• Strategies are adjusted based on monitoring results and the availability of new technologies or control
methods
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Regulations for air pollution control
• National regulations, such as the Clean Air Act in the United States, establish a framework for air
quality management

• National Ambient Air Quality Standards set limits for criteria pollutants (particulate matter, ozone,
carbon monoxide, nitrogen dioxide, sulfur dioxide, lead)

• State Implementation Plans outline the strategies and measures each state will undertake to attain
and maintain the NAAQS

• New Source Performance Standards set emission limits for specific industrial categories (power
plants, refineries, cement plants)

• International agreements foster cooperation in addressing transboundary air pollution issues

• United Nations Framework Convention on Climate Change and its associated protocols (Kyoto
Protocol, Paris Agreement) aim to reduce greenhouse gas emissions and mitigate climate change

• Convention on Long-Range Transboundary Air Pollution and its protocols target specific pollutants
(sulfur, nitrogen oxides, volatile organic compounds) that can travel long distances and affect air quality
in multiple countries

• International cooperation is crucial for effectively addressing air pollution issues

• Transboundary air pollution requires coordinated efforts among nations to reduce emissions and
minimize the impact on downwind regions

• Sharing knowledge, best practices, and technologies helps countries develop and implement effective
air quality management strategies

• Collaborative research and monitoring efforts provide a better understanding of the global nature of air
pollution and its impacts on human health and the environment
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Unit 14 – Stratospheric Ozone: Depletion
and Recovery
14.1 Ozone chemistry and the ozone layer
The ozone layer, a crucial shield in Earth's stratosphere, protects us from harmful UV radiation. It's made
of ozone molecules, with peak concentrations at 20-25 km altitude. Understanding its composition and
structure is key to grasping its vital role in our atmosphere.

Ozone forms through complex reactions involving UV light and oxygen. It's constantly created and
destroyed by natural processes and human-made chemicals. This delicate balance maintains the layer's
protective function, safeguarding life on Earth from dangerous UV exposure.

Ozone Layer Composition and Structure

Composition of stratospheric ozone layer
• Located in the stratosphere, approximately 15-35 km above Earth's surface

• Ozone ( ) is a triatomic molecule composed of three oxygen atoms bonded together

• Region of relatively high ozone concentration compared to other parts of the atmosphere
(troposphere, mesosphere)

• Ozone concentrations in the stratosphere typically range from 2 to 8 parts per million (ppm) by volume

• Peak ozone concentration occurs at an altitude of about 20-25 km, known as the "ozone layer"

Ozone formation and destruction processes
• Ozone formation in the stratosphere occurs through the Chapman mechanism: 1. Molecular oxygen (

) absorbs ultraviolet (UV) radiation with wavelengths less than 242 nm, leading to the dissociation of
 into two oxygen atoms:  2. The oxygen atoms quickly react with

molecular oxygen to form ozone: , where  is a third molecule (usually nitrogen
or oxygen) that absorbs the excess energy

• Ozone destruction occurs through various catalytic cycles involving:

• Nitrogen oxides ( )

• Hydrogen oxides ( )

• Chlorine/bromine oxides ( / )

• Example of a catalytic cycle involving chlorine: 1.  2. 

• Net result: , destruction of ozone

• Ozone destruction also occurs through photodissociation: 

Ozone layer's protective function
• Acts as a natural shield, absorbing most of the Sun's harmful ultraviolet (UV) radiation
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• Particularly effective against UV-B (280-315 nm) and UV-C (100-280 nm)

• UV-B radiation can cause various detrimental effects on human health:

• Skin cancer (melanoma, squamous cell carcinoma)

• Cataracts

• Immune system suppression

• UV radiation can also harm plants:

• Reduces crop yields (wheat, rice, soybeans)

• Disrupts ecosystems by damaging phytoplankton and other sensitive organisms

• Without the ozone layer, UV radiation reaching Earth's surface would be significantly higher, making
life on land difficult or impossible

Factors affecting stratospheric ozone
• Solar radiation: Higher levels of solar UV radiation lead to increased ozone production

• Atmospheric circulation patterns:

• Brewer-Dobson circulation transports ozone from the tropics to the poles

• Results in higher ozone concentrations at mid and high latitudes (ozone "hole" over Antarctica)

• Seasonal variations:

• Ozone concentrations generally higher in the spring and lower in the fall

• Changes in atmospheric circulation and solar radiation

• Anthropogenic factors:

• Emissions of ozone-depleting substances (ODS) like chlorofluorocarbons (CFCs) and halons

• Can lead to the destruction of ozone in the stratosphere

• Natural factors:

• Volcanic eruptions can inject sulfur compounds into the stratosphere

• Enhances ozone depletion by providing surfaces for heterogeneous chemical reactions

14.2 Causes and mechanisms of ozone depletion
Ozone depletion is a critical environmental issue caused by human-made chemicals. These compounds,
like CFCs and halons, release harmful atoms in the stratosphere that destroy ozone molecules through
complex chemical reactions. The result? A dangerous thinning of our protective ozone layer.

The Antarctic ozone hole is a stark example of this depletion, forming each spring due to unique polar
conditions. This phenomenon has far-reaching consequences, from increased UV radiation exposure to
potential climate changes. Understanding these mechanisms is crucial for addressing global environmental
challenges.
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Anthropogenic Compounds and Ozone Depletion Mechanisms

Anthropogenic ozone-depleting compounds
• Chlorofluorocarbons (CFCs) contain chlorine, fluorine, and carbon widely used in refrigerants (Freon),
aerosol propellants (hairspray), and solvents before being phased out by the Montreal Protocol

• Hydrochlorofluorocarbons (HCFCs) transitional replacements for CFCs with lower ozone depletion
potential still contain chlorine and contribute to ozone depletion, but to a lesser extent than CFCs (R-22
refrigerant)

• Halons contain bromine, fluorine, and carbon used in fire extinguishers (Halon 1211) and have a
higher ozone depletion potential than CFCs

• Methyl bromide organic compound containing bromine used as a fumigant in agriculture (strawberry
fields) and contributes to ozone depletion

Catalytic cycles of ozone destruction
• Chlorine-catalyzed ozone destruction 1. CFCs and HCFCs release chlorine atoms (Cl) in the
stratosphere when exposed to ultraviolet radiation 2. Chlorine atoms react with ozone ( ) to form
chlorine monoxide (ClO) and molecular oxygen ( ) 3. ClO reacts with atomic oxygen (O) to
regenerate Cl and form , allowing the cycle to repeat 4. The net result is the destruction of ozone and
atomic oxygen, with chlorine acting as a catalyst

• Bromine-catalyzed ozone destruction follows a similar cycle, but with bromine (Br) atoms released
from halons and methyl bromide bromine is more efficient than chlorine in destroying ozone, with one
bromine atom capable of destroying up to 100 ozone molecules (compared to 100,000 for chlorine)

Antarctic Ozone Hole and Consequences of Ozone Depletion

Antarctic ozone hole formation
• Unique meteorological conditions over Antarctica

• Extremely cold temperatures in the Antarctic stratosphere during winter lead to the formation of polar
stratospheric clouds (PSCs) composed of ice crystals and nitric acid

• PSCs provide surfaces for heterogeneous chemical reactions that convert inactive chlorine and
bromine compounds (HCl and BrONO2) into active forms (Cl2 and Br2)

• Increased ozone depletion during Antarctic spring

• As sunlight returns to Antarctica in the spring, UV radiation releases active chlorine and bromine
atoms from the PSCs through photolysis reactions

• These atoms engage in catalytic ozone destruction cycles, leading to rapid ozone loss of up to 60%
and the formation of the ozone hole (area with ozone levels below 220 Dobson units)

• Containment of the ozone hole by the polar vortex, a strong wind system that encircles Antarctica,
isolates the ozone-depleted air mass and prevents mixing with ozone-rich air from lower latitudes
(mid-latitudes) exacerbating the severity of the ozone hole during the Antarctic spring (September to
November)
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Consequences of ozone depletion
• Increased UV radiation exposure allows more harmful ultraviolet-B (UV-B) radiation (wavelengths
between 280-315 nm) to reach the Earth's surface

• Excess UV-B exposure can lead to adverse health effects in humans, such as skin cancer
(melanoma), cataracts, and weakened immune systems (reduced T-cell count)

• Every 1% decrease in ozone levels leads to a 2-3% increase in UV-B radiation reaching the surface

• Ecological impacts

• Increased UV-B radiation can harm plants, reducing crop yields (soybeans and rice) and altering
ecosystem balance by favoring UV-resistant species

• Marine phytoplankton (diatoms and cyanobacteria), the base of the ocean food web, are particularly
sensitive to UV-B radiation, potentially affecting marine ecosystems and fisheries (krill and fish
populations)

• Indirect effects on climate by altering atmospheric circulation patterns (jet streams) and temperatures
(stratospheric cooling), potentially influencing regional climate (changes in precipitation patterns and
frequency of extreme weather events) with far-reaching consequences for ecosystems, agriculture
(shifts in growing seasons), and human societies (water availability and food security)

14.3 Montreal Protocol and ozone recovery efforts
The Montreal Protocol has been a game-changer for the ozone layer. It's phased out ozone-depleting
substances like CFCs, with different timelines for developed and developing countries. The protocol also
encourages alternatives and provides support to help countries make the switch.

