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Unit 1 — Exploring Earth's Oceans:
Oceanography Basics

1.1 History and scope of oceanography

Oceanography's journey spans ancient maritime exploration to modern scientific breakthroughs. From
early trade routes to global expeditions, our understanding of the seas has grown. Key figures and
technological advances have shaped this field, revealing ocean mysteries.

Today, oceanography combines physics, chemistry, biology, and geology to study Earth's waters.
Cutting-edge tech like satellites, underwater vehicles, and genomic tools push boundaries. This
multifaceted approach helps us grasp the ocean's role in climate, ecosystems, and global processes.

Historical Development of Oceanography

Milestones in oceanography history
» Ancient maritime exploration expanded trade networks
* Phoenicians and Greeks navigated Mediterranean Sea established coastal settlements
* Vikings explored North Atlantic discovered Iceland and Greenland
+ Age of Discovery (15th-17th centuries) revolutionized global navigation
« Circumnavigation of globe by Magellan's expedition proved Earth's spherical shape
» Mapping of major ocean basins improved understanding of ocean geography
« Scientific expeditions (18th-19th centuries) advanced marine science
» James Cook's voyages charted Pacific Ocean and discovered new islands (Hawaii)
* HMS Challenger expedition (1872-1876) laid foundation for modern oceanography
1. Conducted first global oceanographic survey
2. Discovered 4,700 new marine species
3. Collected data on ocean depths, temperatures, and currents
» Modern oceanography (20th century) transformed understanding of oceans
« Establishment of dedicated oceanographic institutions fostered research collaboration
» Development of echo sounding revealed detailed seafloor topography (Mid-Atlantic Ridge)
+ Discovery of plate tectonics explained formation of ocean basins and continental drift
* Alvin submersible (1964) enabled deep-sea exploration and hydrothermal vent discovery
» Space Age contributions revolutionized global ocean monitoring
« Satellite oceanography provided continuous data on sea surface temperature and height

* Global climate monitoring improved understanding of ocean-atmosphere interactions (El Nifio)
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Key figures in oceanography

» Matthew Fontaine Maury created first seafloor maps and compiled wind and current charts
+ Charles Darwin proposed theory of coral reef formation and made observations on marine biodiversity
* Roger Revelle studied carbon dioxide's role in ocean chemistry and warned about global warming

« Jacques Cousteau invented SCUBA gear and popularized marine conservation through
documentaries

+ Sylvia Earle pioneered deep-sea exploration and advocated for marine protected areas (Hope Spots)

* Henry Stommel developed theories on ocean circulation and explained western intensification of
ocean currents (Gulf Stream)

Scope and Importance of Oceanography

Interdisciplinary nature of oceanography

* Physical oceanography studies ocean currents, waves, and tides affecting global climate patterns

» Chemical oceanography analyzes seawater composition and investigates biogeochemical cycles
(carbon cycle)

* Biological oceanography examines marine ecosystems, organisms, and food webs (phytoplankton
productivity)

* Geological oceanography explores seafloor structure and investigates plate tectonics (mid-ocean
ridges)

» Atmospheric and ocean interactions influence climate dynamics and phenomena (El Nifio and La
Nifia)
Technological advancements in oceanography
» Remote sensing technologies revolutionized ocean observation
+ Satellite altimetry measures sea level with millimeter precision
» Ocean color sensors estimate productivity and track algal blooms

» Autonomous underwater vehicles (AUVs) enable long-term ocean monitoring and exploration of
extreme environments (deep-sea trenches)

* Acoustic technologies improved understanding of marine environments

» SONAR creates detailed seafloor maps

* Acoustic tracking monitors marine mammal migrations

» Genomic tools enhance biodiversity research

* Metabarcoding assesses marine community composition

* Environmental DNA (eDNA) analysis detects species presence without direct observation

» Computer modeling advances predictions and simulations
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+ Climate models project future ocean conditions
 Ecosystem simulations assess impacts of environmental changes

» Buoy networks and ocean observatories provide real-time data collection for global ocean monitoring
(Argo float network)

» Advanced diving technologies expand underwater research capabilities
*» Rebreathers allow extended underwater observation time

» Atmospheric diving suits enable exploration at extreme depths (Marianas Trench)

1.2 Earth's ocean basins and their characteristics

Ocean basins shape our planet's geography and climate. From the vast Pacific to the icy Arctic, each basin
has unique characteristics formed by tectonic processes over millions of years.

These basins aren't just empty spaces. They're dynamic systems with continental margins, deep abyssal
plains, underwater mountains, and trenches. Understanding their formation and structure is key to grasping
Earth's geological history and ongoing processes.

Ocean Basin Geography and Characteristics

Major ocean basins and locations

+ Pacific Ocean spans 165 million km? between Americas, Asia, and Australia as largest ocean basin
+ Atlantic Ocean covers 106 million km? between Americas, Europe, and Africa as second-largest basin

* Indian Ocean encompasses 70 million km? bounded by Africa, Asia, and Australia as third-largest
basin

» Southern Ocean (Antarctic Ocean) encircles Antarctica extending from coast to 60°S latitude

* Arctic Ocean surrounds North Pole covering 14 million km? as smallest ocean basin (North America,
Eurasia)

Physical characteristics of ocean basins

+ Pacific Ocean

* 4,000 m average depth with 10,911 m maximum in Mariana Trench

* Roughly circular shape featuring irregular western boundary

» Atlantic Ocean

+ 3,600 m average depth with 8,376 m maximum in Puerto Rico Trench
» S-shaped basin narrower than Pacific

* Indian Ocean

* 3,900 m average depth with 7,450 m maximum in Java Trench

* Roughly triangular shape

» Southern Ocean
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+ 3,000-5,000 m average depth with 7,235 m maximum in South Sandwich Trench
* Ring-like shape encircling Antarctica

» Arctic Ocean

* 1,205 m average depth with 5,550 m maximum in Fram Basin

* Nearly circular shape

Ocean Basin Formation and Structure

Ocean basin formation through tectonics

+ Seafloor spreading creates new oceanic crust at mid-ocean ridges as magma rises and solidifies
» Subduction zones recycle oceanic crust as it sinks beneath continental or oceanic plates

» Wilson Cycle describes ocean basin lifecycle: rifting, seafloor spreading, subduction, collision

* Transform faults offset mid-ocean ridge segments contributing to complex basin shapes

* Hot spots form volcanic island chains as plates move over stationary mantle plumes
(Hawaiian-Emperor Seamount Chain)

Continental margins vs deep basins

 Continental margins

* Transition between continents and deep ocean basins

» Components:

1. Continental shelf: gently sloping, shallow submerged extension of continents

2. Continental slope: steeper descent from shelf to deep ocean floor

3. Continental rise: gradual slope at base of continental slope

* Types:

 Passive margins: wide shelves, gradual transitions (U.S. East Coast)

« Active margins: narrow shelves, steep slopes, often with trenches (U.S. West Coast)
» Deep ocean basins

 Abyssal plains: vast, flat areas covered in fine sediments

» Seamounts and guyots: underwater volcanoes and flat-topped submerged mountains
» Mid-ocean ridges: underwater mountain ranges where new oceanic crust forms

» Deep-sea trenches: narrow, deep depressions often associated with subduction zones

* Fracture zones: linear features perpendicular to mid-ocean ridges from transform faults

Fiveable archived study guides Page 5



1.3 Importance of oceans in global systems

Oceans cover about 71% of Earth's surface and regulate nearly every major global system, from climate to
the water cycle to oxygen production. Understanding how oceans interact with the atmosphere, land, and
living organisms is foundational to oceanography and to understanding how Earth works as a connected
system.

Ocean's Role in Global Systems

Describe the importance of oceans in global systems

The ocean is the largest habitat on the planet, and its influence reaches far beyond the coastline. It shapes
climate, drives chemical cycles, and supports both ecosystems and human economies.

« Climate regulation: Oceans absorb and redistribute heat across the globe, directly influencing weather
patterns and stabilizing temperatures.

« Carbon cycle: The ocean acts as a massive carbon sink, absorbing roughly 25% of the CO> humans
release into the atmosphere. Without this, atmospheric warming would be significantly worse.

» Water cycle: Oceans are the primary source of evaporation that fuels precipitation over land. More on
this below.

» Oxygen production: Marine phytoplankton generate about 50% of Earth's oxygen through
photosynthesis. That's comparable to all the forests on land combined.

* Nutrient cycling: Ocean currents transport and distribute nutrients globally, supporting productivity in
ecosystems thousands of miles apart.

* Food and economy: Oceans provide protein for billions of people worldwide. They also support the
fishing industry, global shipping and transportation, and tourism and recreation like diving and coastal
resorts.

Explain the ocean's role in the water cycle

Oceans hold about 97% of all water on Earth, which makes them the engine of the global water cycle (also
called the hydrological cycle). Here's how the process works:

1. Evaporation: The sun heats the ocean surface, converting liquid water into water vapor that rises into
the atmosphere.

2. Condensation: As water vapor rises and cools, it forms clouds. Wind currents carry these clouds over
both ocean and land.

3. Precipitation: Water falls back to Earth's surface as rain or snow, replenishing freshwater sources like
lakes, rivers, and groundwater.

4. Runoff: Freshwater flows back toward the ocean through rivers and streams, carrying sediments and
dissolved nutrients along the way.

5. Groundwater seepage: Some water moves slowly through soil and rock layers underground,
eventually reaching the ocean over much longer timescales.

On top of this surface-driven cycle, thermohaline circulation acts as a global ocean conveyor belt.
Differences in water temperature and salinity cause denser water to sink and less dense water to rise,
redistributing heat and nutrients across ocean basins. This deep circulation connects all the world's oceans
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and plays a major role in long-term climate patterns.

Describe the ocean's influence on weather and climate

Oceans don't just respond to climate; they actively shape it. Here are the key mechanisms:

* Heat absorption and distribution: Oceans have absorbed about 90% of the excess heat trapped by
greenhouse gases. Ocean currents then transport that heat from the equator toward the poles,
moderating global temperature differences.

» Atmospheric circulation: Ocean surface temperatures influence air pressure above them, which helps
create global wind patterns like the trade winds and westerlies.

« El Nino and La Nina: These are periodic shifts in Pacific Ocean surface temperatures that ripple
across global weather. EI Nifio (warmer-than-normal waters in the eastern Pacific) can cause droughts
in some regions and floods in others. La Nifa (cooler-than-normal waters) tends to produce opposite
effects.

* Hurricanes and typhoons: These storms form over warm ocean water (typically above 26°C). Higher
sea surface temperatures generally fuel more intense storms.

* Monsoons: Seasonal wind reversals driven by temperature differences between land and ocean. The
Indian Ocean monsoon, for example, delivers the majority of South Asia's annual rainfall.

« Coastal climate moderation: Locations near the ocean experience milder winters and cooler summers
compared to inland areas at the same latitude, because water heats and cools more slowly than land.

» Ocean acidification: As oceans absorb more CO>, seawater becomes more acidic. This threatens
shell-building organisms like corals and mollusks, and could disrupt the ocean's ability to regulate the
carbon cycle over time.

Ocean Chemistry and Physics

Explain the concept of ocean salinity

Salinity is the total amount of dissolved salts in seawater, averaging about 35 parts per thousand (ppt).
That means roughly 35 grams of salt per kilogram of seawater.

The major dissolved ions are: - Chloride (C/ ~ ) and Sodium (Na *), which together make up most of the
salt - Sulfate (SOZ ) - Magnesium (Mg?*)

Several factors raise or lower salinity in a given area:
1. Evaporation removes freshwater, increasing salinity
2. Precipitation adds freshwater, decreasing salinity
3. River input adds freshwater near coastlines, decreasing salinity
4. Sea ice formation leaves salt behind in the surrounding water, increasing salinity

Salinity is measured using conductivity (saltier water conducts electricity better) and refractometry. It
matters because salinity directly affects water density and circulation patterns. Marine organisms must also
regulate their internal salt balance through a process called osmoregulation to survive in saltwater
environments.
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Describe the physical properties of seawater

Several physical properties define how seawater behaves and how organisms survive in it:

- Density depends on temperature, salinity, and pressure. It's calculated as P = v (mass divided by
volume). Colder, saltier water is denser and sinks, which drives deep ocean circulation.

» Temperature varies with depth and location. Most of the ocean features a thermocline, a zone where
temperature drops rapidly with increasing depth, separating warm surface water from cold deep water.

* Pressure increases by approximately 1 atmosphere for every 10 meters of depth. Deep-sea
organisms have evolved remarkable adaptations to withstand pressures hundreds of times greater than
at the surface.

* Viscosity is the water's resistance to flow. It increases at lower temperatures and higher salinities,
which affects how organisms move through the water.

« Light penetration decreases with depth. The upper layer where enough light reaches for
photosynthesis is called the photic zone, typically extending to about 200 meters. Below that, the ocean
is in permanent darkness.

» Sound propagation: Sound travels roughly 4.5 times faster in seawater than in air. This property is the
basis for sonar technology, used in navigation, mapping the seafloor, and marine communication.

Explain the concept of ocean stratification

Ocean stratification refers to the vertical layering of water into distinct masses based on differences in
temperature, salinity, and density. Think of it as the ocean organizing itself into horizontal layers that don't
easily mix.

The three main layers are:

« Surface mixed layer: The warm, well-mixed upper layer stirred by wind and waves. Temperatures here
are relatively uniform.

» Thermocline (pycnocline): A transition zone where temperature drops and density increases sharply
with depth. This layer acts as a barrier between surface and deep water.

* Deep layer: Cold, dense water that fills most of the ocean's volume. Conditions here are remarkably
stable.

Stratification changes with the seasons. In summer, strong surface heating creates a more pronounced
thermocline, strengthening stratification. In winter, cooling and storms mix the surface layer deeper,
weakening stratification and bringing nutrients up from below.

This layering has real consequences for marine life. Strong stratification can trap nutrients in deeper water,
limiting productivity at the surface. Where stratification breaks down, such as in upwelling zones,
nutrient-rich deep water rises to the surface, fueling phytoplankton blooms and supporting rich
ecosystems. Climate change is increasing ocean stratification by warming surface waters, which could
reduce mixing, limit nutrient supply to surface ecosystems, and weaken ocean circulation over time.
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Unit 2 — Plate Tectonics and the Ocean
Floor

2.1 Plate tectonic theory and seafloor spreading

Earth's crust is a jigsaw puzzle of massive plates, constantly shifting and reshaping our planet. These
tectonic plates float on a partially molten layer, driven by heat from Earth's core. Their movements create
mountains, trenches, and new seafloor.

Plate boundaries are where the action happens. Plates pull apart, collide, or slide past each other, causing
earthquakes and volcanic eruptions. Scientists have gathered evidence from fossils, magnetic patterns,
and GPS data to piece together this dynamic picture of our ever-changing Earth.

Plate Tectonic Theory

Principles of plate tectonic theory

« Earth's lithosphere divided into tectonic plates forms rigid outer layer includes crust and uppermost
mantle

+ Plates move on top of asthenosphere partially molten layer beneath lithosphere allows plate
movement

+ Plate movement driven by convection currents in mantle transfers heat from Earth's interior

+ Oceanic crust forms at divergent boundaries creates new seafloor (Mid-Atlantic Ridge)

* Oceanic crust destroyed at convergent boundaries subducts into mantle (Pacific Ring of Fire)
* Plates interact at three main types of boundaries shape Earth's surface features

* Divergent plates move apart form rift valleys and mid-ocean ridges

» Convergent plates collide create mountains and deep trenches

* Transform plates slide past each other cause earthquakes along fault lines (San Andreas Fault)

Process of seafloor spreading
« Seafloor spreading occurs at divergent boundaries creates new oceanic crust
* Magma rises from mantle at mid-ocean ridges forms new crust as it cools and solidifies
* Newly formed crust moves away from ridge pushed by continuing magma upwelling
* Rate of seafloor spreading varies typically 1-20 cm per year affects ocean basin size
* Youngest crust found near mid-ocean ridges recently formed and less dense
* Oldest crust found near subduction zones denser and ready to sink into mantle
+ Continuous cycle of crust creation and destruction maintains relatively constant ocean basin size

* Process explained by Harry Hess in 1960s revolutionized understanding of Earth's dynamics
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Plate Boundaries and Evidence

Types of plate boundaries

* Divergent boundaries plates move apart create new crust

» Mid-ocean ridges underwater mountain ranges (East Pacific Rise)
« Rift valleys deep cracks in continental crust (East African Rift)

+ Shallow earthquakes occur as crust pulls apart

» Convergent boundaries plates collide one plate subducts

* Subduction zones where oceanic crust sinks into mantle

» Deep ocean trenches formed by downward bending crust (Mariana Trench)
* Volcanic arcs created by melting subducted crust (Aleutian Islands)
» Deep earthquakes generated by sinking plate

« Transform boundaries plates slide horizontally past each other

« Strike-slip faults occur where crust breaks along plate boundary

* Shallow earthquakes result from sudden plate movement

* Offset features visible where fault cuts across landscape (California coastline)

Evidence for plate tectonics

« Fit of continents matching coastlines of separated continents (South America and Africa)

* Fossil distribution similar fossils found on different continents (Mesosaurus in Africa and South
America)

* Rock type and age distribution matching rocks across oceans supports continental drift

» Paleomagnetism magnetic reversals recorded in oceanic crust

» Symmetric magnetic striping pattern on seafloor supports seafloor spreading

» Heat flow measurements higher heat flow near mid-ocean ridges indicates recent magma activity

« Earthquake and volcanic activity patterns concentrated along plate boundaries

* GPS measurements direct observation of plate movement confirms predicted motions

» Ocean drilling data age progression of seafloor sediments youngest near ridges oldest near trenches

« Seafloor topography mid-ocean ridges and trenches align with plate boundaries visible on ocean floor
maps

2.2 Oceanic crust formation and evolution

The ocean floor is constantly renewing itself through a fascinating process of creation and destruction. At
mid-ocean ridges, molten rock rises and solidifies, forming new oceanic crust. This crust then spreads
outward, aging and changing as it moves across the seafloor.
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As oceanic crust travels, it cools, subsides, and accumulates sediment. Eventually, it's recycled back into
the Earth's interior at subduction zones. This cycle shapes the ocean basins and plays a crucial role in
Earth's geological processes.

Oceanic Crust Formation and Evolution

Formation of oceanic crust

+ Seafloor spreading occurs at divergent plate boundaries as mantle material upwells
* Magma generation through decompression melting leads to partial melting of upper mantle
» Magma crystallization forms basaltic rocks as it cools and solidifies

* Layered structure develops with pillow lavas at top, sheeted dike complex in middle, and gabbros at
bottom

 Cooling and solidification process forms new lithosphere, constantly renewing ocean floor

Oceanic vs continental crust

+ Oceanic crust composed primarily of basaltic rocks, 5-10 km thick, higher density (~3.0 g/cm?3)

+ Continental crust made of granitic to intermediate rocks, 30-50 km thick average, lower density (~2.7
g/cm?)

+ Oceanic crust younger (max ~200 million years) while continental crust can be billions of years old

* Oceanic crust constantly recycled at subduction zones, continental crust more stable over time

Magmatism and hydrothermal activity

* Magmatism provides new crustal material and determines initial composition of oceanic crust
» Hydrothermal activity driven by circulation of seawater through crust via heat-driven convection
« Alteration processes include mineral replacement and serpentinization of ultramafic rocks

» Hydrothermal vent systems form black smokers (high-temperature) and white smokers
(lower-temperature)

» Mineral deposits form through sulfide precipitation around vents

» Unique chemosynthetic ecosystems thrive in these extreme environments (giant tube worms, clams)

Age-distance relationship of oceanic crust

» Age progression shows youngest crust at ridge axis, increasing with distance from ridge
* Magnetic striping pattern records geomagnetic field reversals over time

+ Seafloor spreading rates vary between fast-spreading (East Pacific Rise) and slow-spreading ridges
(Mid-Atlantic Ridge)

+ Older crust subducted at trenches, recycling into mantle
» Bathymetric changes observed from elevated ridges to deeper abyssal plains

» Heat flow decreases with age as crust cools and moves away from ridge
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» Sediment accumulation increases with age and distance from ridge, thickest in oldest areas

2.3 Submarine topography and bathymetry

The ocean floor is a hidden world of diverse landscapes. From shallow continental shelves to deep abyssal
plains, it's shaped by tectonic forces, volcanic activity, and sedimentation. These processes create features
like mid-ocean ridges, seamounts, and trenches.