Thanks to the Montreal Protocol, we've seen a big drop in ozone-depleting substances. The ozone layer is
slowly healing, especially over Antarctica. While we're on the right track, there are still challenges like
ensuring compliance and dealing with climate change impacts on ozone recovery.

Montreal Protocol and Ozone Recovery

Provisions of Montreal Protocol
• Protect ozone layer by phasing out production and consumption of ozone-depleting substances (ODS)
such as chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs)

• Establish timeline for gradual reduction and eventual elimination of ODS with different phase-out
schedules for developed and developing countries

• Encourage development and use of alternative substances and technologies to replace ODS

• Include provisions for monitoring, reporting, and compliance to ensure all parties adhere to the
protocol

• Provide financial and technical assistance to developing countries through the Multilateral Fund to
support their transition away from ODS
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Effectiveness of Montreal Protocol
• Significantly decreased global production and consumption of ODS since the protocol's
implementation, with CFCs decreasing by more than 99% since 1986 and HCFCs also declining
substantially

• Largely eliminated production and consumption of CFCs and other ODS in developed countries

• Assisted developing countries in making significant strides in reducing ODS consumption through the
Multilateral Fund

• Accelerated phase-out of ODS through amendments and adjustments such as the Montreal
Amendment (1997) introducing a licensing system for ODS import and export and the Beijing
Amendment (1999) adding bromochloromethane to the list of controlled substances

Ozone Layer Recovery and Future Challenges

Trends in stratospheric ozone
• Shown signs of recovery since the implementation of the Montreal Protocol, with the ozone hole over
Antarctica slowly recovering since the early 2000s and its size and depth stabilizing and expected to
gradually decrease

• Contributed to by decreased concentrations of ODS in the atmosphere due to the protocol's success
and natural atmospheric processes that remove ODS from the stratosphere

• Projected to return to pre-1980 levels by the middle of the 21st century, with recovery rates varying
depending on the region and altitude

Challenges for ozone recovery
• Ensure continued monitoring and compliance with all countries adhering to the phase-out schedules
and provisions of the Montreal Protocol and preventing illegal production and trade of ODS

• Manage transition to alternative substances with lower global warming potential and environmental
impact while providing support for developing countries to adopt alternative technologies

• Address emissions of ODS from existing equipment and stockpiles by promoting safe destruction of
ODS banks and recovery and recycling of ODS from equipment

• Monitor impacts of climate change on ozone recovery by assessing potential effects of greenhouse
gas emissions and changes in atmospheric dynamics on ozone levels and adapting strategies to
mitigate the combined effects of ozone depletion and climate change
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Unit 15 – Climate Change and Global
Warming
15.1 Greenhouse gases and their sources
Greenhouse gases trap heat in Earth's atmosphere, causing global warming. Water vapor, carbon dioxide,
methane, and nitrous oxide are the main culprits, with human activities like fossil fuel burning and
agriculture significantly increasing their concentrations since pre-industrial times.

These gases come from various sources, including energy production, farming, and industrial processes.
Understanding their global warming potential helps prioritize emission reduction efforts. Land use changes,
like deforestation, also play a crucial role in greenhouse gas dynamics.

Greenhouse Gases and Their Sources

Primary greenhouse gases
• Water vapor (H2O) most abundant greenhouse gas contributes approximately 50% of the greenhouse
effect through absorption and re-emission of infrared radiation

• Carbon dioxide (CO2) second most significant greenhouse gas contributes approximately 20% of the
greenhouse effect concentrations have increased by over 40% since pre-industrial times (late 18th
century) due to human activities

• Methane (CH4) contributes approximately 4-9% of the greenhouse effect concentrations have more
than doubled since pre-industrial times due to agriculture, livestock, and fossil fuel extraction

• Nitrous oxide (N2O) contributes approximately 6% of the greenhouse effect concentrations have
increased by about 20% since pre-industrial times due to agricultural practices (fertilizer use) and
industrial processes

• Ozone (O3) contributes approximately 3-7% of the greenhouse effect concentrations vary depending
on altitude and location formed by chemical reactions in the atmosphere

• Chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs) synthetic compounds with high
global warming potential concentrations have decreased due to the Montreal Protocol which phased out
their production

Sources of greenhouse emissions
• Fossil fuel combustion burning of coal, oil, and natural gas for energy production primary source of
CO2 emissions have increased significantly since the Industrial Revolution (late 18th century)

• Agriculture and livestock practices contribute to greenhouse gas emissions: 1. Rice cultivation and
livestock farming (cattle, sheep) emit CH4 through anaerobic decomposition 2. Fertilizer use and
manure management release N2O emissions 3. Emissions have increased due to population growth
and changes in agricultural practices (intensification, expansion)

• Industrial processes release greenhouse gases: 1. Cement production, chemical manufacturing, and
metal production emit CO2 2. Emissions have increased with industrial development and economic
growth
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• Waste management practices contribute to greenhouse gas emissions: 1. Landfills and wastewater
treatment facilities emit CH4 through anaerobic decomposition 2. Emissions have increased with
population growth and urbanization

• Transportation sector burns fossil fuels in vehicles (cars, trucks, planes) releasing CO2 emissions
have increased with the growth of the transportation sector and globalization

Land use and deforestation impacts
• Deforestation clearing of forests for agriculture (palm oil, soy), logging, or urban development reduces
the capacity of ecosystems to absorb CO2 through photosynthesis and burning of cleared vegetation
releases stored carbon as CO2

• Land degradation from overgrazing, soil erosion, and desertification reduces the ability of land to store
carbon degraded land may become a net source of greenhouse gases

• Wetland drainage for agriculture (rice) or development releases stored carbon and CH4 reduces the
capacity of wetlands to sequester carbon

• Urbanization conversion of natural landscapes to urban areas reduces vegetation cover urban heat
island effect can increase local temperatures and energy consumption (air conditioning)

Global warming potential concept
• Global warming potential (GWP) measures a greenhouse gas's ability to trap heat in the atmosphere
relative to CO2 calculated over a specific time horizon (typically 100 years) CO2 has a GWP of 1 by
definition

• Methane (CH4) has a GWP of 28-36 over 100 years meaning one ton of CH4 has 28-36 times the
warming effect of one ton of CO2 over a century

• Nitrous oxide (N2O) has a GWP of 265-298 over 100 years one ton of N2O has 265-298 times the
warming effect of one ton of CO2 over a century

• Chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs) have GWPs ranging from
hundreds to thousands over 100 years highly potent greenhouse gases regulated by the Montreal
Protocol

• Application of GWP allows for comparison of the warming effects of different greenhouse gases helps
in developing emission reduction strategies and policies targeting the most potent gases (CH4, N2O,
HFCs)

15.2 Radiative forcing and climate feedback mechanisms
Climate change is driven by radiative forcing, which alters Earth's energy balance. Greenhouse gases
warm the planet, while aerosols cool it. Understanding these factors is crucial for predicting future climate
trends.

Climate feedbacks can amplify or dampen initial warming. Water vapor and ice-albedo feedbacks enhance
warming, while cloud effects are complex. These mechanisms play a key role in determining the severity of
climate change.
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Radiative Forcing

Radiative forcing and energy balance
• Net change in Earth's energy balance caused by a perturbation measured in 

• Positive radiative forcing warms Earth (greenhouse gases) while negative cools it (aerosols)

• Earth's energy balance determined by difference between incoming solar radiation and outgoing
longwave radiation

• Greenhouse gases and other factors can alter this balance leading to radiative forcing

Contributors to radiative forcing
• Positive radiative forcing factors increase warming:

• Higher greenhouse gas concentrations (CO2, CH4, N2O)

• Black carbon aerosols absorb solar radiation

• Variations in solar irradiance reaching Earth's surface

• Negative radiative forcing factors have cooling effect:

• Aerosols (sulfates, nitrates, organic carbon) scatter and absorb incoming solar radiation

• Act as cloud condensation nuclei increasing cloud reflectivity

• Land use changes (deforestation, desertification) alter surface albedo and evapotranspiration rates

Climate Feedback Mechanisms

Climate feedback mechanisms
• Processes that amplify (positive feedback) or dampen (negative feedback) initial climate response to
radiative forcing

• Positive feedbacks enhance initial warming or cooling effect (ice-albedo feedback)

• Negative feedbacks counteract initial warming or cooling effect (blackbody radiation)

• Feedbacks significantly influence magnitude and rate of climate change

Types of climate feedbacks
• Water vapor feedback amplifies warming:

• Warmer air holds more water vapor, a potent greenhouse gas

• Increased water vapor leads to further warming creating a positive feedback loop

• Ice-albedo feedback reduces reflectivity:

• As Earth warms, snow and ice cover decreases reducing surface albedo (fraction of solar radiation
reflected)

• Reduced albedo increases absorption of solar radiation amplifying warming (Arctic sea ice)
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• Cloud feedback has uncertain net effect:

• Clouds have both cooling (reflective) and warming (greenhouse) effects

1. Low, thick clouds cool Earth by reflecting solar radiation

2. High, thin clouds warm Earth by trapping outgoing longwave radiation

• Net effect depends on changes in cloud cover, height, and optical properties (droplet size and
concentration)

15.3 Observed and projected climate changes
Climate change is reshaping our world. Global temperatures have risen, sea levels are creeping up, and
extreme weather events are becoming more frequent. These changes are linked to human activities,
particularly the burning of fossil fuels and deforestation.

Looking ahead, climate projections paint a concerning picture. Temperatures are expected to rise further,
precipitation patterns will shift, and sea levels will continue to climb. These changes will impact
ecosystems, agriculture, and human health in profound ways.

Observed Climate Changes

Changes in global climate indicators
• Global temperature

• Average global surface temperature increased by ~1.1°C since pre-industrial times (late 19th century)

• Warming accelerated in recent decades with warmest years on record in 21st century (2016, 2020)

• Sea level

• Global mean sea level risen by ~21-24 cm since 1880 due to thermal expansion of oceans and
melting of land-based ice (glaciers, ice sheets)

• Rate of sea level rise increased in recent decades currently at ~3.4 mm per year (satellite data)

• Extreme weather events

• Increased frequency and intensity of heatwaves and heavy precipitation events (floods, landslides)

• More frequent and severe droughts in some regions (East Africa, Australia)

• Intensification of tropical cyclones with higher maximum wind speeds and heavier rainfall (Hurricane
Harvey, Typhoon Haiyan)

Evidence for human-caused climate change
• Temperature records

• Instrumental temperature records show clear warming trend since late 19th century

• Warming pattern consistent with expected response to increased greenhouse gas concentrations
(CO2, methane)

• Ice core data

• Ice cores provide record of past atmospheric composition and temperature (Antarctic, Greenland)
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• Data shows strong correlation between atmospheric CO2 concentrations and global temperature over
past 800,000 years

• Current CO2 levels unprecedented in ice core record indicating human influence (fossil fuel
emissions, deforestation)

• Other evidence

• Retreat of glaciers and ice sheets (Himalayas, Antarctica)

• Shifts in species distributions and phenology (earlier spring events, poleward migration)

• Changes in ocean temperature and acidity (warming, ocean acidification)

Projected Climate Changes

Climate projections under emission scenarios
• Temperature

• Global average surface temperature projected to increase by 1.5-4.0°C by 2100 depending on
emission scenario (RCP2.6 to RCP8.5)

• Warming will be greater over land and at higher latitudes (Arctic amplification)

• Precipitation patterns

• Changes in precipitation will vary regionally

• Many dry regions expected to become drier while wet regions become wetter (Mediterranean,
Amazon)

• Increased likelihood of intense precipitation events (flash floods, landslides)

• Sea level

• Global mean sea level projected to rise by 0.26-0.82 m by 2100 depending on emission scenario

• Thermal expansion of oceans and melting of land-based ice contribute to sea level rise

• Regional variations in sea level rise due to factors such as ocean circulation and land subsidence
(Gulf Coast, Mekong Delta)

Impacts of climate change
• Ecosystems

• Shifts in species distributions and altered timing of biological events (bird migration, insect
emergence)

• Increased risk of extinction for many species particularly those with limited ability to adapt or migrate
(coral reefs, polar bears)

• Changes in ecosystem structure and function such as altered food webs and nutrient cycling
(permafrost thaw, ocean deoxygenation)

• Agriculture
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• Shifts in crop growing seasons and regions (longer growing seasons in high latitudes, reduced
suitability in tropics)

• Reduced yields in some areas due to increased heat stress, drought, and extreme weather events
(maize, wheat)

• Increased pest and disease pressure (locusts, coffee rust)

• Positive effects in some high-latitude regions due to longer growing seasons (Canada, Russia)

• Human health

• Increased heat-related illnesses and deaths (heatstroke, cardiovascular disease)

• Spread of vector-borne diseases to new areas (malaria, dengue fever)

• Reduced air quality and increased respiratory issues (ozone, particulate matter)

• Food and water insecurity in some regions (Sub-Saharan Africa, South Asia)

• Mental health impacts from displacement and loss of livelihoods (climate refugees, farmers)

15.4 Climate modeling and future scenarios
Climate models are powerful tools that simulate Earth's complex systems. They incorporate various
components like atmosphere, oceans, and land surfaces to predict future climate conditions. These models
help scientists understand how different factors interact and influence our planet's climate.

Climate projections based on these models guide policy decisions and risk management strategies.
However, uncertainties in emissions scenarios, model formulations, and climate feedbacks lead to a range
of possible outcomes. Understanding these uncertainties is crucial for effective climate change adaptation
and mitigation planning.

Climate Models and Their Components

Components of climate models
• Atmosphere component represents Earth's atmosphere and its processes including:

• Atmospheric circulation patterns that drive wind and weather systems

• Temperature variations in different layers of the atmosphere

• Humidity levels and distribution of water vapor

• Precipitation patterns (rainfall, snowfall)

• Ocean component represents Earth's oceans and their processes such as:

• Ocean circulation patterns like currents and upwelling

• Temperature variations in different layers of the ocean

• Salinity levels and distribution of salt in the oceans

• Formation and melting of sea ice (Arctic, Antarctic)

• Land surface component represents Earth's land surface and its processes including:

• Vegetation types and their growth patterns (forests, grasslands)
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• Soil moisture levels and water retention in different soil types

• Surface energy balance between incoming and outgoing radiation

• Cryosphere component represents Earth's ice-covered regions and their processes such as:

• Glaciers and their accumulation and melting patterns (Himalayas, Alps)

• Ice sheets and their dynamics (Greenland, Antarctica)

• Permafrost and its thawing and carbon release

• Biogeochemical cycles represent the cycling of elements such as:

• Carbon cycle between atmosphere, oceans, and land (photosynthesis, respiration)

• Nitrogen cycle through soil, plants, and atmosphere (nitrogen fixation, denitrification)

• Water cycle through evaporation, condensation, and precipitation

• Interactions and feedbacks represent the complex interactions between different components such as:

• Ocean-atmosphere coupling (El Niño, La Niña)

• Land-atmosphere feedbacks (albedo changes, evapotranspiration)

Climate Projections and Uncertainties

Role in future projections
• Climate models simulate future climate conditions based on:

• Different assumptions about greenhouse gas emissions (fossil fuel use, deforestation)

• Other factors like solar activity and volcanic eruptions

• Emission scenarios represent different pathways of future emissions

• Depend on socioeconomic development, population growth, technological changes

• Representative Concentration Pathways (RCPs) are standardized emission scenarios:

• Range from low emission (RCP2.6) to high emission (RCP8.5) scenarios

• Used for consistency and comparability across different climate models

• Climate models project changes in key variables:

• Temperature changes at global and regional scales

• Precipitation patterns and intensity

• Other variables like sea level rise, ocean acidification

• Projections depend on the emission scenario and the model used

• Different models may yield different results for the same scenario

• Projections are typically presented as a range of possible outcomes
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Uncertainty and climate sensitivity
• Uncertainty in future greenhouse gas emissions arises from:

• Uncertainty in population growth and demographic changes

• Uncertainty in economic development and energy use patterns

• Uncertainty in policy decisions and international agreements

• Uncertainty in climate model formulation comes from:

• Different representations of physical processes in models

• Different parameterizations and simplifications used

• Different spatial and temporal resolutions of models

• Uncertainty in climate feedbacks is due to:

• Feedbacks that can amplify or dampen the response to external forcings

• Examples: positive feedback from melting ice and reduced albedo

• Examples: negative feedback from increased cloud cover and reflection

• Climate sensitivity represents the amount of warming expected for a doubling of atmospheric CO2

• Estimated range: 1.5 to 4.5°C, with a best estimate of about 3°C

• Uncertainty in climate sensitivity contributes to overall uncertainty in projections

Interpretation for policy decisions
• Climate model projections inform policy and decision-making by:

• Identifying potential impacts and risks associated with climate change

• Guiding the development of adaptation and mitigation strategies

• Interpreting model results requires understanding uncertainties

• Results should be presented as a range of possible outcomes, not a single prediction

• Uncertainties should be clearly communicated to decision-makers

• Model results can inform decisions in various sectors such as:

• Water resources management (drought planning, flood control)

• Agriculture (crop selection, irrigation practices)

• Urban planning (infrastructure design, heat island mitigation)

• Iterative risk management approach involves: 1. Assessing risks based on current knowledge and
uncertainties 2. Developing and implementing strategies to manage those risks 3. Monitoring outcomes
and updating assessments as new information becomes available 4. Adjusting strategies as needed to
reduce risks and uncertainties over time
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Unit 16 – Climate Change: Ecosystem &
Society Impacts
16.1 Climate change effects on terrestrial and marine ecosystems
Climate change is reshaping terrestrial ecosystems. Rising temperatures are causing species to migrate,
altering their life cycles, and disrupting ecosystem dynamics. These changes affect everything from
species distribution to carbon cycling, with far-reaching consequences for biodiversity and ecosystem
services.