Mapping the seafloor is crucial for understanding its topography. Scientists use echo sounding, satellite
altimetry, and underwater vehicles to create detailed maps. These reveal the complex terrain beneath the
waves, helping us interpret geological processes and uncover the ocean's secrets.

Ocean Floor Topography

Features of ocean floor topography

 Continental margins extend from shoreline to deep ocean basin

+ Continental shelf gently slopes from coast to ~200m depth

« Continental slope steeply descends to ~3000m depth

* Continental rise gradually transitions to abyssal plain

* Deep ocean basins cover majority of seafloor

* Abyssal plains form vast flat areas at 3000-6000m depth

» Mid-ocean ridges create underwater mountain chains (Mid-Atlantic Ridge)
» Seamounts rise from seafloor as isolated underwater volcanoes

* Oceanic plateaus form large elevated areas (Ontong Java Plateau)
* Trenches mark deepest parts of ocean

+ Subduction zones where oceanic crust sinks into mantle

* Challenger Deep in Mariana Trench reaches ~11,000m depth

Formation of submarine features

* Plate tectonics drive major seafloor processes

« Seafloor spreading creates new oceanic crust at mid-ocean ridges

* Subduction recycles old oceanic crust at trenches

« Continental drift shapes global ocean basin configuration

* Volcanic activity builds underwater structures

* Hotspots form island chains as plates move over stationary plumes (Hawaiian Islands)
» Underwater volcanoes create seamounts and guyots

» Sedimentation accumulates material on ocean floor

* Turbidity currents transport sediment down continental slopes
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* Pelagic sedimentation slowly deposits material from water column
* Erosion shapes continental margins

» Submarine canyons carved by turbidity currents

» Wave action modifies continental shelves

* Isostatic adjustment alters vertical position of crust

* Glacial rebound lifts land after ice sheet melting

* Crustal loading and unloading from sediment deposition/erosion

Bathymetric Mapping and Interpretation

Ocean floor mapping techniques

» Echo sounding uses sound waves to measure depth

* Single-beam echo sounders provide point measurements

» Multibeam echo sounders create wide swath of depth data

« Side-scan sonar produces detailed images of seafloor texture
« Satellite altimetry measures sea surface height

» Radar detects subtle variations in ocean surface

+ Gravity anomalies reveal underlying seafloor topography

« Seismic reflection profiling images sub-seafloor structures

» Underwater vehicles collect high-resolution data

* Remotely operated vehicles (ROVs) controlled from surface

» Autonomous underwater vehicles (AUVs) operate independently

« Light Detection and Ranging (LiIDAR) maps shallow coastal areas

Interpretation of bathymetric data

» Bathymetric contour lines represent equal depths

* Depth intervals typically 100-1000m

* Closely spaced lines indicate steep slopes

* Color-coded depth maps provide visual representation
* Cross-sectional profiles show vertical slices of seafloor
* Vertical exaggeration emphasizes subtle features

+ Identifying submarine features from bathymetric data

» Seamounts appear as isolated peaks

» Submarine canyons form V-shaped incisions on continental slopes
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* Fracture zones create linear offsets in mid-ocean ridges

» Bathymetric data analysis techniques

+ Digital elevation models (DEMs) create 3D representations

+ 3D visualization enhances interpretation of complex topography
* Relating bathymetry to geological processes

» Tectonic plate boundaries visible as linear features

» Sedimentary processes revealed by smooth vs. rough textures

Fiveable archived study guides Page 14



Unit 3 — Marine Provinces and Sediments

3.1 Continental margins and deep ocean basins

Continental margins and deep ocean basins shape Earth's underwater landscape. These features, from
shallow shelves to abyssal plains, play crucial roles in marine ecosystems and geological processes.

Exploring these zones reveals a dynamic world beneath the waves. From rich fishing grounds to
hydrothermal vents, these underwater realms showcase the diverse and complex nature of our planet's
oceans.

Continental Margins

Influence of families and peer groups

 Continental shelf

« Shallow gently sloping submerged portion of continent extends average width 80 km and depth 0-200
m

* Supports rich marine ecosystems and valuable fisheries (Georges Bank, North Sea)

« Continental slope

« Steep descent from shelf to deep ocean floor drops average gradient 4° over depth range 200-3000 m
* Hosts diverse deep-sea communities and cold seeps (Gulf of Mexico)

+ Continental rise

+ Gradual slope at base of continental slope formed by sediment accumulation from turbidity currents

* Acts as transition zone to abyssal plain smoothing topography

Socialization from institutions

* Passive margins

* Located on tectonically inactive plate boundaries feature wide continental shelves (Atlantic coast)
+ Gradual transition from continent to ocean basin allows thick sediment accumulation

* Active margins

* Located on tectonically active plate boundaries have narrow or absent continental shelves (Pacific
coast)

+ Steep continental slopes lead to deep oceanic trenches associated with subduction zones and
earthquakes

Deep Ocean Basins

Political and economic innovations in Song China
* Abyssal plains

* Vast flat areas of deep ocean floor range 3000-6000 m depth covered in fine sediments
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« Largest geomorphic feature on Earth occupies about 50% of ocean floor

» Mid-ocean ridges

» Underwater mountain ranges span global system 65,000 km marking sites of seafloor spreading
» Form new oceanic crust through volcanic activity and tectonic processes (Mid-Atlantic Ridge)

» Seamounts and guyots

» Submarine volcanoes dot ocean floor seamounts form cone-shaped underwater mountains

* Guyots are flat-topped seamounts eroded by wave action (Great Meteor Seamount)

* Oceanic trenches

* Deepest parts of ocean associated with subduction zones reach extreme depths

» Mariana Trench in Pacific Ocean contains deepest point Challenger Deep at 10,911 m

Social comparisons of Song China vs Nomadic Steppe Peoples
* Abyssal hills
» Small elevations on ocean floor range 100-1000 m height formed by faulting and volcanism
* Become buried under sediments over time creating smoother topography
* Abyssal plains
» Formation process:
1. Sediment accumulation in basins from continental runoff
2. Turbidity currents transport sediments from continental margins
3. Pelagic sedimentation adds layer of marine organic matter

Characteristics include extremely flat topography thick sediment cover (hundreds of meters) and gradual
slope (less than 1:1000)

Mid-ocean ridge formation
* Divergent plate boundaries create upwelling of magma from mantle
+ Seafloor spreading produces new oceanic crust at rate of 1-20 cm/year
» Mid-ocean ridge structure
* Central rift valley flanked by parallel mountain ranges
» Segmented by transform faults offsetting ridge axis

Features hydrothermal vents black smokers and unique chemosynthetic ecosystems
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Transform faults
* Active plate boundaries offset segments of mid-ocean ridges
» Generate earthquakes and crustal movement perpendicular to ridge axis (San Andreas Fault)
* Fracture zones
* Inactive extensions of transform faults extend beyond active plate boundaries

» Represent past plate motions without current seismic activity (Mendocino Fracture Zone)

3.2 Marine sediment types and distribution

Marine sediments are Earth's hidden history books, recording oceanic changes over millions of years.
These underwater deposits come in various types, each telling a unique story about their origin,
composition, and the forces that shaped them.

Understanding marine sediments is crucial for decoding past climates, ocean circulation patterns, and
biological productivity. From tiny clay particles to coarse gravels, these sediments provide valuable clues
about Earth's ever-changing marine environments and their global impacts.

Marine Sediment Classification and Distribution

Classification of marine sediments

« Origin-based classification differentiates sediments by source

« Terrigenous sediments originate from land weathering and erosion transported to ocean (river
sediment)

* Biogenous sediments form from remains of marine organisms (coral skeletons)

» Hydrogenous sediments precipitate directly from seawater (manganese nodules)

» Cosmogenous sediments come from extraterrestrial sources (micrometeorites)

» Composition-based classification groups sediments by chemical makeup

« Siliceous sediments contain silicon dioxide from diatoms and radiolarians

« Calcareous sediments rich in calcium carbonate from foraminifera and coccolithophores
* Red clay forms from fine terrigenous particles and authigenic minerals

* Grain size classification categorizes sediments by particle diameter

* Clay (< 0.004 mm) finest particles, stay suspended for long periods

« Silt (0.004 - 0.0625 mm) intermediate size, often mixed with clay

» Sand (0.0625 - 2 mm) visible grains, common on beaches and continental shelves

* Gravel (> 2 mm) largest particles, found near shorelines and in submarine canyons

Distribution patterns of sediment types

+ Continental margins accumulate terrigenous sediments from land

« Coarser grain sizes near shore due to higher energy environments
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* Finer sediments transported further offshore

+ Abyssal plains covered in fine-grained sediments due to low energy

* Biogenous oozes dominate in high productivity areas (equatorial regions)
* Red clay prevalent in areas of low biological productivity

» Mid-ocean ridges have thin sediment cover due to young crust

+ Hydrothermal deposits form near active vents (black smokers)

» Deep-sea trenches accumulate turbidites from submarine landslides

» Sediments transported by turbidity currents

* Polar regions contain ice-rafted debris from melting icebergs

+ Coarse-grained sediments deposited far from shore

Factors in sediment distribution

» Ocean currents transport and sort sediments

« Strong currents carry particles further and keep them suspended

* Influence particle settling rates through turbulence and upwelling

* Biological productivity controls biogenous sediment distribution

» Upwelling zones and equatorial regions have high productivity

+ Siliceous oozes dominant in Southern Ocean due to diatom blooms
* Proximity to land affects terrigenous sediment input

« River discharge major source of sediments to continental margins

* Aeolian transport significant in arid regions (Saharan dust to Atlantic)
» Water depth impacts carbonate preservation

» Carbonate compensation depth (CCD) marks dissolution of calcium carbonate
* Lysocline zone of rapid increase in carbonate dissolution rate

« Seafloor topography influences sediment accumulation

» Sediment focusing occurs in basins and depressions

* Erosion prevalent on seamounts and ridges due to current scouring
« Climate zones affect weathering, erosion, and productivity

* Tropical regions have high chemical weathering rates

* Glacial environments produce large amounts of physical erosion

Sediments as environmental records

+ Paleoceanographic proxies in sediments reveal past conditions
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* Oxygen isotope ratios in foraminifera shells indicate past temperatures
* Trace element composition reflects ocean chemistry changes

» Sediment cores provide climate archives through time

« Stratigraphic analysis shows changes in sediment composition

* Biostratigraphy uses microfossil assemblages to date sediments

« Past ocean circulation patterns inferred from sediment properties

+ Grain size distribution indicates current strength

» Sediment provenance studies track transport pathways

+ Sea level changes recorded in continental shelf sediments

« Shoreline deposits mark past sea levels during glacial periods

* Paleoproductivity indicators reflect past ecosystem changes

* Biogenic silica accumulation rates show diatom productivity

* Organic carbon content indicates overall marine productivity

* Ice sheet dynamics revealed through ice-rafted debris

 Coarse sediments in deep ocean indicate iceberg discharge events
» Anthropogenic impacts visible in recent sediments

* Microplastics accumulation shows increasing pollution

» Heavy metal concentrations reflect industrial activities

3.3 Sedimentary processes and depositional environments

Sedimentary Processes

Sedimentary processes control how particles move from their source to their final resting place on the
seafloor. Erosion breaks rocks apart, transportation carries those fragments by wind, water, ice, or gravity,
and deposition drops them when energy runs out. Understanding how these processes work in marine
settings helps geologists reconstruct ancient ocean conditions and locate resources like hydrocarbons.

Describe the major processes of sediment transport

Three linked stages move material from source rock to sedimentary deposit:
Erosion breaks down existing rock into transportable particles.

* Physical weathering fragments rocks through mechanical forces like freeze-thaw cycles and wave
abrasion along coastlines.

» Chemical weathering alters mineral composition. Limestone dissolving in slightly acidic rainwater is a
classic example.

* Biological weathering results from organisms: plant roots prying apart rock, burrowing animals
loosening sediment, and marine organisms boring into rock surfaces.
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Transportation moves those particles to a new location.
» Wind carries sand and dust, building features like sand dunes and loess deposits.

» Water moves sediment through rivers, ocean currents, and turbidity currents. River systems deliver
most terrigenous sediment to the ocean.

« Ice transports debris locked within glaciers, depositing moraines and glacial erratics when the ice
melts.

* Gravity drives mass wasting events like landslides and submarine debris flows.

Deposition occurs when transport energy drops below what's needed to keep particles moving. Coarse
particles settle first because they require more energy to stay in motion, while finer particles remain
suspended longer and travel farther from the source.

Explain the concept of sediment sorting and its importance in
sedimentary environments

Sediment sorting describes how well separated particles are by size, shape, and density after transport.
The longer and more consistent the transport energy, the better sorted the deposit becomes.

Why sorting matters:

« It serves as a fingerprint of the depositional environment. A well-sorted deposit (uniform particle size)
points to a consistent-energy setting like a beach, where waves repeatedly wash away fines and leave
behind similarly sized sand grains. A poorly sorted deposit (mixed particle sizes) suggests variable or
chaotic energy, like a glacial till or debris flow.

« Sorting directly controls porosity and permeability in sedimentary rocks. Well-sorted sediments have
more uniform pore spaces, allowing fluids (water, oil, gas) to flow through more easily. Poorly sorted
sediments have small grains filling gaps between large ones, reducing pore space and fluid flow.

Discuss the factors that influence sediment deposition rates
Deposition rate depends on both the particles themselves and the environment they're settling through.
Particle characteristics:

+ Size — Larger particles settle faster than smaller ones.

» Shape — Flat or irregular shapes experience more drag and settle more slowly than spherical grains
of the same mass.

* Density — Denser minerals (like quartz at ~2.65 g/cm?) sink faster than less dense particles of the
same size.

Environmental factors:

+ Current velocity — Faster-moving water or wind keeps particles suspended longer and carries them
farther.

* Turbulence — Chaotic flow can keep even relatively large particles from settling.

» Water depth — In deeper water, particles take longer to reach the bottom and can be redistributed by
intermediate currents along the way.

Stokes' Law gives the settling velocity for small, spherical particles in a still fluid:
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« V' = settling velocity

« Ps = density of the particle

* Pr = density of the fluid

M = fluid viscosity

« 9 = gravitational acceleration
* I’ = particle radius

The key takeaway: settling velocity increases with the square of the radius, so doubling a particle's size
makes it settle four times faster. This is why grain size decreases so predictably with distance from shore.

Depositional Environments

Identify and describe the main types of marine depositional
environments

Marine depositional environments span from the shoreline to the deepest ocean floor, each with distinct
energy levels, sediment types, and biological influences.

Coastal environments sit at the land-ocean boundary where energy is high and sediment supply is often
abundant.

» Beaches are dynamic zones of sand and gravel constantly reworked by waves and longshore
currents.

« Estuaries are semi-enclosed areas where freshwater mixes with saltwater. Low current velocities
allow fine-grained mud and silt to accumulate.

* Deltas form where rivers deposit their sediment load into a standing body of water (covered in detail
below).

Shallow marine environments extend across the submerged continental margins.

* The continental shelf is the gently sloping (average ~0.1°) underwater extension of the continent,
typically reaching depths of about 120-200 m. Sediments here are a mix of terrigenous sand and
biogenic material.

* Coral reefs are biogenic carbonate structures that thrive in warm (>18°C), clear, shallow tropical
waters.

Deep marine environments lie beyond the shelf break.

* The continental slope descends more steeply (~4°) from the shelf edge toward the deep ocean and is
cut by submarine canyons that funnel sediment downslope.

 Abyssal plains are the flat expanses of the deep ocean floor (3,000-6,000 m depth), blanketed by very
fine clay and biogenic ooze that accumulates extremely slowly.

» Mid-ocean ridges are volcanic mountain ranges where new crust forms; hydrothermal vents here
deposit metallic sulfide minerals.

Polar environments contribute sediment through ice-related processes.
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* Ice shelves and glaciers calve icebergs that carry embedded rock debris far out to sea. As the ice
melts, this debris drops to the seafloor, producing ice-rafted debris — a distinctive poorly sorted deposit
found in otherwise fine-grained deep-sea sediments.

Explain the characteristics of deltaic depositional systems

A delta forms where a river enters a slower-moving or stationary body of water and loses the energy
needed to carry its sediment load. Over time, sediment accumulates and builds new land outward into the
water body.

Delta types depend on which force dominates:

* River-dominated (elongate) — River flow overpowers waves and tides, pushing sediment outward in
finger-like lobes. The Mississippi River delta is the textbook example, with its distinctive "bird's foot"
shape.

» Wave-dominated (cuspate) — Strong wave action redistributes sediment along the coast, smoothing
the delta front into a rounded or triangular shape (e.g., the Nile Delta).

+ Tide-dominated (irregular) — Strong tidal currents create complex networks of channels and sand
bars (e.g., the Ganges-Brahmaputra Delta).

Internal structure of a delta consists of three distinct bed types:
1. Topset beds — Horizontal layers deposited on the flat delta surface by the river.

2. Foreset beds — Steeply dipping layers at the advancing delta front, where sediment avalanches
down the slope. These make up the bulk of the delta.

3. Bottomset beds — Gently sloping, fine-grained layers deposited beyond the delta front by the finest
suspended particles.

Sediment gets finer with distance from the river mouth. Coarse sand and gravel drop out first near the
channel, while silt and clay travel farther offshore before settling.

Discuss the formation and characteristics of turbidites

Turbidity currents are dense, sediment-laden flows that rush down submarine slopes, sometimes reaching
speeds over 60 km/h. They can be triggered by earthquakes, storm waves disturbing shelf sediments, or
simple overloading of sediment on the continental slope.

These flows deposit a characteristic layered sequence called the Bouma sequence, which records the
progressive decrease in current energy from bottom to top:

1. Division A — Graded bedding: coarsest grains at the base, fining upward. Deposited during the
highest-energy phase of the flow.

2. Division B — Parallel lamination: horizontal layers of sand deposited from the lower part of the
suspended load.

3. Division C — Ripple cross-lamination: small-scale ripple structures formed as current velocity
continues to decrease.

4. Division D — Upper parallel lamination: thin layers of fine silt settling from suspension.

5. Division E — Pelagic mud: the finest clay and biogenic particles that slowly settle from the water
column after the current has passed.
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Not every turbidite contains all five divisions. Thinner or more distal deposits may preserve only the upper,
finer-grained portions.

Turbidites matter for two reasons: they record past submarine landslides (useful for reconstructing geologic
history and assessing hazards), and their sandy layers can have good porosity, making them significant
hydrocarbon reservoirs in oil and gas exploration.

Compare and contrast the sedimentary processes in shallow and deep
marine environments

Feature Shallow Marine Deep Marine

Energy level High (waves, tides, currents) Low (below wave base)

Dominant processes Wave action, tidal currents, longshore Gravity-driven flows (turbidity currents,
drift slumps), slow pelagic settling

Typical grain size Coarser (sand, gravel) Finer (clay, silt)

Biological influence High — shell fragments, bioturbation, Limited to pelagic organisms
reef building (foraminifera, radiolaria, diatoms)

Sediment sources Terrigenous (river input) and biogenic Pelagic (planktonic remains) and
(coral, shells) hemipelagic (fine terrigenous particles)

Deposition rate Generally higher (close to sediment Generally very low, except in turbidite
sources) settings where rapid pulses of

deposition occur

The fundamental contrast comes down to energy. Shallow environments sit above wave base, so waves
and currents constantly sort and rework sediment, producing well-sorted, coarser deposits. Deep
environments sit below wave base in relatively still water, so only the finest particles reach the seafloor
through slow settling — unless a turbidity current delivers a sudden pulse of coarser material.
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Unit 4 — Seawater Chemistry and
Properties

4.1 Chemical composition of seawater

Major lons and Chemical Composition of Seawater

Seawater's chemical composition is dominated by major ions like chloride and sodium. These ions
maintain constant ratios throughout the ocean, which simplifies analysis and enables the study of ocean
circulation patterns. This consistency is known as Marcet's Principle.