Species are adapting through genetic changes and migration, but some can't keep up. This leads to new
species interactions and ecosystem compositions. Meanwhile, ecosystem services like food production
and climate regulation are shifting, impacting human societies and highlighting the need for equitable
climate solutions.

Climate Change Impacts on Terrestrial Ecosystems

Temperature impacts on terrestrial ecosystems
• Shifts in species distribution patterns

• Species migrate towards the poles and higher elevations seeking cooler temperatures (butterflies,
birds)

• Habitat suitability and availability change, forcing species to adapt or relocate (alpine plants, polar
bears)

• Changes in phenology and life cycles

• Spring events occur earlier due to warmer temperatures (leaf emergence, flowering, bird migration)

• Mismatches between species interactions disrupt ecosystem balance (predator-prey relationships,
plant-pollinator synchrony)

• Disruptions to ecosystem dynamics

• Competitive relationships and community composition alter as species respond differently to climate
change (invasive species, pest outbreaks)

• Ecosystems become more vulnerable to disturbances and invasions (bark beetle infestations in
forests)

• Modifications in ecosystem productivity and carbon cycling

• Net primary production and biomass accumulation change with shifting temperature and precipitation
patterns (tundra, boreal forests)

• Feedback loops between ecosystems and atmospheric CO2 concentrations can amplify or mitigate
climate change (permafrost thaw, forest fires)

Species adaptation to climate change
• Genetic adaptations and evolutionary responses
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• Natural selection favors traits that provide advantages under new climatic conditions (drought
tolerance, heat resistance)

• The rate and magnitude of climate change may exceed the adaptive capacity of some species (coral
reefs, polar species)

• Species migration and range shifts

• Species colonize new habitats with suitable conditions as their original ranges become inhospitable
(tree line advance, marine species)

• Habitat fragmentation and geographic barriers can impede successful migration and range shifts
(mountain tops, islands)

• Differential responses among species

• Species vary in their dispersal abilities and ecological niches, leading to uneven responses to climate
change (mobile vs. sessile species)

• Novel species assemblages and interactions may emerge as species respond differently to changing
conditions (hybridization, competition)

Climate effects on ecosystem services
• Alterations in provisioning services

• The availability and quality of food, water, and other resources change with climate (crop yields,
freshwater availability)

• Agriculture, forestry, and fisheries face challenges as species distributions and productivity shift
(coffee production, timber harvests)

• Disruptions to regulating services

• Carbon sequestration, water regulation, and climate moderation services are modified by ecosystem
changes (deforestation, wetland loss)

• Natural disasters such as floods, droughts, and wildfires become more frequent and severe, straining
ecosystem resilience (coastal flooding, megafires)

• Consequences for cultural and recreational services

• The aesthetic and cultural value of ecosystems may shift as species compositions and landscapes
change (fall foliage, iconic species)

• Tourism and outdoor recreation activities are impacted by altered ecosystems and weather patterns
(ski resorts, coral reef diving)

• Socioeconomic implications and environmental justice

• Vulnerable communities and regions often face disproportionate impacts from climate change
(subsistence farmers, island nations)

• Existing inequalities and challenges for adaptation are exacerbated, highlighting the need for
equitable climate solutions (climate refugees, resource conflicts)
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Climate Change Effects on Marine Ecosystems

Ocean changes and marine biodiversity
• Ocean acidification 1. Increased absorption of atmospheric CO2 lowers ocean pH and alters seawater
chemistry 2. Calcification rates of shell-forming organisms decline, impacting their growth and survival
(corals, oysters, pteropods) 3. The structure and integrity of coral reef systems are disrupted, reducing
habitat complexity and biodiversity (Great Barrier Reef)

• Ocean warming

• Rising water temperatures cause coral bleaching events and increased mortality (mass bleaching
events)

• Species distributions shift towards cooler waters, altering community composition and interactions
(jellyfish blooms, kelp forests)

• Impacts on marine biodiversity

• Habitat complexity and refugia are lost as coral reefs degrade, affecting numerous associated species
(clownfish, parrotfish)

• Food web dynamics and trophic interactions are altered as species respond differently to changing
conditions (seabird populations, whale migrations)

• Cascading effects on ecosystem functioning

• Productivity and resilience of marine ecosystems are reduced, compromising their ability to provide
essential services (fisheries, coastal protection)

• Nutrient cycling and primary production are affected by changes in species composition and
abundance (phytoplankton blooms, seagrass beds)

16.2 Impacts on water resources and agriculture
Climate change is reshaping our water resources. Altered precipitation patterns, increased evaporation,
and growing demand are straining freshwater availability. This leads to more droughts, floods, and conflicts
between water users, impacting agriculture, industry, and urban areas.

Agriculture faces major challenges from climate change. Shifting growing seasons, extreme weather, and
changing pest pressures affect crop yields and quality. Farmers must adapt with new practices, crop
varieties, and water management techniques to ensure food security in a changing climate.

Impacts on Water Resources

Precipitation patterns and freshwater availability
• Altered precipitation patterns

• Changes in frequency, intensity, distribution of rainfall and snowfall (monsoons, hurricanes)

• Increased variability in precipitation events leads to more droughts and floods

• Shifts in timing of wet and dry seasons disrupts water availability (delayed monsoon onset)

• Increased evapotranspiration
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• Higher temperatures increase evaporation from water bodies and soil (lakes, reservoirs)

• Increased transpiration from plants due to higher atmospheric water demand (forests, crops)

• Impacts on freshwater availability

• Reduced groundwater recharge due to less infiltration and more surface runoff

• Lowered water levels in rivers, lakes, and reservoirs (Colorado River, Lake Mead)

• Increased frequency and severity of droughts (California, Australia)

• Effects on water quality

• Concentration of pollutants due to reduced water volumes (heavy metals, pesticides)

• Increased water temperature reduces dissolved oxygen levels, harms aquatic life

• Algal blooms and eutrophication due to nutrient loading and warmer water (Lake Erie)

Water stress and sectoral competition
• Increased water demand

• Growing population and urbanization increases municipal water needs (megacities)

• Expansion of irrigated agriculture to feed growing population (Indus River basin)

• Industrial growth and energy production require more water (thermal power plants)

• Sectoral competition for water resources

• Conflicts between agricultural, industrial, and urban water users (Murray-Darling basin)

• Prioritization of water allocation during scarcity favors some sectors over others

• Water stress

• Imbalance between water availability and demand leads to shortages (Cape Town)

• Overexploitation of groundwater resources depletes aquifers (Ogallala Aquifer)

• Reduced water quality due to pollution and salinization limits usability (Ganges River)

Adaptation strategies for water and agriculture
• Improved water management

• Implementing water-efficient irrigation techniques reduces waste (drip irrigation, precision agriculture)

• Promoting water conservation and reuse in urban and industrial sectors (greywater recycling)

• Enhancing water storage and distribution infrastructure improves resilience (dams, pipelines)

• Adaptation in agricultural practices

• Adopting drought-resistant and water-efficient crop varieties conserves water (sorghum, millet)

• Adjusting planting and harvesting schedules to align with changing climate patterns

• Implementing soil and water conservation techniques reduces erosion and runoff (mulching, cover
cropping)



Fiveable archived study guides Page 116

• Integrated water resource management

• Developing comprehensive water management plans that consider multiple sectors and stakeholders

• Promoting collaboration and coordination among water users and managers (river basin
organizations)

• Incorporating climate change projections into long-term water planning and decision-making

Impacts on Agriculture

Climate change impacts on agriculture
• Shifts in growing seasons

• Changes in timing of planting and harvesting due to altered temperature and precipitation patterns

• Lengthening or shortening of growing seasons depends on region and crop (longer in temperate
zones, shorter in tropics)

• Impacts on crop yields

• Reduced yields due to increased heat stress, water scarcity, and extreme weather events (droughts,
floods)

• Potential yield increases in some regions due to extended growing seasons and CO2 fertilization
effect

• Changes in crop quality and nutritional value (reduced protein content in grains)

• Crop-specific impacts

• Differential responses of crops to climate change based on physiological characteristics and
adaptability

• Shifts in geographic distribution of crops and agricultural zones (coffee, cocoa moving to higher
elevations)

• Increased pest and disease pressure

• Expanded ranges and survival of crop pests and pathogens due to warmer temperatures (locusts,
fungi)

• Increased frequency and intensity of pest and disease outbreaks (wheat rust, potato blight)

• Reduced effectiveness of traditional pest and disease control methods (pesticide resistance)

16.3 Socioeconomic consequences of climate change
Climate change hits vulnerable populations hardest. Low-income communities, indigenous peoples,
women, children, and developing countries face greater challenges adapting to and recovering from
climate impacts due to limited resources and social disparities.

Climate-induced displacement strains infrastructure and creates social tensions in receiving areas.
Economic costs include damage to infrastructure, crop losses, and healthcare expenses. Long-term
consequences slow growth and worsen inequality, disproportionately affecting marginalized communities.
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Disproportionate Impacts and Vulnerabilities

Climate impacts on vulnerable populations
• Vulnerable populations more susceptible to negative effects of climate change

• Low-income communities lack resources to adapt and recover from climate-related disasters (slums,
favelas)

• Indigenous peoples rely on traditional livelihoods threatened by changing climate (subsistence
farming, hunting)

• Women and children face higher risks during climate-related emergencies due to social and economic
disparities (limited access to education, healthcare)

• Elderly and disabled individuals have limited mobility and require special assistance during
climate-related evacuations (nursing homes, assisted living facilities)

• Developing countries face greater challenges adapting to climate change

• Limited financial resources hinder implementation of adaptation and mitigation measures
(infrastructure upgrades, early warning systems)

• Dependence on climate-sensitive sectors leaves economies vulnerable to climate variability
(agriculture, fisheries, tourism)

• Lack of infrastructure and technology hampers ability to cope with climate impacts (inadequate
drainage systems, outdated building codes)

Climate-induced displacement and migration
• Climate change drives migration and displacement 1. Sea-level rise and coastal erosion force
communities to relocate (small island states, low-lying coastal areas) 2. Increased frequency and
intensity of extreme weather events destroy homes and livelihoods (hurricanes, floods, wildfires) 3.
Gradual changes in temperature and precipitation patterns affect viability of traditional livelihoods
(drought, desertification)

• Social challenges of climate-induced migration

• Strain on urban infrastructure and services in receiving areas as population increases (housing
shortages, overcrowded schools)

• Cultural and social integration of displaced populations into new communities (language barriers,
discrimination)

• Potential for social tensions and conflicts over limited resources (water scarcity, land disputes)

• Economic challenges of climate-induced migration

• Pressure on labor markets and competition for resources in receiving areas (job scarcity, wage
suppression)

• Costs of providing housing, education, and healthcare for displaced individuals strain public budgets
(temporary shelters, emergency services)

• Loss of human capital and skills in origin communities as working-age population migrates (brain
drain, labor shortages)
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Economic costs of climate change
• Direct costs of climate-related disasters

• Damage to infrastructure disrupts transportation and commerce (roads, bridges, ports)

• Destruction of crops and livestock leads to food insecurity and economic losses (droughts, floods,
pests)

• Disruption of supply chains and economic activities affects businesses and livelihoods (power
outages, transportation delays)

• Indirect costs of climate change

• Increased healthcare expenses due to climate-related illnesses (heat stress, respiratory diseases,
vector-borne infections)

• Reduced productivity and economic output as workers face health impacts and displacement
(absenteeism, reduced efficiency)

• Diversion of resources from development to disaster response and recovery strains public budgets
(emergency aid, reconstruction efforts)

• Long-term economic consequences

• Slowed economic growth and development as climate impacts accumulate over time (reduced
investment, damaged infrastructure)

• Increased poverty and inequality as vulnerable populations bear disproportionate burden of climate
costs (loss of assets, livelihoods)

• Strain on public budgets and social safety nets as demand for assistance increases (unemployment
benefits, food aid)

Climate change and socioeconomic inequalities
• Climate change amplifies pre-existing social, economic, and political disparities

• Unequal access to resources and decision-making power leaves marginalized communities more
vulnerable (land rights, political representation)

• Marginalized communities have limited capacity to adapt due to lack of financial resources and
technical expertise (indigenous peoples, rural poor)

• New vulnerabilities emerge as a result of climate change

• Loss of livelihoods due to climate-related disasters pushes households into poverty (smallholder
farmers, fishermen)

• Increased exposure to health risks disproportionately affects low-income and marginalized
populations (heat waves, air pollution)

Resilience and sustainable development opportunities
• Investing in climate adaptation and mitigation measures

• Strengthening infrastructure to withstand climate impacts protects lives and livelihoods (flood barriers,
drought-resistant crops)
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• Developing early warning systems and disaster preparedness plans saves lives and reduces
economic losses (evacuation protocols, emergency stockpiles)

• Promoting sustainable land use and natural resource management preserves ecosystems and
enhances resilience (reforestation, soil conservation)

• Fostering inclusive and equitable development

• Empowering vulnerable communities in decision-making processes ensures their needs and priorities
are addressed (participatory planning, community-based adaptation)

• Ensuring access to education, healthcare, and social services builds human capital and reduces
vulnerability (scholarships, mobile clinics)

• Supporting diversification of livelihoods and economic activities reduces dependence on
climate-sensitive sectors (ecotourism, value-added processing)

• Promoting international cooperation and support

• Technology transfer and capacity building for developing countries accelerates adaptation and
mitigation efforts (renewable energy technologies, climate-smart agriculture)

• Climate finance mechanisms provide resources for adaptation and mitigation projects in vulnerable
communities (Green Climate Fund, Adaptation Fund)

• Collaborative research and knowledge sharing on best practices facilitates learning and innovation
across countries and regions (scientific networks, policy dialogues)
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Unit 17 – Climate Change: Mitigation &
Adaptation
17.1 Greenhouse gas emissions reduction strategies
Greenhouse gases are heating up our planet, and we need to cool things down fast. From carbon dioxide
to methane, these emissions come from various sources like burning fossil fuels, agriculture, and industrial
processes.

Reducing emissions isn't easy, but there are strategies that can help. Carbon taxes, cap-and-trade
systems, and voluntary programs all play a role. However, economic, political, and social barriers often
stand in the way of progress.

Greenhouse Gas Emissions and Reduction Strategies

Sources of greenhouse gas emissions
• Carbon dioxide (CO2) emitted through burning fossil fuels (coal, oil, natural gas), clearing forests and
converting land for agriculture or development, and producing cement via calcination of limestone

• Methane (CH4) generated by livestock digestion (enteric fermentation), decomposition of organic
matter in flooded rice fields, anaerobic breakdown of waste in landfills, and leaks during extraction,
processing, and distribution of oil and gas

• Nitrous oxide (N2O) released from soil due to application of nitrogen-based fertilizers, tillage, and
irrigation practices, as well as industrial processes involving nitric acid production and adipic acid used
in nylon manufacturing

• Fluorinated gases including hydrofluorocarbons (HFCs), perfluorocarbons (PFCs), and sulfur
hexafluoride (SF6) used as refrigerants (air conditioners, refrigerators), propellants in aerosol cans,
solvents for cleaning, and in manufacturing aluminum and semiconductors

Effectiveness of emissions reduction strategies
• Carbon taxes put a price on each ton of CO2 emitted, incentivizing companies and individuals to
reduce emissions to avoid paying the tax, while generating revenue that can fund clean energy projects
and assist communities impacted by climate change

• Cap-and-trade systems set a declining limit on total emissions, allocate allowances to emitters based
on historical emissions or auction, and create a market for trading allowances, enabling emissions
reductions to occur where it is most cost-effective

• Voluntary reduction programs, such as corporate sustainability initiatives and individual behavior
changes (using public transit, conserving energy), raise awareness and encourage action but may have
limited impact compared to comprehensive policies that mandate reductions across all sectors

Barriers to emissions reduction implementation
• Economic barriers include high capital costs to transition to clean energy technologies (wind turbines,
solar panels), potential job losses in fossil fuel industries, and concerns about competitiveness if other
countries do not take equivalent actions
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• Political barriers stem from lack of leadership and long-term vision, influence of fossil fuel lobbies and
campaign contributions, and difficulty achieving global consensus on emissions targets and
responsibilities of developed vs. developing nations