The ocean's dissolved ions come from various sources, including rock weathering, volcanic activity, and
biological processes. They're removed through biological uptake, chemical precipitation, and other
mechanisms. Understanding how long each ion stays in the ocean (its residence time) helps explain
oceanic chemical cycles and predict environmental impacts.

Major dissolved ions in seawater

Two ions account for the vast majority of what's dissolved in seawater:
« Chloride (C/ ™) is the most abundant ion, making up about 55% of total dissolved solids.
+ Sodium (Na *) is the second most abundant at roughly 30% of total dissolved solids.

Together, those two alone represent 85% of the dissolved material. The remaining major ions round out
the picture:

* Sulfate (SOf ~ ) comprises about 8% and plays a key role in marine biogeochemical cycles.

* Magnesium (Mg2 *), calcium (Ca?*), and potassium (K * ) collectively contribute the remaining
~7%. All three are essential for marine life processes like shell-building and cellular function.

Beyond the major ions, several minor ions matter for specific reasons:
* Bicarbonate (HCO3_) helps regulate ocean pH, acting as part of the ocean's buffering system.
* Bromide (Br ™) is involved in atmospheric chemistry.

« Strontium (5% * ) gets incorporated into carbonate shells and is widely used in paleoceanography to
reconstruct past ocean conditions.

« Boron (B) influences marine productivity.

Trace elements like iron (Fé), zinc (Zn), and copper (Cu) are present in extremely small quantities but are
vital as enzyme cofactors. Iron, for example, often limits phytoplankton growth in large regions of the open
ocean.

Concept of constant proportions

Even though total salinity varies from place to place, the relative ratios of the major ions stay remarkably
consistent across the global ocean. This is Marcet's Principle (also called the principle of constant
proportions), and it's one of the most useful facts in chemical oceanography.
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Why does it matter so much? Because if the ratios are constant, you only need to measure one ion to
figure out the total salt content. Historically, oceanographers measured chlorinity (the concentration of
chloride) and used it as a proxy for total salinity. This dramatically simplified fieldwork.

Constant proportions also make it possible to trace ocean circulation and mixing patterns. If you see a
deviation from the expected ratios, that tells you something unusual is happening at that location.

Exceptions to Marcet's Principle occur in a few specific environments:
« Estuaries and coastal areas where significant freshwater input alters the ratios
» Deep-sea hydrothermal vents where superheated water exchanges ions with the oceanic crust

* Isolated basins (like the Dead Sea) where extreme evaporation or limited mixing skews the chemistry

Sources and sinks of dissolved ions

The ocean's chemistry stays roughly in a steady state because ions are continuously added and removed.
Think of it like a bathtub with the faucet on and the drain open: the water level stays constant as long as
input matches output.

Sources (how ions enter the ocean):

1. Weathering of terrestrial rocks is the largest source. Rain and rivers dissolve minerals from rocks on
land and carry the ions to the sea.

2. Volcanic activity introduces ions through submarine eruptions and hydrothermal vents on the
seafloor.

3. Atmospheric deposition contributes ions via wind-blown dust and recycled sea spray.

4. Biological decomposition releases ions back into the water when organic matter breaks down or
shells dissolve.

Sinks (how ions leave the ocean):

1. Biological uptake removes ions as organisms build shells, skeletons, and cell structures (calcium and
silica are big ones here).

2. Chemical precipitation forms mineral deposits, such as evaporites in shallow basins where seawater
evaporates.

3. Adsorption onto particles like clay minerals and organic matter pulls ions out of solution as those
particles settle to the seafloor.

4. Hydrothermal alteration exchanges ions between seawater and hot oceanic crust at mid-ocean
ridges, removing some ions while adding others.

Residence time of seawater ions

Residence time is the average length of time an ion remains dissolved in the ocean before being removed.
It tells you how reactive or stable that ion is in seawater.
The formula is straightforward:

H i — Total amount of ion in the ocean
Residence time = Rate of input (or removal)

A few patterns to know:
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* Longer residence times generally correlate with higher concentrations. Sodium, for instance, has a
residence time of about 260 million years. It's abundant and not very reactive, so it accumulates.

+ Shorter residence times indicate more active cycling. Iron has a residence time of only a few hundred
years because organisms consume it quickly and it readily binds to particles.

Residence time is also useful for predicting how the ocean will respond to human inputs. An ion with a
short residence time will cycle through and be removed relatively quickly. An ion with a very long residence
time will accumulate if we increase its input, because the ocean's removal mechanisms can't keep up on
human timescales. This makes residence time a valuable concept for understanding how pollution and
climate change affect ocean chemistry.

4.2 Physical properties of seawater

Physical Properties of Seawater

Seawater behaves differently from pure water because of the salts dissolved in it. Its physical properties,
including density, temperature, salinity, and pressure, control how the ocean circulates, how heat moves
around the planet, and where marine organisms can survive. These properties also create the layered
structure of the ocean and drive the large-scale currents that regulate Earth's climate.

Density, Salinity, and Temperature of Seawater

These three properties are tightly linked. A change in any one of them affects the others, and together they
determine how water masses move through the ocean.

Density is the mass per unit volume of seawater, typically ranging from about 1020 to 1029 kg/m?®. It
depends on three factors: temperature, salinity, and pressure. Colder water is denser than warmer water,
and saltier water is denser than fresher water. When surface water becomes cold and salty enough, it
sinks below lighter water. These density differences are what drive thermohaline circulation, the global
system of deep ocean currents.

Salinity refers to the total dissolved solids in seawater, averaging about 35 PSU (practical salinity units)
globally. The major dissolved ions are:

» Sodium and chloride (together making up about 86% of dissolved salts)
* Magnesium and sulfate

These ions come primarily from rock weathering on land and from hydrothermal vents on the seafloor.
Salinity varies from place to place depending on the balance between evaporation (which increases
salinity) and freshwater inputs like precipitation and river discharge. For example, the Amazon River plume
creates a large area of reduced salinity in the tropical Atlantic.

Temperature at the ocean surface ranges from about -2°C in polar waters to around 30°C in the tropics,
varying with latitude, season, and depth. Below the surface, a thermocline forms: a layer where
temperature drops rapidly with depth, separating the warm, wind-mixed surface layer from the cold deep
ocean. Below the thermocline, temperatures are relatively uniform and cold (1-4°C). Temperature strongly
influences marine life distribution and metabolic rates, since most marine organisms are ectotherms whose
body temperature matches their surroundings.
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Pressure vs. Depth in Oceans

Hydrostatic pressure is the pressure exerted by the weight of water above a given point. It increases
approximately linearly with depth, adding roughly 1 atmosphere (atm) for every 10 meters of depth. At the
surface you experience 1 atm from the atmosphere alone; at 100 m depth, total pressure is about 11 atm.

The formula for calculating hydrostatic pressure is:
P = pgh

where P is pressure, P is the density of seawater (approximately 1025 kg/m?), 9 is gravitational
acceleration (9.8 m/s?), and h is depth. This calculation is essential for designing submersibles and
understanding conditions at different ocean depths.

Effects of pressure on organisms and chemistry:

» Gas-filled spaces compress at depth, which affects buoyancy. Fish with swim bladders must regulate
the gas inside them as they change depth.

+ Gas solubility increases with pressure, meaning deep water can hold more dissolved gases like O>
and COz than surface water at the same temperature.

» Seawater density increases slightly at greater depths due to compression, though this effect is small
compared to the influence of temperature and salinity.

Deep-sea organisms like anglerfish and giant squid have evolved bodies without large gas-filled cavities,
allowing them to withstand pressures that would crush surface-dwelling species.

Properties of Water in Oceans

Water itself has unusual physical properties, mostly due to hydrogen bonding between its molecules.
These properties have enormous consequences for the ocean and climate.

High heat capacity means water requires a large amount of energy to change temperature. This is why
oceans warm up and cool down much more slowly than land. The ocean absorbs and stores vast amounts
of solar energy, then releases it gradually, moderating coastal and global climates. This thermal inertia is
also central to climate phenomena like EI Nifio, where shifts in ocean heat distribution alter weather
patterns worldwide.

Hydrogen bonding is the attraction between the slightly positive hydrogen atoms and slightly negative
oxygen atoms of neighboring water molecules. It's responsible for:

» Cohesion (water molecules sticking to each other), which creates high surface tension. This is strong
enough to support small organisms at the air-water interface.

» Adhesion (water sticking to other surfaces), which enables capillary action for nutrient transport in
marine plants.

The density anomaly of water is one of its most important quirks. Pure water reaches maximum density at
about 4°C, not at its freezing point. This means ice is less dense than liquid water and floats. In freshwater
lakes, this causes freezing from the top down, insulating the water below and protecting aquatic life in
winter. In seawater, the situation is slightly different: dissolved salts lower both the freezing point (to about
-1.8°C at 35 PSU) and the temperature of maximum density. Seawater at typical ocean salinity actually
gets denser all the way down to its freezing point, which is why very cold, salty polar water sinks and drives
deep ocean circulation.
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Ocean circulation ties these properties together. The thermohaline circulation (sometimes called the global
conveyor belt) is driven by density differences created by variations in temperature and salinity. Cold, salty
water sinks in polar regions, flows along the deep ocean floor, and eventually rises back to the surface
elsewhere. Upwelling, where deep nutrient-rich water rises to the surface, supports some of the world's
most productive fisheries, such as those off the coast of Peru.

Sea Ice Formation and Impacts

Sea ice forms when seawater cools below its freezing point, which is around -1.8°C at average ocean
salinity (35 PSU). The freezing point drops slightly as salinity increases.

During freezing, an important process called brine exclusion occurs: as ice crystals form, they reject most
of the dissolved salt, leaving behind saltier, denser water. This brine-enriched water sinks, contributing to
deep water formation and thermohaline circulation.

Sea ice develops in several structural forms:
+ Nilas: thin, elastic sheets of new ice
» Pancake ice: rounded discs that form in rough water
* Pressure ridges: thick piles of ice created when floes collide
Two main categories of sea ice are distinguished by their behavior:
* Pack ice floats freely in polar seas, drifting with winds and currents.

* Fast ice is anchored to the coastline or shallow seafloor. It provides a stable platform used by marine
mammals like seals and polar bears.

Properties and impacts of sea ice:

+ Sea ice is less dense than liquid seawater, so it floats. This floating layer insulates the ocean surface
from the frigid atmosphere above, reducing heat loss from the water.

+ Sea ice has a high albedo, meaning it reflects a large fraction of incoming solar radiation back to
space. This keeps polar regions cooler. When ice melts, it exposes the darker ocean surface, which
absorbs more heat, causing further warming and more melting. This positive feedback loop is called the
ice-albedo feedback and is a major factor in Arctic climate change.

 Seasonal ice provides critical habitat. Ice algae grow on the underside of sea ice and are a key food
source for krill, which in turn support whales, seals, and seabirds.

« Spring ice melt releases nutrients and freshwater, triggering intense phytoplankton blooms that fuel
polar food webs.

» Changes in sea ice extent alter ocean circulation by affecting where and how much cold, dense water
forms and sinks.

4.3 Salinity, temperature, and density relationships

Seawater's properties shape ocean dynamics. Density, driven by salinity and temperature, controls global
circulation patterns and determines how stable the water column is. Understanding these relationships is
central to grasping how oceans move and mix.

T-S diagrams and salinity changes help identify water masses and trace their origins. These tools reveal
how processes like evaporation, precipitation, and freezing impact ocean circulation, nutrient distribution,
and marine ecosystems worldwide.
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Seawater Properties and Dynamics

Density in seawater

Density is mass per unit volume, and for seawater it typically ranges from about 1020 to 1030 kg/m?3. Two
variables dominate density changes: salinity (increasing it raises density) and temperature (increasing it
lowers density). Pressure also matters, especially at depth.

The Equation of State of Seawater captures all three influences:
p=p(5T,p)

where P is density, S is salinity, T is temperature, and P is pressure. This isn't a simple linear formula; it's
an empirically derived relationship that accounts for the complex behavior of dissolved salts in water.

Two coefficients describe how density responds to changes in each variable:

» The thermal expansion coefficient quantifies how much density decreases per degree of warming.
Warmer water expands and becomes less dense.

* The haline contraction coefficient quantifies how much density increases per unit of added salinity.
Saltier water is more compact and dense.

A key detail: the thermal expansion coefficient itself changes with temperature. Cold water near 2-4°C is
relatively insensitive to temperature changes, meaning salinity dominates density at high latitudes. In warm
tropical waters, temperature has a much stronger effect.

T-S diagrams for water masses

A T-S diagram plots temperature on the vertical axis against salinity on the horizontal axis. Each point on
the diagram represents a unique combination of temperature and salinity, and curved lines called
isopycnals connect points of equal density.

These diagrams are powerful because different water masses occupy distinct regions of T-S space:
* North Atlantic Deep Water (NADW) clusters around relatively high salinity and low temperature
* Antarctic Bottom Water (AABW) sits at very cold temperatures with slightly lower salinity than NADW
« Surface waters from the tropics plot in the warm, variable-salinity region

When two water masses blend, their properties fall along a mixing line connecting the two source points on
the diagram. By tracing these lines, you can figure out which water masses are mixing and in what
proportions.

Core properties are the extreme temperature or salinity values within a water mass. These extremes point
back to the source region where that water mass formed. As water moves away from its source, mixing
gradually erodes these extremes, so stronger core signals mean you're closer to the origin.
Oceanographers use T-S diagrams to trace circulation pathways for currents like the Gulf Stream and
Labrador Current.

Salinity changes through processes

Three main surface processes alter salinity, and each one shifts density in predictable ways:

» Evaporation removes freshwater, raising both salinity and density. This is especially strong in
subtropical regions with high heat and low rainfall. The Mediterranean Sea (~38 psu) and Red Sea (~40
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psu) are classic examples of evaporation-dominated basins.

* Precipitation adds freshwater, lowering salinity and density. Tropical rain belts and polar regions
receive heavy precipitation. The Bay of Bengal (~32 psu at the surface) stays notably fresh because of
intense monsoon rainfall and river input.

* Freezing forms sea ice, but most of the dissolved salt gets expelled in a process called brine rejection.
The cold, salty brine left behind is very dense and sinks. This process is a major driver of deep water
formation in polar regions like the Weddell Sea.

These processes create or destroy vertical stratification. Strong stratification (light water sitting on top of
dense water) resists vertical mixing, while weak stratification allows water to overturn more easily. Regional
differences in these processes explain why the Atlantic is generally more saline than the Pacific: the
Atlantic loses more water to evaporation and exports moisture to the Pacific basin via atmospheric
circulation.

Density's role in ocean dynamics

Density differences are the engine behind many of the ocean's large-scale movements.

Thermohaline circulation is the global overturning system driven by density contrasts. In the North Atlantic
and around Antarctica, surface water becomes cold and salty enough to sink to great depths, forming deep
water masses that spread across ocean basins. This "global conveyor belt" takes roughly 1,000 years to
complete a full circuit.

Horizontal density gradients drive geostrophic currents. Where density varies across a horizontal distance,
pressure gradients develop, and the Coriolis effect deflects the resulting flow. Major currents like the Gulf
Stream and Kuroshio Current are sustained partly by these gradients.

Vertical density gradients control stability and mixing:
« Strong vertical gradients (a sharp pycnocline) suppress mixing and trap nutrients below the surface
» Weak gradients allow overturning, bringing nutrient-rich deep water upward

» Upwelling occurs where winds or density differences push deep water toward the surface, fueling high
biological productivity in regions like the Peru and Benguela coasts

Several more subtle density-driven processes also shape the ocean:

* Double diffusion arises because heat and salt diffuse at different rates. When warm, salty water sits
above cold, fresh water, salt fingering can occur. The reverse arrangement produces diffusive
convection. Both create small-scale vertical mixing.

+ Cabbeling happens when two water masses with different T-S properties mix and produce water that
is denser than either parent. This is a consequence of the nonlinear equation of state and can trigger
localized sinking.

« Baroclinic instability develops where density surfaces tilt relative to pressure surfaces, releasing
potential energy that feeds mesoscale eddies. Gulf Stream rings and Agulhas rings are examples of
eddies generated this way, and they play a significant role in transporting heat and nutrients across
ocean basins.
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4.4 Ocean acidification and carbon cycle

Ocean Chemistry and Carbon Cycle

The ocean absorbs roughly 25% of the CO2 humans emit each year, making it Earth's largest active
carbon reservoir. That absorption helps slow atmospheric warming, but it comes at a cost: as CO>
dissolves in seawater, it triggers a series of chemical reactions that lower the ocean's pH. This process is
ocean acidification, and it has serious consequences for marine life, ecosystems, and economies that
depend on the sea.

Process of Ocean Acidification

Ocean acidification is the gradual decrease in seawater pH caused by the ocean absorbing excess
atmospheric CO2. Here's how it works, step by step:

1. CO> from the atmosphere dissolves into surface seawater.

2. That dissolved CO> reacts with water to form carbonic acid (H2CO3).

3. Carbonic acid quickly dissociates, releasing hydrogen ions (H * ) and bicarbonate ions (HCO3_ ).
4. The increase in H* concentration is what lowers the pH, making the water more acidic.

Since the Industrial Revolution, ocean surface pH has dropped from about 8.2 to 8.1. That sounds small,
but the pH scale is logarithmic, so this represents roughly a 26% increase in hydrogen ion concentration.

The main anthropogenic drivers are:
» Fossil fuel combustion (the dominant source of excess CO?)
- Deforestation, which removes trees that would otherwise absorb CO>

* Land-use changes like agriculture and urbanization, which release stored carbon from soils

Ocean's Role in the Carbon Cycle

Carbon moves between the atmosphere and the ocean through three main pathways:

« Air-sea gas exchange: CO- diffuses across the ocean surface. Cold water absorbs more CO> than
warm water because gas solubility increases at lower temperatures.

» Biological pump: Phytoplankton take up CO2 during photosynthesis near the surface. When they die
or are consumed, carbon sinks to deeper water as falling organic matter (sometimes called marine
snow).

» Solubility pump: Cold, dense water at high latitudes absorbs CO> and sinks during thermohaline
circulation, carrying dissolved carbon into the deep ocean where it can be stored for centuries.

Once in the ocean, carbon is stored in three main forms:

« Dissolved inorganic carbon (DIC): The largest pool, including dissolved CO>, bicarbonate, and
carbonate ions

* Particulate organic carbon (POC): Dead organisms and organic debris sinking through the water
column

+ Dissolved organic carbon (DOC): Organic molecules dissolved in seawater from biological processes
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Several factors affect how much CO3 the ocean can absorb. Warmer water holds less dissolved gas, so
rising sea surface temperatures actually reduce the ocean's capacity as a carbon sink. Higher salinity also
slightly decreases CO> solubility. Biological activity matters too: large algal blooms can temporarily draw
down significant amounts of surface CO».

Chemistry of the Ocean Carbonate System

The carbonate system is the set of chemical equilibria that controls seawater pH. It involves four species:
» Dissolved CO>
« Carbonic acid (H2CO53)
« Bicarbonate ion (HCO3")
- Carbonate ion (CO3 ™)
These are linked by three equilibrium reactions:
1.COz + H,O = H,CO3
2.H,CO3=2H™ +HCO;
3.HCO; =H™* +CO%~

In normal seawater (pH ~8.1), bicarbonate (HCO3" ) is by far the most abundant form, making up about
90% of dissolved inorganic carbon. Carbonate ions (CO32 ) account for most of the rest, while dissolved
CO> and H2COs together make up less than 1%.

pH buffering is a critical concept here. The carbonate and bicarbonate ions act as a buffer, meaning they
resist changes in pH by absorbing or releasing H * ions. This is why the ocean doesn't acidify as fast as
you might expect. But this buffering capacity has limits, and the current rate of CO> absorption is pushing
the system beyond what the buffer can easily handle.

The calcium carbonate saturation state (often written as Q) describes whether seawater favors the
formation or dissolution of calcium carbonate (CaCO3). When Q > 1, conditions favor shell and skeleton
formation. When Q < 1, calcium carbonate dissolves. As ocean acidification reduces the concentration of
CO32 ~ ions, Q drops, making it harder for organisms to build their shells. This affects both aragonite (the
more soluble form used by corals and pteropods) and calcite (the more stable form used by
coccolithophores and some foraminifera).