• Social barriers involve limited public understanding of the urgency and scale of the climate crisis,
reluctance to change lifestyles and consumption habits, and equity concerns about the impacts of
higher energy prices on low-income households

Solutions for sector-specific emissions reduction
• Transportation solutions: 1. Accelerate adoption of electric vehicles (EVs) by offering purchase
incentives, building out charging networks, and setting target dates to phase out internal combustion
engine vehicles 2. Expand and improve public transit systems (bus rapid transit, light rail) and active
transportation infrastructure (protected bike lanes, pedestrian zones) to reduce car dependency 3.
Strengthen fuel economy standards for vehicles and promote low-carbon fuels (biofuels, hydrogen) for
hard-to-electrify modes (aviation, shipping)

• Industry solutions: 1. Conduct energy audits and implement efficiency upgrades (insulation, heat
recovery) to reduce energy waste and operating costs 2. Install carbon capture and storage (CCS)
systems to prevent CO2 emissions from industrial processes (cement, steel) from entering the
atmosphere 3. Switch to low-carbon and renewable energy sources (solar thermal, green hydrogen) to
power industrial facilities and processes

• Agriculture solutions: 1. Adopt regenerative farming practices (no-till, cover crops, crop rotation) to
enhance soil carbon sequestration and reduce erosion and fertilizer runoff 2. Improve manure
management systems (anaerobic digesters) to capture methane emissions from livestock waste and
generate renewable biogas 3. Develop new feed additives (seaweed, oils) and selective breeding to
reduce enteric methane emissions from cattle and sheep

17.2 Renewable energy technologies and policies
Renewable energy technologies are transforming the global energy landscape. Solar, wind, hydroelectric,
and geothermal power offer clean alternatives to fossil fuels, each with unique advantages and challenges.
As costs decrease and efficiency improves, these sources are becoming increasingly competitive in the
energy market.

Government policies play a crucial role in promoting renewable adoption through incentives and mandates.
However, integrating renewables into existing power grids presents challenges, including intermittency and
infrastructure needs. Overcoming these hurdles is essential for a sustainable energy future.

Renewable Energy Technologies

Renewable energy technologies comparison
• Solar power

• Advantages

• Abundant and widely available energy source harnessed through solar panels or concentrating solar
power systems

• Low operational costs due to minimal fuel requirements and maintenance needs

• Minimal environmental impact with no greenhouse gas emissions during operation and minimal land
disturbance
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• Disadvantages

• High initial installation costs for solar panels, inverters, and other necessary equipment

• Intermittent power generation dependent on weather conditions such as cloud cover and seasonal
variations

• Requires large land areas for utility-scale projects, which may compete with other land uses
(agriculture, conservation)

• Wind power

• Advantages

• Clean and renewable energy source harnessed by wind turbines converting kinetic energy into
electricity

• Relatively low operational costs once the wind farm is established, as fuel is not required

• Can be installed on land or offshore, providing flexibility in siting and access to high-quality wind
resources

• Disadvantages

• Intermittent power generation dependent on wind conditions, which can vary daily and seasonally

• Potential noise pollution from rotating turbine blades and visual impact on landscapes

• May pose risks to birds and bats through collisions with turbine blades, requiring careful siting and
monitoring

• Hydroelectric power

• Advantages

• Reliable and consistent power generation from the flow of water through turbines in dams or
run-of-river systems

• Long lifespan of hydroelectric dams, often exceeding 50 years with proper maintenance

• Can provide flood control and water storage benefits in addition to power generation

• Disadvantages

• High initial construction costs for dams, turbines, and associated infrastructure

• Environmental impacts on aquatic ecosystems, such as altered river flows and fish migration patterns

• Limited to specific locations with suitable water resources, such as rivers with sufficient flow and
elevation drop

• Geothermal power

• Advantages

• Consistent and reliable power generation by harnessing heat from the earth's interior for electricity
production

• Low greenhouse gas emissions, as no combustion is required in the geothermal power process
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• Minimal land use requirements, as geothermal plants have a small surface footprint relative to their
energy output

• Disadvantages

• Limited to specific locations with geothermal resources, such as areas with high heat flow and
accessible aquifers

• High initial exploration and drilling costs to identify and access suitable geothermal reservoirs

• Potential for induced seismicity and subsidence due to changes in subsurface pressure and fluid
injection

Renewable potential vs fossil fuels
• Current global energy mix

• Fossil fuels (coal, oil, and natural gas) dominate energy production, accounting for over 80% of global
primary energy consumption

• Renewable energy sources (solar, wind, hydro, geothermal, bioenergy) account for a growing but still
minor share, around 11% of global primary energy consumption

• Potential for renewable energy growth

• Rapidly declining costs of renewable technologies, particularly solar photovoltaics and wind turbines,
making them increasingly cost-competitive with fossil fuels

• Increasing global commitment to reducing greenhouse gas emissions and mitigating climate change,
driving the transition to low-carbon energy sources

• Advancements in energy storage technologies (batteries, pumped hydro, hydrogen) to address
intermittency issues and enable higher penetration of renewable energy

• Challenges in replacing fossil fuels

• Existing infrastructure and investments in fossil fuel industries, including power plants, refineries, and
distribution networks, which may create resistance to change

• Variability of renewable energy sources and need for reliable baseload power to ensure grid stability
and meet continuous energy demand

• Differences in renewable energy potential across regions and countries, depending on factors such as
geography, climate, and resource availability

Renewable Energy Policies and Integration

Government policies for renewable adoption
• Types of government policies and incentives

• Renewable portfolio standards (RPS) mandating a certain percentage of electricity generation from
renewable sources by a target date

• Feed-in tariffs guaranteeing a fixed price for renewable energy generation, providing long-term
revenue certainty for investors
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• Tax credits and subsidies for renewable energy investments, such as the Investment Tax Credit (ITC)
for solar projects in the United States

• Research and development funding for renewable energy technologies to drive innovation and cost
reductions

• Impact of policies on renewable energy adoption

• Policies create market certainty and reduce financial risks for investors, encouraging private sector
investment in renewable energy projects

• Incentives make renewable energy more cost-competitive with fossil fuels, accelerating deployment
and increasing market share

• Policies drive innovation and technological advancements in renewable energy, leading to improved
performance and reduced costs over time

Challenges of renewable grid integration
• Intermittency and variability of renewable energy sources

• Need for energy storage solutions (batteries, pumped hydro, compressed air) to balance supply and
demand and ensure grid stability

• Importance of grid flexibility and smart grid technologies to manage variable renewable energy
generation and optimize grid operations

• Transmission and distribution infrastructure

• Requirement for new transmission lines to connect renewable energy projects (offshore wind farms,
remote solar parks) to the grid and load centers

• Upgrades to existing infrastructure (transformers, switchgear, control systems) to handle bidirectional
power flows and increased variability

• Market and regulatory challenges

• Restructuring of electricity markets to accommodate renewable energy, including changes to pricing
mechanisms and ancillary service requirements

• Updating grid codes and interconnection standards to ensure safe and reliable integration of
renewable energy technologies

• Technical challenges

• Maintaining grid stability and reliability with high levels of renewable energy penetration, particularly in
systems with limited interconnections or flexibility

• Managing the impact of renewable energy on power quality and voltage regulation, requiring
advanced control strategies and grid support services

17.3 Climate change adaptation planning and implementation
Climate change adaptation is crucial for reducing vulnerability and increasing resilience to climate-related
risks. It involves actions to adjust to actual or expected effects of climate change, complementing mitigation
efforts focused on reducing greenhouse gas emissions.



Fiveable archived study guides Page 125

Adaptation planning includes risk assessment, stakeholder engagement, and resource allocation. Case
studies highlight successful strategies like coastal protection, drought-resistant crops, and early warning
systems. Developing an adaptation plan involves vulnerability assessment, stakeholder input, and
prioritizing options based on local conditions.