Temperature, pressure, and biological activity all shift these equilibria. For example, photosynthesis
removes CO3 and raises local pH, while respiration releases CO2 and lowers it.

Impacts on Marine Ecosystems

Ocean acidification doesn't just change water chemistry in the abstract. It has real, measurable effects on
marine organisms at multiple levels.

Calcifying organisms are hit hardest. Corals, mollusks, sea urchins, and some plankton all build structures
from calcium carbonate. As the saturation state drops, these organisms must spend more energy to form
and maintain their shells or skeletons. In severely undersaturated water, existing shells can actually begin
to dissolve.

Physiological stress extends beyond shell-building. Many marine animals struggle to maintain their internal
acid-base balance when surrounding water becomes more acidic. This can alter metabolic rates, reduce
energy available for growth and reproduction, and impair sensory functions. Some fish species, for
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example, show disrupted behavior in laboratory experiments at elevated CO2 levels.

Ecosystem-level changes follow from these individual effects. When key species decline or shift their
ranges, food web dynamics change. Species composition and biodiversity can shift as acid-tolerant
species replace sensitive ones.

Coral reefs face a double threat. Acidification slows coral growth and calcification rates, while
simultaneously making reefs more vulnerable to bleaching from warming waters. The Great Barrier Reef
has already shown measurable declines in calcification rates over recent decades.

Fisheries and aquaculture are economically vulnerable. Commercially important shellfish like oysters and
clams are highly sensitive to acidification. The U.S. Pacific Northwest oyster industry experienced major
larval die-offs in the mid-2000s linked to upwelling of corrosive, low-pH water. Coastal communities that
depend on these industries face real economic consequences as conditions worsen.
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Unit 5 — Ocean Circulation and Surface
Currents

5.1 Driving forces of ocean circulation

Ocean circulation is driven by a complex interplay of forces. Wind stress, density differences, and the
Coriolis effect work together to create surface currents, deep ocean movements, and global circulation
patterns. These forces shape the ocean's behavior and impact climate worldwide.

Solar radiation plays a crucial role in ocean density differences. It affects sea surface temperatures,
evaporation, and precipitation patterns. These factors influence water density, drive currents, and
contribute to the formation of thermoclines, which separate warm surface waters from cooler depths.

Forces Driving Ocean Circulation

Forces driving ocean circulation

» Wind stress transfers momentum from atmosphere to ocean generating surface currents and waves
through friction between wind and ocean surface

+ Affects wave height and direction

Influences Ekman transport (Gulf Stream)

Density differences create pressure gradients driving thermohaline circulation caused by variations in
temperature and salinity

* Impacts deep ocean currents (North Atlantic Deep Water)

Influences global conveyor belt circulation

Coriolis effect deflects moving objects due to Earth's rotation influencing direction of ocean currents
« Strength varies with latitude strongest at poles zero at equator

 Causes clockwise rotation in Northern Hemisphere counterclockwise in Southern Hemisphere (Gulf
Stream Benguela Current)

Solar radiation in density differences
+ Solar radiation absorption varies with latitude and season highest at equator lowest at poles

« Affects sea surface temperature patterns (Caribbean Sea vs Labrador Sea)

Influences atmospheric circulation patterns (Hadley Cells)
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Temperature gradients create warmer waters near equator cooler waters near poles affecting water
density

* Drives surface currents (North Equatorial Current)

Contributes to thermohaline circulation (Antarctic Bottom Water formation)

Evaporation and precipitation patterns influenced by solar radiation distribution affect salinity and density of
surface waters

* High evaporation areas (Mediterranean Sea)

High precipitation areas (Bay of Bengal)
Thermocline formation separates warmer surface waters from cooler deep waters
* Varies in depth and strength seasonally and geographically (tropical vs polar regions)

* Impacts vertical mixing and nutrient distribution (upwelling zones)

Ocean Circulation and Global Impacts

Heat and nutrient redistribution

* Heat redistribution transports warm water from equator to poles moderating global climate
* Gulf Stream warms Western Europe

Kuroshio Current influences climate of Japan
Nutrient transport through upwelling supports marine ecosystems and productivity
+ Coastal upwelling zones (Peru Current)

Equatorial upwelling (Pacific Equatorial Divergence)
Oxygen distribution circulates oxygen-rich surface waters to deeper layers sustaining deep-sea life
» Oxygen minimum zones (Eastern Tropical Pacific)

Deep water formation regions (Labrador Sea)
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Carbon cycle regulation absorbs and stores atmospheric CO2 influencing global carbon balance
» CO2 uptake in cold polar regions

* Qutgassing in tropical upwelling zones

Atmospheric vs ocean circulation

» Atmospheric pressure systems affect surface ocean currents
+ Subtropical high-pressure systems drive ocean gyres

Aleutian Low influences North Pacific circulation
Trade winds drive major surface currents in tropical regions contributing to equatorial upwelling
* North Equatorial Current

South Equatorial Current
Westerlies influence mid-latitude ocean gyres affecting poleward heat transport
* North Atlantic Drift

Antarctic Circumpolar Current
Monsoons impact regional ocean circulation and mixing
* Indian Ocean monsoon circulation

Asian-Australian monsoon system
El Nifo-Southern Oscillation alters Pacific Ocean circulation and global weather patterns
* El Niflo warm phase

La Nifa cold phase

Walker Circulation linked to trade winds and equatorial ocean currents

* Normal conditions strengthen equatorial upwelling
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* Weakening during El Nifio events

5.2 Major surface current systems

Ocean currents shape our planet's climate and ecosystems. From massive gyres to boundary currents,
these watery highways transport heat, nutrients, and marine life across vast distances, influencing weather
patterns and coastal environments worldwide.

Western boundary currents, like the Gulf Stream, carry warm water poleward at high speeds. Eastern
currents move cooler water toward the equator, fostering productive upwelling zones. Together, these
systems play a crucial role in global heat distribution and marine biodiversity.

Global Ocean Circulation Patterns

Major ocean surface current systems

* Gyres rotate in large circular patterns driven by wind and Coriolis effect forming five major systems
(North Atlantic, South Atlantic, North Pacific, South Pacific, and Indian Ocean)

» Boundary currents flow along continental margins with western currents (Gulf Stream) moving warm
water quickly and eastern currents (California Current) transporting cold water slowly

 Equatorial currents move along the equator with westward North and South Equatorial Currents and
eastward Equatorial Countercurrent

* Antarctic Circumpolar Current flows eastward around Antarctica connecting all major ocean basins
and influencing global climate

Formation of western boundary currents

» Wind-driven circulation and Coriolis effect generate western boundary currents intensified by
conservation of potential vorticity

* Transport warm water from tropics to higher latitudes in narrow bands (50-100 km) at high speeds (up
to 2.5 m/s) and great depths (up to 1000 m)

* Major examples include Gulf Stream (North Atlantic), Kuroshio Current (North Pacific), Brazil Current
(South Atlantic), East Australian Current (South Pacific), and Agulhas Current (Indian Ocean)

» Form large meanders and detached eddies contributing to heat and nutrient transport across ocean
basins

Western vs eastern boundary currents

» Western currents transport warm water poleward in narrow, deep, fast-flowing (1-2 m/s) streams with
strong temperature gradients

« Eastern currents move cold water equatorward in broad, shallow, slow-flowing (0.1-0.3 m/s) streams
creating coastal upwelling zones

» Formation differs with western currents shaped by wind stress curl and Coriolis effect while eastern
currents result from coastal upwelling driven by wind patterns

« Ecological impacts vary with western currents supporting high biodiversity in warm waters and eastern
currents fostering high productivity in nutrient-rich upwelling areas
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Impact of currents on climate

» Western boundary currents transport heat poleward moderating temperatures in coastal regions (Gulf
Stream warming Western Europe)

« Eastern boundary currents bring cool water towards equator creating cooler coastal climates in
subtropical areas (California Current)

» Ocean currents influence atmospheric circulation affecting air temperature and pressure systems
contributing to weather pattern formation

« El Nifo-Southern Oscillation (ENSO) alters equatorial Pacific currents impacting global temperature
and precipitation patterns

» Upwelling from eastern boundary currents creates cool, foggy coastal conditions supporting highly
productive marine ecosystems (Peruvian Coast)

» Ocean gyres shape climate zones with subtropical gyres associated with desert climates (Sahara) and
subpolar gyres linked to temperate climates in mid-latitudes (Northwestern Europe)

5.3 Thermohaline circulation and deep ocean currents

Ocean circulation is a complex dance of currents driven by temperature and salinity differences. These
movements transport heat, salt, and nutrients across vast distances, shaping global climate patterns and
marine ecosystems.

Deep water formation and the global conveyor belt are key players in this oceanic ballet. As climate
change alters these processes, it could lead to significant shifts in weather patterns, marine life, and even
the Earth's carbon cycle.

Ocean Circulation Fundamentals

Thermohaline circulation in oceans

* Large-scale ocean circulation driven by temperature and salinity differences moves heat, salt, and
nutrients across ocean basins

* "Thermo" refers to temperature, "haline" refers to salinity influences global climate patterns

» Key components include surface currents, deep water formation, upwelling and downwelling
processes connect surface and deep ocean waters

Deep water formation process

* Occurs primarily in North Atlantic and Southern Ocean when surface water cools and becomes more
saline due to sea ice formation

* Increased density causes water to sink creating vertical mixing and initiating deep ocean currents

* North Atlantic Deep Water (NADW) forms in Labrador and Greenland Seas drives Atlantic Meridional
Overturning Circulation (AMOC)

* Antarctic Bottom Water (AABW) forms in Weddell and Ross Seas constitutes densest water mass in
global ocean
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Global conveyor belt concept

* Interconnected system of surface and deep ocean currents circulates water through all major ocean
basins

» Takes ~1,000 years for complete cycle redistributing heat, nutrients, and dissolved gases

* Moves warm water from equatorial regions to higher latitudes influencing regional and global climate
patterns

* Brings nutrient-rich deep waters to surface through upwelling supporting marine ecosystems and
primary productivity

* Facilitates absorption and release of gases (oxygen, carbon dioxide) playing crucial role in global
carbon cycle

Climate change impacts on circulation

* Increased freshwater input in polar regions from melting ice sheets and changing precipitation
patterns alters water density

» Ocean warming reduces density differences between surface and deep waters potentially weakening
circulation

» Weakening of Atlantic Meridional Overturning Circulation (AMOC) may lead to: 1. Cooling of Northern
Europe 2. Shifts in tropical rainfall patterns 3. Changes in upwelling intensity and location

* Alterations in heat distribution could intensify extreme weather events (hurricanes, droughts)

» Feedback loops may accelerate global warming as changes in ocean circulation affect atmospheric
CO2 concentrations

5.4 El Nino and La Nina phenomena

El Nifio and La Nina are two sides of a climate coin that flips every few years. These Pacific Ocean
temperature swings shake up weather patterns worldwide, affecting everything from fish populations to
coffee crops.

When El Nifio warms the eastern Pacific, it weakens trade winds and shifts rainfall. La Nifia does the
opposite, cooling waters and intensifying winds. These changes ripple across the globe, influencing
storms, droughts, and marine life far beyond the tropics.

El Nino-Southern Oscillation (ENSO) Basics

Definition of El Nino and La Nina

« El Nifio represents warm phase of ENSO cycle marked by abnormal warming of surface waters in
eastern Pacific Ocean, typically peaking in December (Christmas)

+ La Nifia embodies cool phase of ENSO cycle characterized by abnormal cooling of surface waters in
eastern Pacific Ocean, often following EI Nifio events

* Cyclic nature fluctuates with irregular periodicity typically occurring every 2-7 years alternating
between El Nifo, neutral, and La Nina conditions

* ENSO cycle driven by complex interactions between ocean and atmosphere affecting global climate
patterns (monsoons, hurricanes)
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Conditions of El Nino and La Nina

« El Nifio conditions:

* Trade winds weaken or reverse direction disrupting normal oceanic circulation

» Warm water pool shifts eastward altering temperature distribution across Pacific

» Thermocline depresses in eastern Pacific reducing nutrient-rich upwelling

» Upwelling diminishes along South American coast impacting marine ecosystems (fish populations)
« Sea surface temperatures rise in central and eastern Pacific up to 4°C above average
* La Nifia conditions:

* Trade winds intensify pushing warm surface waters westward

« Warm water pool concentrates in western Pacific near Indonesia and Australia

» Thermocline elevates in eastern Pacific enhancing cold water upwelling

» Upwelling increases along South American coast boosting marine productivity

* Sea surface temperatures drop in central and eastern Pacific up to 4°C below average

Global Impacts and Mechanisms

Global impacts of El Nifio and La Nina

» Weather patterns:

« El Nifio triggers increased rainfall in western South America causing floods (Peru, Ecuador)

* Drought conditions prevail in Indonesia and Australia during El Nifio affecting agriculture

* Hurricane activity enhances in eastern Pacific during El Nifio while suppressing Atlantic storms
« La Nifa brings increased rainfall to Southeast Asia leading to flooding (Thailand, Philippines)
* Marine ecosystems:

« El Nifo reduces productivity in eastern Pacific disrupting food chains (anchovies, sardines)

* Prolonged EI Nifio events can cause widespread coral bleaching (Great Barrier Reef)

* Fish distribution and migration patterns shift affecting commercial fisheries (tuna, salmon)

+ Seabird populations experience breeding failures due to food scarcity (Galapagos penguins)

* Human activities:

« Agricultural impacts include altered crop yields (coffee, cocoa) and fishing industry disruptions
» Economic consequences range from tourism declines to increased energy consumption

* Natural disaster risks escalate including floods, droughts, and wildfires

* Public health concerns arise such as increased mosquito-borne diseases (malaria, dengue)
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Role of Southern Oscillation

» Southern Oscillation represents atmospheric component of ENSO measured by Southern Oscillation
Index (SOI)

» Walker Circulation describes normal atmospheric pattern over tropical Pacific with easterly trade
winds at surface and westerly winds aloft

« El Nino-Southern Oscillation connection: 1. Walker Circulation weakens 2. Pressure gradient across
Pacific reverses 3. Positive feedback loop forms between oceanic and atmospheric conditions

+ La Nifa-Southern Oscillation connection: 1. Walker Circulation strengthens 2. Pressure gradient
across Pacific intensifies 3. Normal circulation patterns reinforce

+ SOl serves as predictor with negative values indicating EI Nifio and positive values suggesting La
Nifia

* Teleconnections link ENSO to global atmospheric circulation changes affecting weather patterns far
from tropical Pacific (North America, Europe)
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Unit 6 — Waves and Water Dynamics

6.1 Wave formation, propagation, and characteristics

Wave Formation, Propagation, and Characteristics

Waves are the ocean's primary way of moving energy from one place to another. Wind, earthquakes, and
gravitational forces all generate waves, and each produces waves with distinct behaviors. Understanding
how waves form, travel, and change gives you the foundation for topics like coastal erosion, tides, and
tsunami dynamics.

Wave Formation and Characteristics

Process of Wave Formation

Most ocean waves start with wind. As wind blows across the water's surface, friction between the moving
air and the water transfers energy into the surface layer. Three factors control how large those
wind-generated waves become:

* Wind speed — faster wind pushes more energy into the water
» Wind duration — the longer the wind blows, the more energy accumulates

+ Fetch — the uninterrupted distance over which the wind blows across open water. A longer fetch
means bigger waves because the wind has more room to build them up.

Small ripples called capillary waves form first. Once the surface is roughened by these ripples, the wind
can grip the water more effectively, building larger and larger waves.

Wind isn't the only wave-maker. Seismic activity on the ocean floor (earthquakes, volcanic eruptions,
underwater landslides) generates tsunamis, and the gravitational pull of the Moon and Sun produces tidal
waves (tides). These have very different wavelengths and behaviors compared to wind waves.

Wave Propagation and Energy Transfer

A wave moves energy through the water, but the water itself doesn't travel with the wave. Individual water
particles move in roughly circular paths, returning close to their starting position after each wave passes.
This is called orbital motion.

The energy in a wave exists in two forms:
* Kinetic energy from the motion of water particles
+ Potential energy from water displaced above (crests) or below (troughs) the still-water level

In deep water, water particles trace circular orbits that shrink with depth. Below about half a wavelength,

there's essentially no wave motion at all. In shallow water, the seafloor interferes with the circular motion,
flattening the orbits into ellipses. This distinction matters because it changes how waves behave as they

approach shore.

The wave form moves forward, but the water does not. Think of a stadium wave: the "wave" travels around
the arena, but each person just stands up and sits back down in place.
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Wave Types and Properties

Types of Waves and Their Characteristics

Every wave can be described by three basic measurements:
- Wavelength (A) — the horizontal distance from one crest to the next
« Frequency (f) — the number of wave crests passing a fixed point per unit of time
» Amplitude — the vertical distance from the still-water level to the crest (half the total wave height)

Wave steepness is the ratio of wave height to wavelength. When steepness exceeds roughly 1:7, the wave
becomes unstable and breaks.

Waves are also classified by what generates them and by the water depth they travel through:

Wave Type Cause Typical Wavelength
Capillary waves Surface tension / light wind Less than 1.7 cm

Wind waves (sea and swell) Sustained wind 1 m to hundreds of meters
Tsunamis Seismic activity 100-200+ km

Internal waves Density differences below the surface Varies widely

Based on water depth relative to wavelength, waves fall into three categories: deep-water waves (depth >
A/2), transitional waves, and shallow-water waves (depth < A/20). The category determines which
equations govern the wave's speed.

Wave Speed, Wavelength, and Frequency Relationships
The fundamental wave equation ties the three core properties together:
c =Af

where C is wave speed, A is wavelength, and f is frequency. For a given wave speed, longer wavelengths
mean lower frequencies, and shorter wavelengths mean higher frequencies. That's the inverse relationship
between wavelength and frequency.

How you calculate wave speed depends on the water depth:
1. Deep-water waves — speed depends on wavelength, not on the bottom:
— /A
€=V

Longer deep-water waves travel faster than shorter ones. This is why, far from a storm, you see
long-period swell arrive at the coast before shorter chop.

1. Shallow-water waves — speed depends only on water depth:
c=+vgh

Here 9 is gravitational acceleration (9.8 m/s?) and h is water depth. As the water gets shallower, the
wave slows down. This is why waves bunch up and steepen as they approach shore, eventually breaking.

For a quick example: in water 4 m deep, shallow-water wave speed is ¢ = V9.8 X 4 = 6.3 m/s. Cut the
depth to 1 m, and speed drops to about 3.1 m/s.
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These relationships explain a huge range of ocean behavior, from why tsunami waves (extremely long
wavelength) cross entire ocean basins at jet-plane speeds in deep water, to why surf breaks predictably
near shore as depth decreases.

6.2 Wind-generated waves and swell

Wind-wave generation is a dynamic process driven by wind interacting with the ocean surface. As wind
blows, it creates ripples that grow into larger waves. The size and shape of these waves depend on wind
speed, duration, and the distance it travels over water.

Wave analysis and prediction are crucial for understanding ocean conditions. By studying how wind
duration, fetch, and speed affect wave development, scientists can forecast wave characteristics. This
knowledge is vital for maritime safety, coastal management, and understanding ocean energy transfer.

Wind-Wave Generation and Development

Process of wind-wave generation

» Wind stress on water surface creates tiny ripples called capillary waves

+ Capillary waves increase surface roughness allowing wind to transfer more energy
* Energy transfer from wind to waves amplifies wave height and wavelength

* Phillips mechanism initiates wave formation through pressure fluctuations

* Miles mechanism leads to exponential wave growth through wind-wave interactions

Factors in wave development

» Wind speed determines rate of energy transfer (stronger winds generate larger waves)
» Wind duration affects total energy input (longer-blowing winds create bigger waves)

* Fetch (distance wind blows over water) influences maximum wave size (longer fetch allows larger
waves)

» Wave steepness (ratio of height to wavelength) increases as waves grow until breaking point

* Energy transfer efficiency varies with wave age (young waves grow faster than mature waves)

Concept of fully developed seas

« State where wave energy input balances energy dissipation through breaking
* Maximum wave size reached for given wind conditions (speed, fetch, duration)
* Equilibrium between wind input and wave breaking limits further growth

« Significant wave height represents average of highest one-third of waves

» Wave spectrum in fully developed seas shows energy distribution across frequencies

Wind waves vs swell

» Wind waves (sea) have irregular, choppy appearance with shorter periods and steeper profiles

» Wind waves generated by local winds, reflect current wind conditions
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» Swell has more regular, smooth appearance with longer periods and less steep profiles
» Swell generated by distant storms, travels long distances with minimal energy loss
* Transition from wind waves to swell occurs through dispersion and sorting by wave speed

» Swell undergoes refraction (bending around coastlines) and diffraction (spreading around obstacles)

Wave Analysis and Prediction

Analyze the effects of wind duration, fetch, and wind speed on wave
development

» Wind duration determines time available for wave growth

1. Minimum time required for full wave development varies with wind speed

2. Longer durations allow waves to reach maximum potential height

» Fetch effects wave characteristics

+ Fetch-limited conditions occur when wind duration exceeds time needed for full development

* Longer fetch allows larger waves to develop (given sufficient wind speed and duration)

» Wind speed directly influences wave height and period

» Beaufort scale relates wind speed to observed wave conditions

 Higher wind speeds generate taller waves with longer periods

» Wave forecasting models (SMB method) use wind speed, fetch, and duration to predict wave
characteristics

* Dimensionless parameters aid in wave analysis

» Wave age compares wave speed to wind speed

* Fetch-limited growth curves show relationship between fetch and wave development
* Energy transfer efficiency varies with wave state

* Young waves (wave speed < wind speed) grow faster than mature waves

* Fully developed seas have reduced energy transfer efficiency

6.3 Internal waves and tsunamis
Internal Waves

Formation of internal ocean waves

Internal waves form below the ocean surface, at boundaries where water layers of different densities meet.
Unlike surface waves driven by wind, internal waves are generated by disturbances at these density
interfaces deep within the water column.

Several mechanisms trigger their formation:
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« Tidal interaction with topography: When tidal currents flow over underwater features like seamounts,
ridges, or continental shelf edges, the disruption generates oscillations at density boundaries. This is
one of the most significant sources of internal waves globally.

» Wind-driven energy transfer: Strong surface winds can push energy downward into the water column,
disturbing the layered structure below.

+ Seasonal thermocline changes: As the thermocline deepens or shallows with the seasons, the shifting
density structure creates conditions favorable for internal wave generation.

Density stratification in wave generation

Internal waves depend on the ocean being stratified, meaning it's organized into layers of different density.
These density differences arise from variations in temperature and salinity.

» The thermocline (temperature boundary), halocline (salinity boundary), and pycnocline (overall density
boundary) are the key interfaces where internal waves propagate.

« Stronger stratification produces more pronounced internal waves. A sharp pycnocline provides a
well-defined boundary for waves to travel along, while weak stratification dampens them.

» Buoyancy is the restoring force for internal waves. When a parcel of water gets displaced from its
equilibrium depth, buoyancy pushes it back, and the resulting overshoot creates oscillation. This is
analogous to how gravity restores surface waves.

* Pycnocline strength directly controls wave amplitude and frequency: a stronger density contrast
supports larger, more energetic waves.

Characteristics of internal waves

Internal waves behave quite differently from the surface waves you can see from shore:
* They travel along density boundaries (pycnoclines) in the ocean interior, not at the air-sea interface.
» They move both horizontally and vertically, often propagating at an angle to the surface.
» They're much slower than surface waves, with typical speeds of about 2-3 m/s.

» Wavelengths range from meters to hundreds of kilometers, and periods range from minutes to hours.
Some internal waves have periods that match tidal cycles, which is why they're sometimes called
internal tides.

* Their amplitudes can be surprisingly large. Internal waves with vertical displacements of tens of
meters are common, and some exceed 100 m.

Energy and momentum transfer

Internal waves play a major role in ocean mixing and circulation, even though they're invisible from the
surface.

* They transport energy and momentum through the deep ocean. When internal waves break (similar to
surface waves breaking on a beach, but happening at depth), they mix water across density layers.

* This deep mixing is critical for redistributing nutrients from the deep ocean toward the surface, fueling
biological productivity.

Fiveable archived study guides Page 46



« Internal waves influence large-scale ocean circulation patterns and contribute to vertical heat
transport.

» Marine ecosystems feel their effects directly. Internal waves can push nutrient-rich deep water up onto
continental shelves and alter plankton distribution, creating patchy concentrations that attract fish and
other organisms.

Observation and measurement techniques

Detecting internal waves is challenging because they occur below the surface, but several methods have
proven effective:

« Satellite altimetry: Internal waves create subtle surface signatures (small changes in sea surface
roughness) that satellites can detect.

* Acoustic Doppler Current Profilers (ADCPs): These instruments measure water velocity at multiple
depths throughout the water column, revealing the oscillating currents associated with internal waves.

» Thermistor chains: Strings of temperature sensors deployed at various depths record the temperature
fluctuations caused by internal waves passing through.

+ Seismic oceanography: Low-frequency sound waves originally developed for geological surveys can
image internal wave structures by detecting density contrasts in the water column.

Tsunamis

Tsunami causes and mechanisms

A tsunami forms when a large volume of ocean water is suddenly displaced, generating a series of waves
that radiate outward from the source. The key word is sudden: gradual changes don't produce tsunamis.

The most common causes:

« Earthquakes: The primary trigger. Specifically, earthquakes at subduction zones that cause vertical
displacement of the seafloor are most dangerous. A magnitude 7.0+ earthquake with significant uplift or
subsidence of the ocean floor can displace enough water to generate a major tsunami.

» Submarine landslides: Large underwater slope failures displace water rapidly. These are sometimes
triggered by earthquakes but can also occur independently. Landslide-generated tsunamis tend to be
devastating locally but dissipate faster over distance.

* Volcanic events: Eruptions, caldera collapses, or volcanic flank collapses can displace enormous
volumes of water. The 2022 Hunga Tonga eruption generated a tsunami detected across the Pacific.

» Meteorite impacts: Extremely rare, but a large ocean impact would displace enough water to create
catastrophic waves.

Characteristics of tsunamis

Tsunamis are fundamentally different from wind-generated waves. Their defining feature is their enormous
wavelength.

» Wavelengths commonly exceed 100 km. Because ocean depth (average ~4 km) is much less than the
wavelength, tsunamis behave as shallow-water waves even in the open ocean.
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- Speed is governed by the shallow-water wave equation: ¢ = y/ gh , where 9 is gravitational

acceleration (9.8 m/s?) and h is water depth. In 4,000 m of water, this gives roughly 200 m/s, or about
720 km/h, comparable to a jet aircraft.

* In the deep ocean, a tsunami might be only 0.5-1 m tall and nearly undetectable by ships. But as it
enters shallow water, it slows down and the wave energy compresses. This process, called wave
shoaling, dramatically amplifies wave height.

» Tsunamis lose very little energy as they cross ocean basins because of their long wavelength. A
tsunami generated in Chile can cause destruction in Japan hours later.

Coastal impacts and hazards

The destructive power of a tsunami comes not from wave height alone but from the sheer volume and
momentum of water moving onshore.

* Inundation can extend kilometers inland in low-lying coastal areas. The 2011 Tohoku tsunami in
Japan traveled up to 10 km inland in some locations.

» The water carries entrained debris (vehicles, building materials, trees), which greatly increases its
destructive force.

» Multiple waves typically arrive over a span of hours, and the first wave is not always the largest.
People who return to the coast after the first wave recedes are at serious risk.

» Rapid water level changes generate powerful currents that can destroy harbor infrastructure, snap
mooring lines, and scour foundations.

» Secondary hazards include sewage and chemical contamination, fires from ruptured fuel lines, and
collapse of weakened structures.

Tsunami detection and mitigation

Modern tsunami warning systems combine multiple data sources to detect events and issue alerts as
quickly as possible.

1. Seismic monitoring provides the first indication. Networks detect the earthquake within minutes and
estimate its magnitude and location.

2. DART buoys (Deep-ocean Assessment and Reporting of Tsunamis) sit on the seafloor and measure
pressure changes caused by a passing tsunami wave overhead. These confirm whether an earthquake
actually generated a tsunami.

3. Tide gauges and coastal sea-level stations track water level changes near shore, providing real-time
confirmation of wave arrival.

4. Warning centers (such as the Pacific Tsunami Warning Center) integrate all this data, run numerical
models to predict wave arrival times and heights, and issue alerts through sirens, emergency
broadcasts, and mobile notifications.

Beyond detection, mitigation strategies include:
* Hazard mapping to identify vulnerable zones and guide land-use planning

« Building codes and zoning regulations that restrict construction in high-risk areas or require
tsunami-resistant design
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* Public education on natural warning signs (strong earthquake shaking, unusual ocean withdrawal) and
evacuation routes

Challenges in tsunami preparedness
Even with modern technology, significant challenges remain:

* Near-field events give very little warning time. Communities close to the earthquake source may have
only 10-30 minutes before waves arrive, leaving almost no time for formal warnings.

* False alarm fatigue: Issuing warnings that don't result in a tsunami erodes public trust. But being too
cautious risks missing a real event. Warning centers constantly balance these tradeoffs.

* Public awareness gaps: Many coastal residents and tourists don't know the natural warning signs of a
tsunami or their local evacuation routes.

« Infrastructure resilience: Building tsunami-resistant structures is expensive, and many vulnerable
communities lack the resources.

« International coordination: Tsunamis cross borders. Effective warning systems require cooperation
between nations, standardized communication protocols, and shared monitoring networks.
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Unit 7 — Tides and the Coastal Ocean

7.1 Tidal forces and tidal patterns

Gravitational forces from the Moon and Sun create Earth's tides, causing water to rise, fall, and flow
horizontally. These forces result in different tidal patterns: spring tides during new and full moons, and
neap tides during quarter moons.

Tidal patterns vary globally, with diurnal, semidiurnal, and mixed types. Factors like coastal topography,
continental shelf width, latitude, and resonance affect tidal range and currents, creating unique conditions
in different locations worldwide.

Gravitational Forces and Tidal Patterns

Gravitational forces of tides

» Moon's gravitational pull primarily influences Earth's tides creates two tidal bulges facing the moon
and opposite side of Earth

+ Sun's gravitational pull secondarily influences tides enhances or diminishes lunar tides depending on
alignment (new moon, full moon)

« Effects on Earth's oceans include vertical movement of water (rise and fall) and horizontal movement
of water (tidal currents)

« Tidal range measures difference between high and low tide levels varies globally (Bay of Fundy, Nova
Scotia: 16m)

Spring vs neap tides

* Spring tides occur during new and full moon phases when Sun, Moon, and Earth align (syzygy)
resulting in higher high tides and lower low tides

* Neap tides occur during first and third quarter moon phases when Sun and Moon form right angle with
Earth resulting in lower high tides and higher low tides

+ Lunar phase relationship links spring tides to new moon and full moon (0° and 180°) and neap tides to
first quarter and third quarter moon (90° and 270°)

Types of tidal patterns

+ Diurnal tides feature one high tide and one low tide per day in approximately 24-hour cycle common in
Gulf of Mexico and parts of Southeast Asia (Thailand)

» Semidiurnal tides have two high tides and two low tides per day in approximately 12-hour cycle most
common globally prevalent along Atlantic coasts (East Coast USA)

* Mixed tides combine diurnal and semidiurnal patterns with two high tides and two low tides of different
heights common along Pacific coasts of North America (California)

Factors influencing tidal range

« Coastal topography affects tidal range narrow bays and estuaries amplify range (Bay of Fundy) while
wide, open coastlines have smaller ranges (Florida)
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« Continental shelf width impacts tidal range broad shelves increase range (North Sea) narrow shelves
decrease range (West Coast Africa)

« Latitude generally correlates with tidal range higher latitudes experience larger ranges (Alaska)
compared to lower latitudes (Caribbean)

» Resonance effects in enclosed basins can amplify tidal range when natural period of oscillation
matches tidal forcing (Gulf of Mexico)

» Bathymetry influences tidal currents shallow areas experience stronger currents (English Channel)
while deeper areas have weaker currents

» Coriolis effect deflects currents to the right in Northern Hemisphere and to the left in Southern
Hemisphere affecting tidal circulation patterns

 Coastal geometry modifies current patterns headlands and bays create complex flow structures (San
Francisco Bay)

« Tidal range generally correlates with current strength larger ranges produce stronger currents (Strait
of Magellan)

* Location-specific influences: 1. Bay of Fundy experiences extreme tidal range due to resonance and
funnel shape 2. Mediterranean Sea has minimal tides due to narrow connection to Atlantic Ocean 3.
Cook Strait, New Zealand features strong tidal currents due to narrow passage between islands

7.2 Coastal processes and landforms

Coastal processes shape our shorelines through waves, currents, and sediment transport. These dynamic
forces sculpt beaches, barrier islands, and sea cliffs, while also posing challenges like erosion and
flooding. Understanding these processes is crucial for managing our coasts effectively.

Human activities have significantly impacted coastal areas, leading to increased erosion, pollution, and
habitat loss. To address these issues, coastal management strategies range from hard engineering
solutions like seawalls to softer approaches like beach nourishment and managed retreat.

Coastal Processes

Coastal processes and dynamics

* Waves
» Wind-generated waves form through wind stress on water surface transferring energy
» Swell waves travel long distances from storm centers maintain energy and shape

» Wave refraction bends waves parallel to shore diffraction spreads wave energy around obstacles
reflection bounces waves off barriers

» Wave energy and power determine erosion potential and sediment transport capacity
* Currents

* Longshore currents flow parallel to shore transport sediment along coastline

* Rip currents form narrow seaward-flowing channels dangerous for swimmers

« Tidal currents result from gravitational pull of moon and sun affect coastal processes
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» Sediment transport
+ Longshore drift moves sediment along coast in zigzag pattern (California coast)
+ Cross-shore transport moves sediment perpendicular to shoreline (beach erosion during storms)

* Suspension and bedload transport carry sediment in water column and along seafloor

Factors in coastal erosion

* Erosion factors

» Wave energy and intensity determine rate of erosion and sediment removal

+ Storm surge and extreme weather events cause rapid erosion and coastal flooding (Hurricane Katrina)
» Sea-level rise increases coastal erosion and inundation of low-lying areas

 Coastal geology and rock type influence erosion rates (soft sedimentary rocks erode faster)
+ Accretion factors

» Sediment supply from rivers and offshore sources builds up coastlines (Mississippi Delta)

* Longshore drift patterns deposit sediment in specific areas forming spits and barriers

+ Coastal vegetation and dune formation stabilize sediment and promote accretion

* Human influences

+ Coastal development and infrastructure alter natural sediment transport patterns

» Sand mining and dredging reduce available sediment for coastal processes

» Damming of rivers decreases sediment supply to coasts (Colorado River)

Coastal Landforms and Management

Formation of coastal landforms

» Beaches

* Beach profile berm foreshore and offshore zones shaped by wave action and sediment transport

* Beach sediment composition and grain size vary based on source and wave energy

* Beach equilibrium and seasonal changes occur due to variations in wave energy and sediment supply
* Barrier islands

» Formation processes and migration driven by sea-level changes and sediment supply

» Components dunes beach overwash fans and back-barrier lagoon provide diverse habitats
 Importance for coastal protection act as natural buffers against storms and waves (Outer Banks NC)

* Sea cliffs

» Formation through wave erosion and weathering creates steep coastal features

* Types hard rock cliffs resistant to erosion soft rock cliffs more easily eroded
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« Cliff retreat processes and rates influenced by rock type wave energy and climate

Human impact on coasts

* Human impacts
» Coastal urbanization and tourism increase pressure on coastal ecosystems and resources

* Pollution and water quality degradation harm marine life and coastal habitats (Gulf of Mexico dead
zone)

+ Habitat destruction and loss of biodiversity threaten coastal ecosystems (mangrove deforestation)
» Coastal management strategies

* Hard engineering solutions

1. Seawalls protect coastline from wave action

2. Groynes trap sediment and build up beaches

3. Breakwaters reduce wave energy reaching the shore

« Soft engineering solutions

» Beach nourishment adds sand to eroding beaches maintains shoreline position

* Dune restoration enhances natural coastal protection and habitat

* Managed retreat and coastal realignment allow natural coastal processes to occur

* Integrated Coastal Zone Management (ICZM)

+ Balancing economic social and environmental factors for sustainable coastal development

« Stakeholder engagement and participatory planning ensure diverse interests are considered
+ Climate change adaptation

* Flood risk assessment and management identify vulnerable areas and implement protection
measures

» Nature-based solutions for coastal protection utilize natural features to enhance resilience (living
shorelines)

7.3 Estuaries and coastal wetlands

Estuaries are dynamic zones where rivers meet the sea, creating unique habitats with varying salinity.
These nutrient-rich environments support diverse ecosystems, from mudflats to salt marshes, and are
crucial for many marine species.

Coastal wetlands play a vital ecological role, serving as nurseries for juvenile fish and breeding grounds for
migratory birds. They also provide essential services like water filtration, shoreline stabilization, and carbon

sequestration, making them critical for both wildlife and human communities.
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Estuarine and Coastal Wetland Ecosystems

Characteristics of estuaries

Estuaries form transitional zones where rivers meet the sea creating dynamic mixing of freshwater and
saltwater (San Francisco Bay)

Salinity gradient ranges from freshwater to saltwater influences species distribution and creates unique
habitats

Tidal influence drives diurnal or semidiurnal cycles affecting water levels, currents, and organism behavior

Sediment dynamics involve complex deposition and erosion processes shaping estuarine geomorphology

Nutrient-rich environment receives inputs from both terrestrial and marine sources fueling high productivity

Varying pH levels and dissolved oxygen fluctuations challenge organism adaptations

High productivity supports diverse habitats (mudflats, salt marshes, mangroves) and abundant marine life

Organisms exhibit specialized adaptations to cope with changing salinity, tides, and water chemistry

Ecological role of coastal wetlands

Nursery function provides protected areas for juvenile fish and invertebrates to develop (salmon, blue
crabs)

Abundant food sources support rapid growth of developing organisms

Diverse habitats support various life stages of marine and terrestrial species

Critical breeding grounds for migratory birds (sandpipers, herons)

Water filtration and purification improves overall coastal water quality
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Shoreline stabilization and erosion control protect adjacent land from storm impacts

Carbon sequestration in coastal vegetation (mangroves, salt marshes) mitigates climate change

Biodiversity hotspots harbor high species richness and endemism

Critical habitats for endangered species (sea turtles, manatees)

Factors in estuarine productivity

Nutrient availability from rivers, runoff, and tidal exchange fuels primary production

Excess nutrients can lead to eutrophication causing algal blooms and oxygen depletion

Salinity gradients influence species distribution and create unique niches along the estuary

Tidal cycles cause periodic inundation and exposure of habitats affecting organism behavior

Sunlight and temperature drive primary productivity and seasonal ecosystem dynamics

Sediment composition supports different communities and influences nutrient cycling

Freshwater inflow regulates salinity, nutrients, and maintains estuarine circulation patterns

Threats to estuarine ecosystems

Agricultural runoff and nutrient loading cause algal blooms and oxygen depletion

Industrial discharges introduce chemical contaminants harming aquatic life

Plastic pollution and microplastics accumulate in food webs and sediments
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Coastal development destroys and fragments critical habitats

Construction activities increase sedimentation altering water quality and benthic habitats

Climate change and sea-level rise inundate low-lying areas and cause saltwater intrusion

Conservation strategies include: 1. Establishing protected areas and marine reserves 2. Restoring
degraded habitats (replanting mangroves and salt marshes) 3. Implementing sustainable coastal zone
management 4. Improving water quality through pollution reduction programs 5. Launching public
education and awareness campaigns 6. Creating living shorelines and artificial reefs as green
infrastructure solutions
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Unit 8 — Marine Life and Ecology

8.1 Marine organisms and their adaptations

The ocean teems with life, from microscopic bacteria to massive whales. Marine organisms have evolved
incredible adaptations to thrive in diverse underwater environments. These range from osmoregulation and
buoyancy control to specialized feeding and sensory systems.

Marine biodiversity is crucial for ecosystem stability, food web complexity, and valuable services like
carbon sequestration. Symbiotic relationships, such as coral-algae partnerships, further highlight the
intricate connections between species. Understanding these adaptations and interactions is key to
preserving our oceans' health.