Climate Change Adaptation Fundamentals

Concept of climate change adaptation
• Actions taken to adjust to actual or expected effects of climate change

• Reduces vulnerability and increases resilience to climate-related risks (sea-level rise, droughts,
floods)

• Complements climate change mitigation efforts focused on reducing greenhouse gas emissions

• Helps communities, ecosystems, and economies cope with unavoidable impacts of climate change

• Reduces risk of damage, loss, and disruption caused by climate-related hazards (infrastructure
damage, crop failures, displacement)

• Enhances capacity to take advantage of potential opportunities arising from climate change (longer
growing seasons, new tourism opportunities)

Climate Change Adaptation Planning and Implementation

Components of adaptation planning
• Risk assessment

• Identifies and evaluates potential climate-related risks and vulnerabilities (coastal flooding, heatwaves,
wildfires)

• Considers likelihood and consequences of climate impacts on various sectors and systems
(agriculture, transportation, public health)

• Stakeholder engagement

• Involves relevant parties in adaptation planning process (government agencies, businesses, NGOs,
local communities)

• Ensures diverse perspectives and knowledge are incorporated into decision-making

• Builds support and ownership for adaptation actions

• Resource allocation

• Identifies and secures necessary financial, human, and technical resources for implementing
adaptation measures

• Prioritizes actions based on urgency, feasibility, and cost-effectiveness (early warning systems,
infrastructure upgrades, capacity building)

Case studies in adaptation
• Coastal protection and managed retreat in low-lying areas threatened by sea-level rise (Netherlands,
Bangladesh)
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• Drought-resistant crop varieties and improved irrigation systems in agriculture (maize, sorghum, drip
irrigation)

• Early warning systems and emergency preparedness for extreme weather events (cyclones, floods,
heatwaves)

• Green infrastructure and nature-based solutions in urban areas to reduce heat stress and flood risk
(green roofs, permeable pavements, wetland restoration)

• Lessons learned from case studies

• Importance of local context and community engagement in designing effective adaptation measures

• Need for cross-sectoral collaboration and integrated approaches to address complex climate risks

• Value of monitoring, evaluation, and learning to improve adaptation strategies over time

Adaptation plan development
• Steps in developing an adaptation plan 1. Conducting a vulnerability assessment to identify key
climate risks and impacts 2. Engaging stakeholders to gather input and build support for adaptation
actions 3. Identifying and prioritizing adaptation options based on feasibility, effectiveness, and
co-benefits 4. Developing an implementation strategy, including timelines, roles and responsibilities,
and funding sources 5. Establishing a monitoring and evaluation framework to track progress and
adjust the plan as needed

• Considerations for local conditions

• Physical and environmental factors (geography, climate, ecosystems)

• Socio-economic factors (population dynamics, livelihoods, infrastructure)

• Institutional and governance factors (policies, regulations, decision-making processes)

• Cultural and social factors (values, norms, traditional knowledge)
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Unit 18 – Atmospheric Remote Sensing
Techniques
18.1 Satellite-based atmospheric observations
Satellite-based atmospheric observations revolutionize our understanding of Earth's atmosphere. Using
passive and active remote sensing techniques, satellites gather data on temperature, humidity, clouds, and
trace gases. This global perspective enables continuous monitoring of atmospheric processes and climate
change.

Satellites offer advantages like global coverage and simultaneous measurements of multiple variables.
However, limitations include spatial resolution constraints and cloud interference. Interpreting satellite data
involves deriving atmospheric properties from measurements, which can be used to study weather
patterns, air quality, and climate change.

Principles and Techniques of Satellite-based Atmospheric Observations

Principles of satellite atmospheric observations
• Passive remote sensing measures electromagnetic radiation emitted, reflected, or scattered by the
atmosphere and Earth's surface at various wavelengths (visible, infrared, microwave) to provide
information on temperature, humidity, cloud properties, and trace gases

• Active remote sensing involves satellites emitting electromagnetic radiation and measuring the
backscattered signal using radar and lidar systems to obtain data on cloud properties, aerosols, and
wind profiles

• Geostationary satellites orbit at an altitude of approximately 35,800 km above the equator, maintaining
a fixed position relative to the Earth's surface and providing continuous coverage of a specific region
(GOES, Meteosat)

• Polar-orbiting satellites orbit at lower altitudes (700-800 km) in a north-south direction, covering the
entire Earth's surface with each orbit but with less frequent observations over a specific location
(NOAA, MetOp)

Instruments for atmospheric measurements
• Radiometers measure electromagnetic radiation at various wavelengths, such as the Advanced Very
High Resolution Radiometer (AVHRR) and the Moderate Resolution Imaging Spectroradiometer
(MODIS), to study surface temperature, vegetation, and ocean color

• Sounders, like the Atmospheric Infrared Sounder (AIRS) and the Infrared Atmospheric Sounding
Interferometer (IASI), measure vertical profiles of atmospheric temperature and humidity

• Spectrometers measure the absorption and emission of radiation at specific wavelengths to determine
the concentration of trace gases (ozone, nitrogen dioxide) and aerosols using instruments like the
Ozone Monitoring Instrument (OMI) and the Tropospheric Monitoring Instrument (TROPOMI)

• Radar and lidar systems, such as the Cloud Profiling Radar (CPR) and the Cloud-Aerosol Lidar with
Orthogonal Polarization (CALIOP), are active remote sensing instruments that emit electromagnetic
radiation and measure the backscattered signal to provide information on cloud properties,
precipitation, and aerosols
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Advantages, Limitations, and Interpretation of Satellite-based
Atmospheric Observations

Advantages vs limitations of satellite observations
• Advantages: 1. Global coverage enables observation of the entire Earth's surface, including remote
and inaccessible areas (polar regions, oceans) 2. Continuous monitoring by geostationary satellites
provides near-continuous observations of a specific region 3. Multiple variables can be measured
simultaneously by satellites, allowing for a comprehensive understanding of atmospheric processes 4.
Long-term data records spanning several decades enable the study of climate change and variability

• Limitations: 1. Spatial resolution of satellite observations may be limited compared to ground-based
measurements, affecting the ability to capture small-scale features 2. Temporal resolution of
polar-orbiting satellites results in less frequent observations over a specific location compared to
geostationary satellites 3. Cloud interference can obstruct satellite observations of the lower
atmosphere, limiting data availability 4. Retrieval uncertainties arise from the process of deriving
atmospheric properties from satellite measurements, involving assumptions and potential errors

Interpretation of satellite atmospheric data
• Temperature and humidity profiles derived from sounders (AIRS, IASI) are used to study atmospheric
stability, heat transport, and water vapor distribution, which influence weather patterns and climate

• Cloud properties, such as cloud top height, optical depth, and particle size, are derived from
radiometers and radar/lidar systems (MODIS, CALIOP) to study the role of clouds in the Earth's
radiation budget and hydrological cycle

• Trace gas concentrations, including ozone, nitrogen dioxide, and carbon monoxide, are derived from
spectrometers (OMI, TROPOMI) to study air quality, atmospheric chemistry, and climate change

• Aerosol optical depth, derived from radiometers and lidar systems, provides information on the
amount and distribution of aerosols in the atmosphere, which impact air quality, climate, and human
health

• Data assimilation combines satellite observations with numerical weather prediction models to
improve the accuracy and reliability of weather forecasts and climate simulations by constraining model
outputs with observational data

18.2 Ground-based and in-situ measurement systems
Atmospheric scientists use various tools to measure and understand our atmosphere. From weather
stations to radiosondes, these instruments provide crucial data on temperature, humidity, wind, and more.
Ground-based systems offer detailed, local insights, while satellites give a broader view.

In-situ observations directly measure atmospheric conditions, while remote sensing gathers data from afar.
Each method has its strengths and limitations. Scientists combine these approaches, along with careful
data analysis, to paint a comprehensive picture of our atmosphere and predict weather patterns.
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Ground-Based and In-Situ Measurement Systems

Types of atmospheric measurement systems
• Weather stations measure temperature, humidity, wind speed and direction, precipitation, and
atmospheric pressure using automated systems like AWOS (Automated Weather Observing System)
and ASOS (Automated Surface Observing System)

• Radiosondes are weather balloons equipped with sensors that measure atmospheric variables
(temperature, humidity, wind speed and direction, and pressure) at different altitudes providing vertical
profiles

• Radar systems include Doppler radar which measures precipitation and wind velocity, and wind
profilers which measure wind speed and direction at various altitudes

• Lidar (Light Detection and Ranging) uses laser pulses to measure atmospheric properties such as
aerosols, clouds, and wind

• Air quality monitoring stations measure concentrations of pollutants like ozone, nitrogen dioxide, and
particulate matter

• Flux towers measure exchanges of carbon dioxide, water vapor, and energy between the atmosphere
and Earth's surface

Principles of in-situ observations
• Direct measurements involve instruments directly measuring atmospheric variables at their location
using devices like thermometers, barometers, anemometers, and hygrometers

• Remote sensing techniques use instruments that measure atmospheric properties from a distance
using electromagnetic radiation and include radar, lidar, and sodar (sonic detection and ranging)

• Sampling techniques involve collecting air samples and analyzing them in a laboratory, such as flask
sampling for greenhouse gas concentrations and filter sampling for particulate matter

• Data logging and transmission record measurements on-site or transmit them to a central location for
analysis

Ground-based vs satellite-based measurements
• Advantages of ground-based and in-situ measurements:

• Provide direct, high-resolution measurements at specific locations

• Allow for continuous monitoring and long-term data collection

• Can measure variables that satellites cannot, such as air quality and surface fluxes