Marine Organisms and Their Adaptations

Describe the major groups of marine organisms and their distinguishing
characteristics
* Prokaryotes

*» Bacteria single-celled organisms lacking nucleus play crucial role in nutrient cycling and
decomposition

* Archaea single-celled organisms thriving in extreme environments (hydrothermal vents)
* Eukaryotes
* Protists

+ Phytoplankton microscopic photosynthetic organisms form basis of marine food webs (diatoms,
dinoflagellates)

 Zooplankton small drifting animals feed on phytoplankton and serve as food for larger organisms
(copepods, krill)

* Plants

» Seagrasses underwater flowering plants stabilize sediments and provide habitat (eelgrass, turtle
grass)

* Mangroves salt-tolerant trees and shrubs protect coastlines and serve as nurseries (red mangrove,
black mangrove)

* Algae photosynthetic organisms ranging from microscopic to large seaweeds (kelp, Sargassum)
» Animals

* Invertebrates

* Cnidarians radially symmetrical animals with stinging cells (jellyfish, corals, sea anemones)

* Mollusks soft-bodied animals often with shells (clams, octopuses, nudibranchs)

* Arthropods jointed-legged animals with exoskeletons (crabs, barnacles, copepods)

» Echinoderms spiny-skinned animals with radial symmetry (sea stars, sea urchins, sea cucumbers)
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* Vertebrates

« Fish aquatic vertebrates with gills and fins (sharks, rays, bony fish)

* Reptiles air-breathing vertebrates adapted to marine life (sea turtles, sea snakes, marine iguanas)
* Birds feathered vertebrates adapted for marine environments (penguins, albatrosses, pelicans)

* Mammals warm-blooded, air-breathing vertebrates adapted to marine life (whales, seals, sea otters)

Explain the adaptations of marine organisms to their environment

» Osmoregulation
» Mechanisms for maintaining internal salt balance include specialized gills, kidneys, and salt glands

» Adaptations in fish, invertebrates, and marine mammals vary from active ion pumping to urea
retention

» Buoyancy control

» Gas-filled swim bladders in fish allow precise depth control

* Oil-filled liver in sharks provides buoyancy without swim bladder

* Specialized tissues in cephalopods enable rapid buoyancy changes for vertical movement
* Locomotion

« Streamlined body shapes reduce drag in fast-swimming species (tuna, dolphins)

* Fins and flippers provide propulsion and maneuverability in various marine animals

« Jet propulsion in squid and octopuses allows rapid escape and efficient movement

» Feeding adaptations

* Filter feeding in baleen whales and some fish efficiently captures small prey from large water volumes
« Suction feeding in many fish species creates rapid water flow to capture prey

+ Specialized mouthparts and tentacles in invertebrates adapt to specific food sources and feeding
strategies

» Sensory adaptations

« Electroreception in sharks and rays detects weak electrical fields from prey

* Echolocation in marine mammals uses sound waves for navigation and prey location

* Lateral line system in fish senses water movement and pressure changes

* Pressure adaptations

» Compressible tissues in deep-sea organisms maintain body shape under extreme pressure

* Pressure-resistant enzymes in deep-sea organisms function effectively at high pressures

Discuss the importance of biodiversity in marine ecosystems

» Ecosystem stability
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* Increased resilience to environmental changes through diverse species interactions

» Enhanced productivity through varied nutrient cycling pathways and energy transfer

» Food web complexity

* Multiple trophic levels support diverse consumer populations

 Energy transfer efficiency improves with diverse prey-predator relationships

» Ecosystem services

» Carbon sequestration by marine plants and animals mitigates climate change

* Nutrient cycling maintains water quality and supports primary production

« Coastal protection provided by coral reefs, mangroves, and seagrasses reduces erosion
+ Genetic resources

* Potential for medical and biotechnological discoveries from unique marine organisms (anti-cancer
compounds, biofuels)

* Indicator species

« Early warning systems for environmental changes through sensitive species responses (coral
bleaching, algal blooms)

* Tourism and recreation

» Economic benefits of diverse marine life support local communities and conservation efforts

Explain the concept of marine symbiosis and provide examples

* Types of symbiotic relationships

* Mutualism both organisms benefit (coral-zooxanthellae)

« Commensalism one organism benefits, the other unaffected (remora-shark)

« Parasitism one organism benefits at the expense of the other (sea lice on fish)

* Coral-zooxanthellae symbiosis

* Nutrient exchange zooxanthellae provide photosynthetic products, corals provide shelter and nutrients
* Importance for reef-building symbiosis enables rapid calcium carbonate deposition
+ Cleaner fish and their clients

* Removal of parasites and dead tissue improves client health

* Benefits for both species cleaner fish gain food, clients receive cleaning service

+ Clownfish and sea anemones

* Protection for clownfish anemone's stinging tentacles deter predators

* Nutrient provision for anemones clownfish waste products feed anemone

» Whale falls and deep-sea communities
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* Nutrient source in nutrient-poor environments whale carcasses support diverse ecosystems

* Specialized organisms adapted to whale carcasses include bone-eating worms and sulfur-reducing
bacteria

Describe the adaptations of organisms to different marine zones

* Pelagic zone adaptations

« Vertical migration patterns optimize feeding and predator avoidance

* Transparency or countershading in many species provides camouflage (jellyfish, lanternfish)
* Bioluminescence for communication and prey attraction common in deep pelagic organisms
* Benthic zone adaptations

* Flattened body shapes in bottom-dwelling fish reduce water resistance (flounders, skates)

+ Burrowing abilities in many invertebrates provide protection and access to food (lugworms, sand
dollars)

+ Attachment mechanisms in sessile organisms resist water movement (barnacles, mussels)

* Intertidal zone adaptations

* Desiccation resistance in algae and invertebrates allows survival during low tide (rockweed, limpets)
« Shell closure in mollusks prevents water loss and protects from predators

« Tidal rhythms in behavior and physiology synchronize activities with tidal cycles

» Deep-sea adaptations

* Pressure-resistant body structures maintain function at extreme depths

» Low metabolic rates conserve energy in food-scarce environments

* Specialized light organs and vision adapt to permanent darkness (anglerfish, lanternfish)

8.2 Primary production and marine food webs

Marine ecosystems rely on primary production, the process of converting inorganic carbon into organic
compounds. This forms the foundation of food webs, generates oxygen, and sequesters carbon. Various
producers, from tiny phytoplankton to massive kelp forests, contribute to this vital process.

Marine food webs are complex networks of energy transfer between trophic levels. Factors like light,
nutrients, temperature, and grazing pressure influence primary production. Understanding these dynamics
is crucial for grasping the intricate balance of life in our oceans.

Primary Production in Marine Ecosystems

Importance of primary production

* Primary production converts inorganic carbon into organic compounds through photosynthesis or
chemosynthesis forming foundation of marine food webs

* Net primary production measures total organic matter produced minus respiration providing energy for
higher trophic levels
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* Gross primary production represents total organic matter synthesized supporting ecosystem functions
* Process generates oxygen essential for marine life and sequesters carbon mitigating climate change

* Supports biodiversity by creating habitats and food sources (coral reefs, kelp forests)

Comparison of marine primary producers

* Phytoplankton dominate oceanic primary production with rapid turnover rates and wide distribution
(diatoms, dinoflagellates)

» Macroalgae contribute to coastal production forming extensive underwater forests (kelp, sargassum)

» Seagrasses create productive meadows in shallow waters stabilizing sediments and providing nursery
habitats (eelgrass, turtle grass)

« Spatial distribution varies phytoplankton throughout water column, macroalgae and seagrasses in
coastal zones

» Ecosystem services differ phytoplankton global production, macroalgae and seagrasses local
production and habitat creation

Marine Food Webs and Factors Influencing Primary Production

Structure of marine food webs
* Trophic levels form hierarchy: primary producers, herbivores, carnivores, top predators
* Energy transfer follows 10% rule between levels due to metabolic losses and inefficiencies
» Food web structures range from simple linear chains to complex interconnected networks
» Keystone species exert disproportionate influence on web structure (sea otters, sharks)

* Bioaccumulation concentrates pollutants up food chain affecting top predators (mercury in tuna)

Factors influencing marine production
« Light availability affects photosynthesis rates varies with depth, water clarity, and latitude
* Nutrient availability limits growth macro-nutrients (nitrogen, phosphorus) micro-nutrients (iron)
» Temperature influences metabolic rates and enzyme activity impacting production efficiency
» Water column stability affects nutrient distribution through stratification and mixing processes
+ Carbon dioxide concentration impacts photosynthesis rates and ocean acidification
* Grazing pressure by herbivores exerts top-down control on primary producer populations

» Oceanic zones exhibit productivity differences coastal areas more productive than open ocean,
equatorial regions vs polar regions

8.3 Plankton, nekton, and benthos communities

Marine communities are diverse ecosystems teeming with life. From microscopic plankton to massive
whales, these organisms play crucial roles in ocean food webs, nutrient cycling, and oxygen production.
Their adaptations and interactions shape the marine environment.
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Plankton, nekton, and benthos form the backbone of marine life. These groups showcase incredible
diversity, from drifting algae to powerful swimmers and seafloor dwellers. Their ecological functions are
vital for maintaining healthy oceans and supporting global biodiversity.

Marine Communities

Types of marine organisms

+ Plankton drift or float in water unable to swim against currents divided into phytoplankton (plant-like)
and zooplankton (animal-like) includes diatoms copepods and jellyfish larvae

* Nekton actively swim independently of water currents encompasses fish (tuna salmon) squid and
marine mammals (whales dolphins)

* Benthos live on or in the seafloor classified as epifauna (surface-dwelling) or infauna
(sediment-dwelling) includes corals sea urchins and clams

Ecology of planktonic life

* Primary production phytoplankton form base of marine food webs generate ~50% of global oxygen

* Nutrient cycling facilitated by zooplankton vertical migration and fecal pellet transport to deeper waters
» Buoyancy adaptations include oil droplets gas-filled vesicles and flattened body shapes

» Reproductive strategies feature high reproductive rates and larval stages for many marine organisms
* Size range varies from microscopic (picoplankton) to large (jellyfish medusae)

* Bioluminescence common in deep-sea plankton for communication and predator deterrence

Nekton in marine ecosystems

« Trophic interactions act as predators and prey in complex marine food webs

* Biomass transport through vertical and horizontal migrations (salmon runs)

* Diverse groups include bony fish cartilaginous fish cephalopods marine reptiles and mammals
+ Ecosystem services support commercial fisheries and tourism (whale watching)

» Swimming adaptations feature streamlined bodies fins flippers and muscular structures

*» Sensory systems highly developed for navigation and prey detection (lateral line echolocation)

* Migratory patterns influence global nutrient distribution and ecosystem connectivity

Structure of benthic communities

 Zonation patterns vary across intertidal zones continental shelf and deep-sea habitats
« Substrate interactions include burrowing (bioturbation) and reef-building (corals oysters)
» Nutrient cycling through organic matter decomposition and sediment nutrient release

* Benthic adaptations include attachment mechanisms (byssus threads holdfasts) and protective
structures

* Benthic-pelagic coupling links water column and seafloor via filter feeders and planktonic larval stages
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« Community structures differ between hard substrates soft sediments and specialized habitats
(hydrothermal vents)

» Ecosystem engineering species (kelp corals) create habitats for diverse communities

* Deep-sea benthic organisms adapt to high pressure low temperature and scarce food availability

8.4 Marine symbiosis and species interactions

Marine life thrives on connections. From clownfish nestled in anemones to barnacles hitching rides on
whales, symbiotic relationships shape ocean ecosystems. These interactions range from mutually
beneficial to parasitic, influencing species survival and evolution.

Symbiosis drives adaptation and specialization in marine organisms. Chemical recognition, specialized
structures, and defensive mechanisms evolve to support these relationships. These interactions ripple
through food webs, affecting population dynamics and biodiversity across ocean environments.

Symbiotic Relationships in Marine Environments

Types of marine symbiosis

» Symbiosis close persistent interaction between organisms of different species stems from Greek
"sym" (together) and "bios" (life)

» Mutualism both species benefit from interaction (clownfish and sea anemones)

« Commensalism one species benefits while other unaffected (remora fish and sharks)
« Parasitism one species benefits at expense of other (sea lice on salmon)

* Amensalism one species harmed other unaffected (coral shading algae)

* Neutralism neither species affected by interaction (plankton species coexisting)

Examples of symbiotic relationships

* Clownfish and sea anemones mutualism provides protection and nutrients

+ Coral and zooxanthellae algae mutualism offers shelter and photosynthetic products
* Remora fish and sharks commensalism provides transportation and food scraps

* Barnacles on whales commensalism gains mobile substrate and plankton access

+ Sea lice on salmon parasitism feeds on blood and tissue reducing growth

* Isopods replacing fish tongues parasitism attaches to tongue reducing feeding efficiency

Ecological impact of species interactions

* Predation influences population dynamics and shapes community structure
* Controls prey population sizes and affects distribution

* Maintains biodiversity through top-down control

» Competition drives niche differentiation and promotes specialization

* Interspecific competition between species for resources
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* Intraspecific competition within species regulates population growth
» Keystone species disproportionate impact on community (sea otters, starfish)

* Trophic cascades changes at one level affect multiple levels in food web

Adaptations for symbiosis and survival

» Chemical recognition systems identify suitable partners and enable host-specific associations
* Specialized structures attachment organs in remoras symbiont-housing in corals

» Camouflage and mimicry countershading in pelagic fish mimicry of toxic species

» Chemical defenses toxins in pufferfish and blue-ringed octopus nematocysts in cnidarians

* Physical defenses shells exoskeletons spines and barbs

* Behavioral adaptations schooling in fish burrowing in sand or mud

+ Coevolution in predator-prey relationships arms race faster swimming more effective venom
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Unit 9 — Marine Ecosystems and
Biodiversity

9.1 Coral reefs and tropical marine ecosystems

Coral reefs are underwater wonders, teeming with life and color. These complex ecosystems are built by
tiny coral polyps, which secrete calcium carbonate skeletons to form the reef's structure. Corals work in
harmony with algae called zooxanthellae, creating a mutually beneficial relationship.

Coral reefs support an incredible diversity of life, from colorful fish to bizarre invertebrates. This biodiversity
is crucial for the reef's health and resilience. Understanding the intricate relationships between reef
organisms helps us appreciate and protect these vital marine ecosystems.

Coral Reef Structure and Composition

Describe the basic structure and composition of coral reefs

* Coral polyps form backbone of reef ecosystems as tiny soft-bodied organisms secrete calcium
carbonate skeletons for protection and structure

+ Coral colonies consist of thousands of individual polyps working together create diverse reef
structures provide habitat for marine life

» Reef-building corals known as hermatypic corals contain symbiotic algae (zooxanthellae) enable rapid
growth and calcium carbonate production

* Types of coral reefs vary based on formation and location:

* Fringing reefs grow directly from shoreline common in Caribbean and Red Sea
* Barrier reefs separated from shore by lagoon (Great Barrier Reef)

+ Atolls form circular reefs around sunken islands found in Pacific Ocean

* Reef zonation creates distinct areas with unique characteristics:

* Reef flat shallow area exposed at low tide

* Reef crest highest point of reef absorbs wave energy

* Fore reef slopes down into deeper water supports diverse coral growth

* Back reef protected area between shore and reef crest nurtures juvenile fish

Explain the symbiotic relationship between corals and zooxanthellae

» Zooxanthellae photosynthetic algae living within coral tissues provide up to 90% of coral's energy
needs through sugar production

+ Benefits to corals include:
* Nutrients from algal photosynthesis support growth and reproduction

» Enhanced calcification rates accelerate reef-building process
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« Vibrant colors attract fish and other marine life

* Benefits to zooxanthellae encompass:

* Protected environment shields from predators and UV radiation

* Access to coral waste products (nitrogen, phosphorus) essential for algal growth

* Coral bleaching occurs when: 1. Corals expel zooxanthellae due to environmental stress (high
temperatures, pollution) 2. Coral tissue becomes transparent revealing white skeleton underneath 3.
Prolonged bleaching leads to coral death if symbiosis not re-established

Coral Reef Ecology and Biodiversity

Identify the major groups of organisms found in coral reef ecosystems

« Fish play diverse roles in reef ecosystems:

* Herbivores (parrotfish, surgeonfish) control algal growth

« Carnivores (groupers, snappers) regulate prey populations

* Corallivores (butterflyfish) influence coral diversity

* Invertebrates contribute to reef complexity:

* Mollusks (giant clams, nudibranchs) filter water and add color

* Crustaceans (shrimp, crabs) clean and scavenge

* Echinoderms (sea urchins, sea stars) control algae and prey on corals
+ Algae serve as primary producers and reef builders:

* Coralline algae cement reef structure

» Macroalgae provide food for herbivores

» Sponges filter water and create habitat for small organisms

+ Sea turtles graze on seagrasses and control jellyfish populations

* Marine mammals (dugongs, dolphins) influence food webs and nutrient cycling

Describe the ecological roles and interactions of key species in coral
reef ecosystems

* Herbivores control algal growth prevent algal overgrowth of corals maintain balance between coral
and algae

* Corallivores regulate coral populations influence coral diversity shape reef structure

+ Predators maintain population balance of prey species influence prey behavior and distribution
» Symbiotic relationships enhance ecosystem function:

* Cleaner fish remove parasites from larger fish

» Anemonefish protect sea anemones from predators receive shelter in return

Fiveable archived study guides Page 66



* Bioeroders contribute to reef processes:

« Parrotfish create sand through coral consumption aid in reef renewal

+ Boring sponges weaken coral structure create habitat for other organisms

» Keystone species have disproportionate impact on ecosystem:

» Crown-of-thorns starfish coral predator can devastate reefs in large numbers

* Reef sharks apex predators maintain balance throughout food web

Explain the importance of biodiversity in coral reef ecosystems

» Ecosystem resilience increases as diverse systems better withstand disturbances through functional
redundancy among species

» Food web complexity with multiple trophic levels enhances energy transfer efficiency supports larger
predator populations

+ Habitat provision through structural complexity supports diverse life forms provides nursery areas for
juvenile fish

» Ecosystem services benefit humans and environment:

* Fisheries support local economies and food security

* Coastal protection buffers shorelines from storms and erosion

* Tourism opportunities generate income for coastal communities

* Potential for biomedical discoveries as coral reefs serve as source of novel compounds for
pharmaceuticals (cancer treatments, pain relievers)

9.2 Polar and temperate marine ecosystems

Polar and temperate marine ecosystems differ greatly in temperature, species diversity, and seasonal
patterns. Polar regions have extreme cold and sea ice, supporting specialized organisms like krill and
penguins. Temperate areas have moderate temperatures and higher diversity.

Organisms in both ecosystems have unique adaptations. Polar species have antifreeze proteins and
blubber layers, while temperate ones have seasonal cycles. Sea ice is crucial in polar regions, providing
habitat and supporting food webs. Temperate areas experience seasonal changes affecting productivity
and migration patterns.

Polar Marine Ecosystems

Polar vs temperate marine ecosystems

* Polar marine ecosystems located in Arctic and Antarctic regions characterized by extreme cold
temperatures often below 0°C and presence of sea ice year-round or seasonally

* Low species diversity but high biomass in polar regions supports large populations of specialized
organisms (krill, penguins, seals)

» Temperate marine ecosystems found between polar and tropical regions experience moderate
temperatures with seasonal variations typically ranging from 4°C to 20°C

Fiveable archived study guides

Page 67



* Higher species diversity in temperate regions compared to polar areas due to more stable conditions
and varied habitats (kelp forests, rocky shores)

* Primary production in polar regions highly seasonal with intense blooms during summer months when
sunlight is abundant

» Temperate regions show more consistent primary production throughout the year with distinct spring
and fall phytoplankton blooms

Adaptations in marine environments

* Polar organisms developed antifreeze proteins in fish blood prevent ice crystal formation at subzero
temperatures

* Blubber layers in marine mammals (seals, whales) provide insulation against extreme cold

» Reduced metabolic rates during winter in polar species conserve energy during food-scarce periods
» Temperate species exhibit seasonal reproductive cycles timed with optimal environmental conditions
 Migration patterns in temperate regions help species avoid extreme temperatures (salmon, whales)
+ Physiological adaptations in temperate organisms allow for acclimation to temperature fluctuations

* Ice-associated feeding strategies in polar regions include under-ice foraging by seals and whales

* Vertical migration in temperate waters optimizes feeding and predator avoidance for plankton and fish

Sea ice in polar ecosystems

* Sea ice provides crucial habitat serving as breeding grounds for seals and penguins
« Algal growth on underside of ice forms base of unique ice-associated food web

* Ice algae act as primary producers supporting krill populations which are key prey for many polar
species

+ Sea ice regulates heat exchange between ocean and atmosphere influencing global climate patterns
« Affects ocean circulation patterns by altering salinity and density gradients
» Carbon sequestration occurs as organisms associated with sea ice sink to ocean floor

* Nutrient release during melting stimulates phytoplankton blooms in surrounding waters

Seasonal effects on temperate ecosystems

» Temperature fluctuations influence metabolic rates of organisms and trigger spawning events in fish
and invertebrates

» Changes in light availability impact primary production driving phytoplankton bloom dynamics
» Upwelling events bring nutrient-rich deep waters to surface stimulating productivity
» Seasonal mixing of water column redistributes nutrients and oxygen

 Migration patterns of fish and marine mammals respond to changing environmental conditions (bluefin
tuna, gray whales)

» Community structure and species interactions shift with seasons altering predator-prey relationships
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» Seasonal stratification of water column affects vertical distribution of organisms and nutrients

« Variations in coastal currents and circulation patterns influence larval dispersal and nutrient transport

9.3 Deep-sea ecosystems and hydrothermal vents

The deep sea, Earth's largest habitat, is a realm of extreme conditions and unique adaptations. High
pressure, darkness, and scarce food shape life in this mysterious world, where organisms have evolved
fascinating strategies to survive and thrive.

Hydrothermal vents, deep-sea oases of life, showcase nature's resilience in harsh environments. These
underwater hot springs support diverse ecosystems through chemosynthesis, challenging our
understanding of life's limits and offering insights into potential extraterrestrial habitats.

Deep-Sea Ecosystems

Features of deep-sea ecosystems

» Extreme environmental conditions shape unique adaptations

* High pressure crushes unprotected organisms (1 atm increase per 10 m depth)
* Low temperatures slow metabolic processes (avg 4°C)

» Absence of sunlight limits photosynthesis beyond 200 m depth

« Limited food availability drives efficient resource use

» Dependence on marine snow fuels deep-sea food webs (organic particles from surface)
» Chemosynthesis supports life in specific areas (hydrothermal vents)

* Vast and unexplored habitat challenges scientific understanding

* Covers about 65% of Earth's surface remains largely unmapped

« Difficult to study due to technological limitations requires advanced ROVs

* Slow growth rates and long life spans characterize deep-sea organisms

» Some fish live over 100 years (orange roughy)

* Low population densities result from scarce resources

» Unique biodiversity showcases evolutionary adaptations

* Many endemic species found nowhere else on Earth (giant isopods)

* Bioluminescence common adaptation for communication, camouflage, and hunting

Adaptations in extreme environments

* Morphological adaptations optimize survival in harsh conditions
* Large eyes capture scarce light or loss of eyes conserves energy
* Pressure-resistant body structures prevent internal collapse

* Reduced skeletal calcification maintains buoyancy
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* Physiological adaptations maximize resource utilization

« Slow metabolic rates conserve energy in food-scarce environment
« Efficient use of limited resources through specialized digestive systems
* Ability to withstand high pressures with pressure-tolerant enzymes
» Behavioral adaptations increase foraging success

* Vertical migration follows food sources (lanternfish)

« Sit-and-wait predation strategies conserve energy (anglerfish)

* Reproductive adaptations ensure species survival

» Extended larval stages increase dispersal range

+ Low fecundity balances energy expenditure with reproduction

» Sensory adaptations enhance survival in darkness

» Enhanced chemoreception detects food and mates (viperfish)

* Mechanoreception senses water movements for prey and predator detection

Hydrothermal Vents

Formation of hydrothermal vents

» Formation process creates unique deep-sea oases

1. Seawater penetrates oceanic crust through fissures

2. Water heated by underlying magma chambers

3. Mineral-rich fluids expelled through seafloor vents

* Types of hydrothermal vents vary in appearance and composition

* Black smokers emit dark, particle-rich fluids (temperatures up to 400°C)
* White smokers release cooler, mineral-laden fluids

* Diffuse flow vents seep low-temperature fluids through seafloor cracks
» Chemical composition of vent fluids supports diverse ecosystems

+ High in hydrogen sulfide, methane, and minerals fuel chemosynthesis
» Extreme temperatures create steep gradients for life

* Ecological zonation around vents supports diverse communities

« Vent orifice hosts extremophile microorganisms

» Chimney walls provide substrate for symbiont-bearing invertebrates

* Diffuse flow areas support dense animal populations

 Surrounding sediments harbor specialized deposit feeders

Fiveable archived study guides Page 70



* Primary production through chemosynthesis forms food web base
* Microbial communities convert chemical energy to organic matter
* Rapid colonization and succession occur after vent formation

* High biomass contrasts with surrounding nutrient-poor deep-sea areas

Adaptations in extreme environments

» Thermotolerance allows survival in scorching vent fluids

* Heat-stable proteins maintain function at high temperatures

* Specialized cell membranes resist heat-induced damage

» Chemosynthetic symbioses provide nutrition in toxic environment
* Hosting sulfur-oxidizing bacteria supplies energy to animal hosts
* Trophosome organ in tubeworms houses symbiotic bacteria

+ Detoxification mechanisms protect against harmful chemicals

» Metal-binding proteins sequester toxic heavy metals

+ Antioxidant enzymes neutralize reactive oxygen species

« Sensory adaptations navigate vent environment

« Ability to detect chemical cues locates nutrient sources

» Thermoreception avoids dangerously hot water

* Reproductive strategies ensure population persistence

* Larval dispersal mechanisms colonize new vent sites

» Rapid growth rates capitalize on abundant resources

» Morphological adaptations optimize vent life

* Lack of eyes in many species conserves energy in darkness

* Enlarged gills enhance oxygen uptake and house symbionts

Deep-sea resource exploitation

+ Benefits offer potential for economic and scientific advancement

* Mineral resources include polymetallic nodules, cobalt-rich crusts

* Genetic resources for biotechnology yield novel enzymes

« Potential for new drug discoveries from unique organisms

* Energy resources like methane hydrates provide alternative fuel source
* Risks threaten fragile deep-sea ecosystems

+ Habitat destruction from mining activities disrupts communities
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* Disruption of deep-sea food webs alters ecosystem balance

« Extinction of undiscovered species limits future scientific knowledge

» Sediment plumes from mining smother filter feeders

* Noise pollution impacts deep-sea organisms' communication

* Potential release of sequestered carbon accelerates climate change

+ Challenges in regulation and management require international cooperation
* International waters governance needs cohesive policies

« Limited scientific knowledge hinders informed decision-making

* Long-term environmental impact assessment crucial for sustainability

* Need for sustainable exploitation practices balances use and conservation
* Development of low-impact technologies minimizes ecosystem damage

« Establishment of marine protected areas preserves biodiversity hotspots

* International cooperation for conservation ensures global responsibility

9.4 Marine biodiversity and conservation

Marine biodiversity is the incredible variety of life in our oceans, from tiny plankton to massive whales. It's
crucial for maintaining healthy ecosystems, supporting food webs, and providing essential services like
food, climate regulation, and coastal protection.

However, marine biodiversity faces numerous threats, including overfishing, pollution, climate change, and
habitat destruction. To combat these issues, conservation strategies like sustainable fishing practices,
habitat restoration, and marine protected areas are being implemented worldwide.

Understanding Marine Biodiversity

Definition of marine biodiversity

» Marine biodiversity encompasses vast array of life forms in oceans and seas ranging from microscopic
plankton to massive whales

* Includes species diversity (number and abundance of different species), genetic diversity (variation
within species), and ecosystem diversity (variety of habitats and ecological processes)

» Maintains ecosystem stability and resilience by providing redundancy in ecological functions
» Supports complex food web dynamics ensuring energy transfer between trophic levels

» Promotes efficient nutrient cycling through various biological processes (nitrogen fixation,
decomposition)

* Enhances ecosystem productivity by optimizing resource utilization
* Provides crucial ecosystem services:
+ Food provision (fish, shellfish)

« Climate regulation (carbon sequestration by phytoplankton)
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« Coastal protection (wave attenuation by coral reefs, mangroves)
» Waste assimilation (filtration by oysters, mussels)

* Biodiversity hotspots in marine environments:

* Coral reefs teem with diverse fish, invertebrates, and algae

* Mangrove forests serve as nurseries for numerous species

» Seagrass meadows support unique communities of fish and invertebrates

Threats to marine ecosystems

* Overfishing depletes fish stocks disrupting food webs and ecosystems

* Bycatch issues harm non-target species (sea turtles, dolphins)

* Pollution degrades water quality and harms marine life

* Plastic pollution entangles and is ingested by marine animals

» Chemical runoff from agriculture leads to dead zones

* Oil spills coat and suffocate marine organisms

« Eutrophication causes algal blooms and oxygen depletion

+ Climate change alters marine environments

» Ocean acidification weakens calcium carbonate structures (coral skeletons, shellfish)
* Sea level rise threatens coastal habitats (salt marshes, mangroves)

* Increased water temperatures stress temperature-sensitive species (corals)
+ Habitat destruction eliminates crucial ecosystems

* Coastal development destroys shoreline habitats

* Bottom trawling damages seafloor communities

* Dredging disrupts benthic habitats and increases turbidity

* Invasive species alter native ecosystems

* Introduction through ballast water (zebra mussels in Great Lakes)

» Competition with native species for resources (lionfish in Caribbean)

Marine Conservation Strategies

Marine conservation strategies
» Ecosystem-based management adopts holistic approach considering entire ecosystems
* Integrated coastal zone management balances conservation with human activities
+ Sustainable fishing practices maintain fish populations

1. Implement catch quotas
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2. Enforce gear restrictions (mesh size regulations)

3. Establish seasonal closures to protect spawning grounds

 Habitat restoration revitalizes damaged ecosystems

* Coral reef restoration through fragment transplantation

* Mangrove reforestation to protect coastlines

* Pollution reduction minimizes human impacts

* Plastic bag bans in coastal communities

» Improved wastewater treatment facilities

* Oil spill prevention and response protocols

* Public education and awareness campaigns foster environmental stewardship
« Citizen science programs engage public in data collection

* Ecotourism initiatives promote sustainable interactions with marine environments
* International agreements and conventions coordinate global efforts

» Convention on Biological Diversity sets conservation targets

+ United Nations Convention on the Law of the Sea regulates marine resource use

Role of marine protected areas

* Marine Protected Areas (MPAs) provide legal protection for defined marine areas
* Range from no-take zones to multi-use areas with varying levels of protection

* Types of MPAs serve different conservation goals:

* Marine reserves prohibit all extractive activities

* Marine parks allow limited sustainable use

* Marine sanctuaries focus on species or habitat protection

* MPAs offer numerous benefits:

* Preserve biodiversity by protecting critical habitats

* Replenish fish stocks through spillover effect

* Provide opportunities for scientific research and monitoring

+ Develop sustainable ecotourism (diving, whale watching)

* MPA design considerations ensure effectiveness:

» Size and shape influence species protection and ecosystem representation

» Connectivity between protected areas facilitates larval dispersal and species movement
 Representation of different habitats ensures comprehensive ecosystem protection

* MPA implementation faces challenges:
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» Enforcement difficulties in vast ocean areas

« Stakeholder conflicts between conservation and resource use

* Funding limitations for management and monitoring

* Successful MPAs demonstrate conservation potential:

* Great Barrier Reef Marine Park protects world's largest coral reef system

« Papahanaumokuakea Marine National Monument preserves remote Hawaiian ecosystems
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Unit 10 — Ocean Resources and Human
Impacts

10.1 Fisheries and aquaculture

Fishing and aquaculture shape marine ecosystems in complex ways. From commercial trawlers to
small-scale artisanal practices, each type of fishery impacts ocean life differently. Understanding these
effects is crucial for maintaining healthy seas and sustainable seafood sources.

Sustainable aquaculture offers solutions to overfishing and habitat destruction. Closed-loop systems,
species selection, and disease management are key principles. These practices aim to balance human
needs with environmental protection, ensuring long-term viability of marine resources.

Fisheries and Marine Ecosystems

Types of fisheries and ecosystem impacts

» Commercial fisheries

* Large-scale operations target specific species using industrial methods (trawling, longlining, purse
seining)

 Impacts marine ecosystems through overfishing, bycatch, habitat destruction (coral reefs, seagrass
beds)

* Recreational fisheries

* Sport fishing and angling activities exert selective pressure on target species (marlin, tuna)
* Potential introduction of non-native species through bait release or boat transport

« Artisanal fisheries

» Small-scale, traditional fishing practices often in coastal or inland waters

* Use low-tech methods (hand-lines, small nets) with generally lower impacts

» Can contribute to local overfishing in some areas (reef fish populations)

+ Subsistence fisheries

* Fishing for personal or community consumption typically has minimal impact

* Important for food security in coastal communities (Pacific Islands)

Principles of sustainable aquaculture
* Closed-loop systems
* Recirculating aquaculture systems (RAS) manage waste and treat water
» Reduce environmental impact by minimizing water exchange and effluent release
* Integrated multi-trophic aquaculture (IMTA)

» Combines species from different trophic levels (fish, shellfish, seaweed)
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* Promotes nutrient cycling and waste reduction within the system

* Species selection

» Focus on native, low-trophic level species reduces ecological risks

* Consider feed conversion ratios to optimize resource use (tilapia, carp)

+ Sustainable feed sources

* Plant-based feeds and alternative protein sources (insects, algae) reduce wild fish dependence
* Lowers pressure on marine ecosystems and improves sustainability

* Disease management

* Implement biosecurity measures and vaccination programs to prevent outbreaks
» Reduces need for antibiotics and protects wild populations from pathogen spread
*» Genetic diversity preservation

» Avoid monocultures and maintain wild genetic pools to ensure adaptability

» Supports long-term resilience of both farmed and wild populations

Socioeconomic Aspects and Management

Economic and social implications of fishing

* Employment opportunities

* Direct jobs in fishing and aquaculture support coastal economies

* Indirect jobs in processing, distribution, and related industries create economic multiplier effect
* Food security

« Contributes significantly to global protein supply, especially in developing nations

« Vital for coastal and island communities (Southeast Asia, Caribbean)

* International trade

* High export value of fishery products impacts national economies (Norway, Thailand)
* Influences global market dynamics and trade relationships

+ Cultural significance

« Traditional fishing practices preserve heritage in many coastal communities

* Recreational fishing serves as important leisure activity and tourism draw

* Technological advancements

* Innovation in fishing gear and aquaculture systems drives industry evolution

« Shifts labor markets and skill requirements, potentially displacing traditional roles

* Conflicts and competition
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* Resource allocation between different user groups leads to management challenges

* Tensions arise between industrial and small-scale fisheries over access rights

Effectiveness of fisheries management strategies

* Quota systems

+ Individual transferable quotas (ITQs) and total allowable catch (TAC) limits control harvesting
» Can lead to more efficient resource use but may concentrate fishing rights

» Marine protected areas (MPASs)

* No-take zones and seasonal closures protect critical habitats and spawning grounds

« Effectiveness varies based on design, enforcement, and stakeholder support

* Gear restrictions

» Mesh size regulations and bycatch reduction devices minimize unintended catch

* Help protect juvenile fish and non-target species but can be challenging to enforce

» Ecosystem-based fisheries management (EBFM)

+ Considers entire ecosystem interactions for more holistic approach

+ Challenges include data requirements and balancing multiple objectives

* International agreements

* Regional fisheries management organizations (RFMOs) coordinate management of shared stocks

* United Nations Convention on the Law of the Sea (UNCLOS) provides framework for ocean
governance

* Monitoring and enforcement

* Vessel monitoring systems (VMS) and observer programs improve compliance

« Effectiveness limited by resources and international cooperation in some regions

* Stock assessments

« Scientific surveys and population modeling techniques inform management decisions
* Accuracy depends on data quality and understanding of ecosystem dynamics

» Co-management approaches

* Involve local communities and stakeholders in decision-making process

* Integrate traditional ecological knowledge to improve management outcomes

10.2 Marine mineral and energy resources

The ocean floor holds a treasure trove of mineral resources. From sulfides near hydrothermal vents to
manganese nodules on abyssal plains, these deposits offer valuable metals like copper, zinc, and cobalt.
Extraction methods vary, with some well-established and others still in development.
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Marine resource development isn't without challenges. Environmental impacts range from disrupting
marine life to potential oil spills. However, the ocean also offers renewable energy potential through
offshore wind, wave, and tidal power. Balancing economic benefits with conservation efforts remains a key
consideration in marine resource exploitation.

Marine Mineral Resources

Types of marine mineral resources

+ Seafloor massive sulfides form near hydrothermal vents extracted using remotely operated vehicles
(ROVs) contain valuable metals (copper, zinc, gold)

* Manganese nodules located on abyssal plains harvested using specialized deep-sea mining
equipment rich in manganese, nickel, copper, and cobalt

* Cobalt-rich crusts formed on seamounts and ridges extraction methods still in development valuable
source of cobalt, nickel, and platinum

* Placer deposits concentrated by wave and current action extracted through dredging or suction mining
techniques contain minerals like gold, diamonds, and heavy metals

+ Phosphorites found on continental shelves extracted through dredging or drilling used in fertilizer
production

« Salt deposits obtained through solar evaporation of seawater essential for food preservation and
chemical industry

» Sand and gravel extracted from coastal areas and continental shelves through dredging or suction
mining used in construction and beach nourishment

Environmental and Economic Considerations

Environmental impacts of offshore extraction

* Seismic surveys disrupt marine mammal communication and navigation affecting migration patterns
and feeding behaviors

« Drilling operations release drilling muds and cuttings causing habitat destruction on the seafloor
smothering benthic communities

* Oil spills have immediate and long-term effects on marine ecosystems impacting coastal communities
and economies (Deepwater Horizon)

* Produced water discharge potentially contaminates surrounding waters with hydrocarbons and heavy
metals

» Greenhouse gas emissions from offshore operations contribute to climate change exacerbating ocean
acidification

* Decommissioning of platforms poses challenges in proper removal and disposal potentially leaving
lasting environmental impacts

Potential of renewable marine energy

« Offshore wind power offers large-scale energy production but faces challenges like visual impact, bird
collisions, and underwater noise
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» Wave energy provides consistent and predictable power source but struggles with device durability
and impacts on coastal processes

« Tidal power generates highly predictable energy but limited by suitable locations and potential impacts
on marine life (fish migration)

* Ocean thermal energy conversion (OTEC) utilizes temperature differences between surface and deep
waters but faces high initial costs and potential impacts on ocean circulation

« Salinity gradient power harnesses energy from mixing fresh and saltwater but challenges include
membrane technology development and environmental impacts

Factors in marine resource development

* Global demand for minerals and energy increases pressure to exploit marine resources driving
exploration in deeper waters

 Technological advancements enable access to previously unreachable resources (deep-sea mining
equipment, improved drilling techniques)

* International maritime laws like United Nations Convention on the Law of the Sea (UNCLOS) and
Exclusive Economic Zones (EEZs) regulate resource exploitation

» Geopolitical tensions arise from disputes over resource-rich areas (Arctic, South China Sea) leading to
competing claims

» Environmental regulations aim to balance economic development with conservation efforts impacting
extraction methods and locations

* Investment and risk considerations include high costs of marine resource extraction and uncertain
returns due to market fluctuations

« Sustainable development goals pressure alignment of resource exploitation with environmental
protection influencing industry practices

» Energy security drives nations to reduce dependence on foreign energy sources encouraging
domestic offshore exploration

» Economic diversification efforts lead coastal nations to expand marine-based economies including
aquaculture and marine biotechnology

10.3 Marine pollution and waste management

Marine pollution poses a serious threat to ocean ecosystems. From land-based runoff to marine-based
activities, various sources introduce harmful substances into our seas. These pollutants, including plastics,
chemicals, and oil, have far-reaching impacts on marine life and human health.