• Limitations of ground-based and in-situ measurements:

• Limited spatial coverage compared to satellites

• Measurements may be affected by local factors, such as topography and land use

• Maintenance and calibration of instruments can be costly and time-consuming

• Advantages of satellite-based observations:
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• Provide global coverage and large-scale spatial patterns

• Can measure atmospheric variables in remote or inaccessible areas

• Offer a synoptic view of the atmosphere and Earth's surface

• Limitations of satellite-based observations:

• Lower spatial and temporal resolution compared to ground-based measurements

• Measurements may be affected by atmospheric conditions, such as clouds and aerosols

• Retrieval algorithms are needed to convert satellite data into atmospheric variables

Interpretation of in-situ data
• Quality control checks data for errors, outliers, and inconsistencies and applies calibration and
validation procedures to ensure data accuracy

• Data processing and analysis converts raw data into meaningful variables and units and uses
statistical methods to identify trends, patterns, and relationships in the data

• Data visualization creates graphs, maps, and other visual representations to communicate data
effectively

• Data assimilation combines ground-based and in-situ measurements with satellite observations and
model output to improve the accuracy and spatial coverage of atmospheric analyses and forecasts

• Applications of ground-based and in-situ data include studying atmospheric processes, validating
satellite measurements, evaluating climate models, weather forecasting, air quality monitoring, and
climate change research

18.3 Radar and lidar applications in atmospheric science
Radar and lidar are powerful tools for probing the atmosphere. These remote sensing techniques use
electromagnetic waves to detect and measure atmospheric properties, from precipitation and clouds to
wind patterns and air pollution.

Both have unique strengths and limitations. Radar excels at long-range observations and penetrating
clouds, while lidar offers high resolution and sensitivity to small particles. Together, they provide a
comprehensive view of atmospheric structure and processes.

Radar and Lidar Principles and Applications

Principles of radar and lidar
• Radar (Radio Detection and Ranging) transmits electromagnetic waves in the radio or microwave
spectrum and measures the backscattered signal from atmospheric targets like precipitation and clouds

• Doppler radar measures the radial velocity of targets using the Doppler effect which determines the
motion and turbulence within precipitation and clouds

• Lidar (Light Detection and Ranging) uses laser light to probe the atmosphere and measures the
backscattered signal from atmospheric constituents like aerosols, trace gases, and clouds

• Elastic backscatter lidar measures the intensity of backscattered light at the same wavelength as the
transmitted laser to detect aerosol layers and mixing height
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• Differential absorption lidar (DIAL) uses two or more wavelengths to measure the concentration of
specific atmospheric gases (ozone, nitrogen dioxide)

• Raman lidar measures the inelastic scattering of light by atmospheric molecules to identify the
composition of aerosols and trace gases

• Principles of atmospheric remote sensing

• Range resolution determines the ability to distinguish between closely spaced targets and is affected
by the pulse duration and bandwidth of the transmitted signal

• Doppler velocity measures the radial velocity of atmospheric targets and is determined by the
frequency shift of the backscattered signal

• Polarization provides information about the shape, size, and orientation of atmospheric targets
(hydrometeors)

• Polarimetric radar uses horizontal and vertical polarizations to extract target characteristics

Applications in atmospheric science
• Precipitation and cloud studies

• Radar reflectivity measures the intensity of precipitation and cloud droplets

• Doppler velocity determines the motion and turbulence within precipitation and clouds

• Polarimetric measurements provide information about the size, shape, and phase of hydrometeors
(raindrops, ice crystals)

• Wind and turbulence measurements

• Doppler lidar measures wind speed and direction profiles in clear air

• Radar wind profilers provide continuous measurements of wind profiles

• Turbulence detection using Doppler spectrum width and velocity variations indicate atmospheric
turbulence

• Boundary layer and air pollution studies

• Elastic backscatter lidar detects aerosol layers and mixing height

• DIAL measures the concentration of specific pollutants (ozone, nitrogen dioxide)

• Raman lidar identifies the composition of aerosols and trace gases

• Stratospheric and mesospheric observations

• Temperature and density measurements using Rayleigh and Raman lidar techniques

• Ozone and other trace gas measurements using DIAL and Raman lidar techniques

• Polar stratospheric clouds (PSCs) and noctilucent clouds (NLCs) observations using backscatter lidar

Interpretation of radar and lidar data
• Radar reflectivity and precipitation
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• Reflectivity-rainfall rate relationships: , where  is reflectivity,  is rainfall rate, and  and 
are empirical constants

• Precipitation type identification using polarimetric variables (differential reflectivity, specific differential
phase)

• Doppler velocity and wind retrieval

• Velocity azimuth display (VAD) retrieves wind profiles from Doppler velocity measurements at different
azimuth angles

• Vertical profiles of horizontal wind by combining data from multiple Doppler radars or using a wind
profiler

• Lidar backscatter and extinction profiles

• Klett-Fernald inversion retrieves the atmospheric extinction coefficient from backscatter lidar
measurements

• Depolarization ratio indicates the sphericity of particles and helps identify particle types (ice crystals,
dust)

• Combining radar and lidar data

• Collocated measurements provide a comprehensive view of atmospheric structure and processes

• Synergistic retrievals improve the accuracy and resolution of atmospheric parameters

Strengths vs weaknesses of observations
• Strengths of radar

• Long-range observations can detect precipitation and clouds at distances up to hundreds of kilometers

• High temporal resolution provides continuous monitoring of atmospheric phenomena

• Ability to penetrate clouds and precipitation allows for observations in adverse weather conditions

• Weaknesses of radar

• Limited sensitivity to small particles may not detect fine aerosols or cloud droplets

• Attenuation in heavy precipitation weakens the signal when passing through intense rainfall or hail

• Ground clutter and anomalous propagation can lead to false or misleading observations near the
surface

• Strengths of lidar

• High spatial resolution provides detailed vertical profiles of atmospheric properties

• Sensitivity to small particles can detect fine aerosols, cloud droplets, and molecules

• Multiple wavelengths and techniques allow for the measurement of various atmospheric constituents

• Weaknesses of lidar

• Limited range due to attenuation of laser light restricts the observation range, especially in cloudy or
polluted conditions

• Inability to penetrate optically thick clouds as the signal is attenuated in dense cloud layers
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• Eye safety concerns as high-power lasers may pose risks to human eyes and require careful
operation

18.4 Data assimilation and integration techniques
Data assimilation combines observations with model output to estimate the atmosphere's state. It
minimizes differences between predictions and observations, providing initial conditions for forecasts and
correcting errors. This process continuously updates the model as new data becomes available.

In atmospheric modeling, data assimilation improves accuracy and reliability. It corrects errors from
imperfect conditions and physics, incorporates real-world observations, and produces better initial
conditions. This leads to more reliable forecasts and helps optimize observing networks.

Data Assimilation Concepts and Techniques

Concepts of data assimilation
• Combines observations with numerical model output produces an optimal estimate of the atmospheric
state (analysis)

• Minimizes the difference between model predictions and observations (satellite data, weather stations,
radar)

• Provides initial conditions for weather forecasting models

• Helps to correct model errors and reduce the growth of errors over time

• Continuously updates the model state as new observations become available (assimilation cycle)

Role in atmospheric modeling
• Improves the accuracy and reliability of atmospheric models and forecasts

• Corrects model errors due to imperfect initial conditions, boundary conditions, and model physics
(parameterizations)

• Incorporates real-world observations from various sources (radiosondes, aircraft, buoys)

• Produces better initial conditions for model runs leading to more reliable short-term and medium-range
forecasts

• Helps to optimize the design of observing networks through observing system experiments (OSEs)

Application of assimilation techniques
• Variational methods 1. 3D-Var minimizes a cost function to find the best fit between model and
observations at a single time 2. 4D-Var extends 3D-Var by considering the temporal evolution of the
model state

• Sequential methods
1. Kalman filter recursively updates the model state estimate based on observations and their
uncertainties 2. Ensemble Kalman filter uses an ensemble of model states to represent the uncertainty
in the estimate

• Observation operators map the model state to the observation space enabling direct comparison
between model predictions and observations
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• Preprocessing of observations involves quality control to remove erroneous data and bias correction
to account for systematic differences

Impact on model accuracy
• Verification methods compare model output with independent observations not used in the
assimilation process using statistical measures (RMSE, ACC)

• Observing system experiments assess the impact of specific observation types (radiances, GPS radio
occultation) on forecast quality

• Forecast skill improvements quantify the reduction in forecast errors due to data assimilation for
different forecast lead times and spatial scales

• Helps to identify the most valuable observation types and optimize the allocation of resources for
observing systems

• Enables more accurate and timely weather forecasts and warnings for severe weather events
(hurricanes, tornadoes)