Addressing marine pollution requires a multi-faceted approach. International policies, technological
innovations, and individual actions all play crucial roles. From circular economy strategies to advanced
waste treatment, solutions are emerging to tackle this global challenge and protect our oceans for future
generations.
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Sources and Impacts of Marine Pollution

Sources and types of marine pollution

* Land-based sources introduce pollutants through industrial discharge, agricultural runoff (pesticides,
fertilizers), urban wastewater (sewage, microplastics), and atmospheric deposition (air pollution settling
into water)

» Marine-based sources contribute via shipping activities (ballast water, oil leaks), offshore oil and gas
operations (drilling waste, accidental spills), and marine dumping (intentional waste disposal at sea)

« Oil spills occur from tanker accidents (Exxon Valdez), pipeline leaks, and offshore drilling incidents
(Deepwater Horizon)

* Plastic debris encompasses microplastics (< 5mm particles), macroplastics (larger visible items), and
ghost fishing gear (abandoned nets, traps)

» Chemical contaminants include heavy metals (mercury, lead), persistent organic pollutants (PCBs,
DDT), excess nutrients (nitrogen, phosphorus), and pharmaceuticals (antibiotics, hormones)

Impacts of marine pollution

* Bioaccumulation and biomagnification of toxins concentrate pollutants up the food chain
 Habitat destruction and degradation alter ecosystems, reducing biodiversity and resilience
« Disruption of food webs and ecosystem balance affects entire marine communities

* Marine organisms suffer from entanglement in debris (sea turtles in fishing nets), ingestion of plastics
(seabirds mistaking plastic for food), reduced reproductive success, and altered behavior and
physiology

* Human health risks arise from consumption of contaminated seafood, exposure to waterborne
pathogens, and economic impacts on coastal communities reliant on fishing and tourism

« Coral reef degradation manifests through bleaching events and reduced biodiversity, threatening
these crucial ecosystems

« Eutrophication in coastal waters leads to algal blooms and hypoxic zones (dead zones), suffocating
marine life

+ Climate change interactions exacerbate problems through ocean acidification and altered marine
chemistry, affecting shell-forming organisms

Policies and Solutions for Marine Pollution

Policies for marine pollution control

« International conventions and agreements like MARPOL regulate ship-based pollution, London
Convention addresses marine dumping, and Basel Convention manages hazardous waste transport

* Regional initiatives such as Regional Seas Programme and European Union Marine Strategy
Framework Directive coordinate efforts across multiple countries

* National policies including Clean Water Act (United States) and Marine Plastic Pollution Research and
Control Act set standards and enforcement measures
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* Challenges in policy implementation stem from enforcement difficulties in international waters, varying
levels of commitment among nations, and limited resources for monitoring and enforcement

» Successes and limitations of existing policies show reduction in certain types of pollution (oil spills) but
ongoing challenges with plastic pollution and emerging contaminants

Solutions for reducing marine pollution

« Circular economy approaches promote extended producer responsibility and redesigning products for
recyclability and biodegradability

» Advanced waste treatment technologies improve wastewater treatment systems and explore
plastic-to-fuel conversion

* Marine cleanup initiatives deploy ocean cleanup arrays and organize beach cleanup campaigns

+ Alternative materials and packaging develop biodegradable plastics and explore edible packaging
options

+ Behavioral change strategies implement public education campaigns and incentives for sustainable
practices

+ Green shipping and port management introduce shore power for docked vessels and ballast water
treatment systems

* Policy innovations establish marine protected areas and implement plastic bag bans and taxes

* Technological solutions utilize remote sensing for pollution monitoring and artificial intelligence for
waste sorting and recycling

« Sustainable aquaculture practices adopt integrated multi-trophic aquaculture and closed-loop systems
to reduce environmental impact

10.4 Coastal zone management and marine protected areas

Coastal zones face numerous threats, from urbanization to sea-level rise. Integrated Coastal Zone
Management tackles these challenges by balancing environmental, economic, and social needs. It aims to
harmonize diverse activities while preserving ecosystems.

Marine Protected Areas play a crucial role in coastal management. They safeguard critical habitats,
support species recovery, and enhance fisheries. MPAs also serve as living laboratories for research and
education, helping us better understand and protect our coasts.

Coastal Zone Management

Concept of coastal zone management

* Integrated Coastal Zone Management (ICZM) employs comprehensive approach balancing
environmental, economic, social, cultural, and recreational objectives

* ICZM addresses complex land-sea interactions promoting sustainable coastal development reducing
user conflicts enhancing resilience to hazards and climate impacts

» Key components include multi-sectoral coordination, stakeholder engagement, adaptive management,
and science-based decision-making

Fiveable archived study guides Page 82



* ICZM aims to harmonize diverse coastal activities (fishing, tourism, urban development) while
preserving ecosystems

Threats to coastal ecosystems

« Urbanization destroys habitats increases pollution (sewage, industrial waste, runoff) alters natural
coastal processes

* Erosion exacerbated by human activities leads to loss of beaches, dunes, coastal vegetation
impacting infrastructure and ecosystems

» Sea-level rise causes inundation of low-lying areas saltwater intrusion increased flooding and storm
surge impacts

+ Overfishing and destructive practices (bottom trawling, dynamite fishing) deplete marine resources
damage habitats

+ Coastal pollution includes marine debris (plastics, microplastics) and oil spills harming wildlife and
ecosystems

* Invasive species disrupt native ecosystems outcompete local species (lionfish in Caribbean)

* Tourism impacts include habitat destruction, increased waste generation, and disturbance of wildlife
(nesting sea turtles)

Role of marine protected areas

» Marine Protected Areas (MPAs) designated with varying protection levels (no-take zones, multiple-use
areas, seasonal closures)

* MPAs protect critical habitats preserve genetic diversity support species recovery and population
growth

» Enhance fisheries through spillover effects promote ecosystem-based management support
sustainable tourism

» Maintain ecosystem functions enhance coastal protection support carbon sequestration (mangroves,
seagrasses)

» MPAs serve as living laboratories for scientific research and environmental education

* Examples include Great Barrier Reef Marine Park (Australia) and Papahanaumokuakea Marine
National Monument (Hawaii)

Challenges in coastal management

+ Social challenges balance diverse stakeholder interests address traditional uses ensure equitable
resource access

» Economic challenges weigh short-term losses against long-term benefits secure funding develop
alternative livelihoods

« Political challenges require cross-jurisdictional coordination (local, national, international) address
conflicting policies

* Implementation hindered by insufficient data enforcement issues adapting to changing conditions
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« Strategies to overcome challenges: 1. Implement participatory decision-making 2. Adopt adaptive
management approaches 3. Develop capacity building and education programs 4. Utilize innovative
financing (payment for ecosystem services, blue bonds)

* Case studies: Chesapeake Bay Program (USA), Coral Triangle Initiative (Southeast Asia)
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Unit 11 — Oceans and Climate Change

11.1 Ocean-atmosphere interactions and climate regulation

Ocean circulation plays a crucial role in regulating Earth's climate. The thermohaline circulation, surface
currents, and vertical water movements transport heat and nutrients globally, influencing weather patterns
and regional climates.

Oceans act as massive carbon sinks, absorbing CO2 from the atmosphere. This process, along with the
biological and solubility pumps, helps buffer against rising atmospheric CO2 levels. However, it also leads
to ocean acidification, impacting marine ecosystems.

Ocean Circulation and Climate Regulation

Ocean circulation and climate systems

» Thermohaline circulation (THC) creates density-driven global conveyor belt transporting heat and
nutrients across ocean basins (Gulf Stream, North Atlantic Deep Water)

« Surface currents driven by wind patterns influence regional climate and weather (Kuroshio Current,
California Current)

» Upwelling and downwelling vertical water movements affect local temperature and nutrient distribution
(Coastal upwelling, Equatorial upwelling)

« El Niflo-Southern Oscillation (ENSO) causes Pacific Ocean temperature fluctuations impacting global
weather patterns (droughts, floods, storms)

* Gulf Stream transports warm water to North Atlantic moderating European climate (milder winters,
increased precipitation)

Oceans as carbon sinks

« Carbon dioxide absorption occurs through dissolution of atmospheric CO2 in seawater forming
carbonic acid

+ Biological pump sequesters carbon through phytoplankton photosynthesis and sinking of organic
matter to deep ocean sediments

+ Solubility pump transports CO2 as cold, dense water sinks with dissolved gases

+» Ocean acidification decreases pH impacting marine ecosystems and calcifying organisms (coral
bleaching, shell dissolution)

» Oceanic carbon storage acts as largest active carbon reservoir on Earth buffering against atmospheric
CO2 increase

Ocean properties in heat distribution

» Thermocline creates vertical temperature gradient influencing heat exchange between surface and
deep waters

+ Halocline forms vertical salinity gradient affecting water density and circulation patterns

+ Poleward heat transport moves warm water from equator to poles redistributing solar energy
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« Latent heat transfer through evaporation and condensation influences atmospheric heat and moisture
content

* Sensible heat transfer directly exchanges heat between ocean and atmosphere affecting air
temperature and wind patterns

Ocean-atmosphere climate regulation

* Albedo feedback amplifies warming or cooling trends through sea ice reflection of solar radiation

» Water vapor feedback enhances greenhouse effect as increased evaporation occurs with rising
temperatures

* Cloud feedback impacts Earth's radiation balance through ocean-derived aerosols and cloud
formation

» Methane hydrate feedback potentially amplifies greenhouse effect through seafloor methane release
with warming oceans

» Thermohaline circulation feedback may cause abrupt climate shifts due to changes in ocean
circulation patterns

11.2 Sea level rise and coastal impacts

Sea level rise is reshaping our coasts. Thermal expansion and melting ice are the main culprits, causing
flooding, erosion, and saltwater intrusion. These changes threaten coastal communities and ecosystems
worldwide.

The impacts vary based on local factors like topography and resources. Low-lying islands and densely
populated deltas face the highest risks. This global challenge demands innovative solutions and policy
changes to protect vulnerable areas.

Causes and Impacts of Sea Level Rise

Causes of sea level rise

» Thermal expansion of ocean water increases volume as temperatures rise accounting for 30-50% of
observed sea level rise

* Melting land-based ice (Greenland, Antarctica, mountain glaciers) adds freshwater to oceans
» Groundwater extraction pumps water from aquifers eventually reaching oceans

» Changes in land water storage from reservoir construction and altered precipitation patterns affect
runoff

Impacts on coastal areas

* Increased coastal flooding and erosion leads to more frequent storm surges and beach loss

« Saltwater intrusion contaminates freshwater aquifers impacting agriculture and drinking supplies
(Florida, Bangladesh)

+ Habitat loss inundates wetlands and marshes shifting species distribution (Chesapeake Bay,
Sundarbans)

* Infrastructure damage threatens roads, buildings, ports, and utilities (Miami, Venice)
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* Displacement forces migration from low-lying areas and endangers cultural sites (Tuvalu, Maldives)

Vulnerability of coastal regions

« Factors influencing vulnerability: 1. Coastal topography and elevation 2. Geological characteristics
(subsidence) 3. Population density and infrastructure 4. Adaptive capacity and economic resources

* High-risk regions: low-lying islands, river deltas, Arctic coasts with permafrost thaw
» Moderate-risk regions: gradual coastal plains, areas with natural defenses (mangroves, coral reefs)

* Lower-risk regions: rocky coastlines with steep cliffs, areas with adaptation measures

Economic and social implications

» Economic impacts depreciate property values, increase insurance costs, disrupt tourism, and require
adaptation expenses

« Social implications threaten livelihoods (fishing, agriculture), disrupt communities, exacerbate
inequality, and pose health risks

* Policy challenges balance development with retreat strategies, allocate resources, and manage
climate displacement

* Innovation opportunities emerge in coastal engineering, climate adaptation jobs, and nature-based
protection measures (living shorelines, artificial reefs)

11.3 Marine ecosystem responses to climate change

Ocean acidification and rising temperatures are wreaking havoc on marine ecosystems. From struggling
calcifying organisms to shifting species ranges, these changes disrupt food webs and alter breeding
patterns. Coral reefs face bleaching and potential collapse, while polar ecosystems grapple with sea ice
loss.

These environmental shifts also impact ocean circulation and resource management. Weakening
thermohaline circulation and increased stratification affect nutrient cycles and productivity. Fish stocks are
relocating, challenging fisheries and coastal communities, while harmful algal blooms threaten shellfish
industries and human health.

Ocean Acidification and Temperature Effects

Effects of ocean acidification

« Chemical process intensifies as atmospheric CO2 absorption by oceans increases lowering pH levels
in seawater

« Calcifying organisms struggle to form calcium carbonate shells and skeletons affecting corals,
mollusks, crustaceans, and some plankton (oysters, clams)

* Coral reefs experience decreased growth rates and structural integrity potentially leading to
ecosystem collapse and biodiversity loss

» Marine life faces physiological stress disrupting acid-base balance and altering metabolic processes
and energy allocation

» Food web disruptions occur as plankton communities change causing cascading effects through
trophic levels
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Impacts of rising ocean temperatures

* Species ranges shift as marine organisms migrate poleward introducing invasive species in new
habitats (lionfish in Atlantic)

* Breeding and migration patterns alter changing spawning event timing and disrupting synchronization
with food sources

« Coral bleaching events increase in frequency and severity as thermal stress causes loss of symbiotic
algae (Great Barrier Reef)

« Community composition changes with local extinctions of heat-sensitive species and expansion of
warm-water adapted species

* Polar ecosystems face sea ice loss affecting ice-dependent species (polar bears, seals) and altering
primary productivity in Arctic and Antarctic regions

Ocean Circulation and Resource Management

Changes in ocean circulation patterns

» Thermohaline circulation weakens affecting global conveyor belt and deep water formation

» Upwelling and downwelling modifications occur as wind patterns shift affecting coastal upwelling and
nutrient transport to surface waters

« Stratification increases in warming oceans reducing vertical mixing and nutrient exchange

* Nutrient cycles impact distribution of key nutrients (nitrogen, phosphorus, iron) altering ratios and
affecting phytoplankton communities

+ Primary productivity consequences include shifts in phytoplankton abundance and composition
potentially changing global ocean productivity patterns

Climate change and marine resources

* Fish stock distributions shift changing traditional fishing grounds and challenging international
fisheries agreements

* Fish population dynamics alter growth rates, reproduction, and mortality potentially causing
mismatches between predators and prey

» Aquaculture faces challenges in coastal operations necessitating adaptive management strategies

« Harmful algal blooms increase threatening shellfish industries and human health causing economic
losses in coastal communities (Gulf Coast red tides)

* Management challenges require flexible and adaptive fishing quotas emphasizing ecosystem-based
approaches

» Socioeconomic implications may displace fishing communities necessitating diversification in coastal
economies (tourism, renewable energy)
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11.4 Mitigation and adaptation strategies

Climate change poses significant threats to our oceans, but there are strategies to mitigate its impacts.
From reducing greenhouse gas emissions to enhancing carbon sequestration in blue carbon ecosystems,
these efforts aim to protect marine life and maintain ocean health.

Coastal communities are adapting to rising sea levels and extreme weather events. Through infrastructure
improvements, ecosystem-based adaptation, and early warning systems, these measures help build
resilience. International cooperation and nature-based solutions further support global efforts to address
ocean challenges.

Climate Change Mitigation Strategies

Strategies for ocean climate mitigation

* Reduce greenhouse gas emissions through transition to renewable energy sources (solar, wind)
improved energy efficiency in industries and transportation led to decreased carbon footprint

» Enhance carbon sequestration by protecting and restoring blue carbon ecosystems (mangroves,
seagrasses, salt marshes) absorb and store significant amounts of atmospheric CO2

« Sustainable fisheries management implements catch limits and quotas establishes marine protected
areas (Great Barrier Reef Marine Park) to preserve fish populations and ecosystem balance

* Reduce ocean pollution by implementing stricter regulations on plastic waste improves wastewater
treatment systems decreases harmful impacts on marine life

» Promote sustainable aquaculture practices developing low-impact farming methods (integrated
multi-trophic aquaculture) uses alternative feed sources (algae-based) reduces pressure on wild fish
stocks

Effectiveness of coastal adaptation measures

+ Coastal infrastructure improvements build sea walls and levees implement beach nourishment
programs develop flood-resistant buildings and structures (stilted houses)

» Ecosystem-based adaptation restores and protects coral reefs as natural barriers creates living
shorelines with native vegetation (mangroves) establishes artificial reefs to reduce wave energy

* Managed retreat relocates vulnerable communities and infrastructure implements land-use planning
and zoning regulations to minimize future risks

« Early warning systems develop advanced storm surge and flood prediction models improve
communication networks for disaster preparedness (SMS alerts)

+ Diversification of livelihoods promotes alternative income sources for fishing communities
(ecotourism) develops sustainable tourism initiatives (whale watching) to reduce dependence on
vulnerable resources

International Cooperation and Nature-Based Solutions

International cooperation for ocean challenges

* Global agreements and frameworks Paris Agreement on climate change United Nations Sustainable
Development Goals (SDGs) Convention on Biological Diversity guide collective action
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* Regional cooperation initiatives Regional Fisheries Management Organizations (RFMOs) Large
Marine Ecosystem (LME) programs address transboundary issues

» Knowledge sharing and capacity building fosters international scientific collaborations facilitates
technology transfer between developed and developing nations

* Financial mechanisms Green Climate Fund Global Environment Facility (GEF) support climate action
and environmental protection projects

* Policy harmonization aligns national policies with international standards develops common metrics
for measuring progress ensures consistent global efforts

Nature-based solutions for climate resilience

* Mangrove restoration provides coastal protection against storms and erosion enhances carbon
sequestration supports biodiversity and fisheries (nursery habitats)

» Coral reef rehabilitation improves coastal protection supports tourism and local economies maintains
marine biodiversity (fish, invertebrates)

» Seagrass meadow conservation stabilizes sediments reduces erosion enhances water quality through
nutrient cycling provides critical habitat for marine species (dugongs, sea turtles)

» Wetland restoration acts as a natural buffer against flooding filters pollutants improves water quality
supports diverse ecosystems and wildlife (migratory birds)

* Oyster reef construction reduces wave energy shoreline erosion improves water quality through
filtration provides habitat for various marine species (crabs, fish)
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Unit 12 — Ocean Exploration and
Research Methods

12.1 Oceanographic instrumentation and data collection

Oceanographic instruments are vital for understanding our oceans. From CTD profilers to autonomous
underwater vehicles, these tools measure everything from water properties to deep-sea environments.
They help scientists collect data on ocean currents, temperature, and more.

Proper use of these instruments involves careful calibration, deployment, and data analysis. Scientists
must clean and maintain equipment, handle it carefully, and process the data to remove errors. This
ensures accurate measurements of ocean processes and helps track changes over time.

Oceanographic Instruments and Data Collection

Primary oceanographic instruments

Conductivity, Temperature, and Depth (CTD) profilers measure water column properties using multiple
sensors deployed from ships or autonomous platforms

Acoustic Doppler Current Profilers (ADCPs) measure water current velocities using sound waves to detect
particle movement mounted on ships, moorings, or seafloor

Remotely Operated Vehicles (ROVs) underwater robots controlled from surface vessels equipped with
cameras, sensors, and sampling tools used for deep-sea exploration (Alvin, Jason)

Autonomous Underwater Vehicles (AUVs) self-propelled, pre-programmed underwater robots carry various
sensors for data collection operate independently for extended periods (Slocum gliders, Argo floats)

Moored buoys and weather stations collect long-term time series data measure atmospheric and oceanic
parameters transmit data via satellite communication (NOAA's National Data Buoy Center network)

Principles of instrument operation

CTD profilers measure salinity using electrical conductivity, temperature with thermistors or platinum
resistance thermometers, depth calculated from pressure measurements

ADCPs emit sound pulses at fixed frequency measure Doppler shift of returned signals calculate water
velocity based on frequency change

Fiveable archived study guides Page 91



ROVs use tethered connection for power and control thrusters for movement and positioning manipulator
arms for sample collection and instrument deployment

AUVs powered by internal batteries and onboard computer use propellers or buoyancy changes for
movement navigate through inertial systems and acoustic positioning

Moored buoys anchored to seafloor with instruments at various depths surface floats with meteorological
sensors data transmission via radio or satellite links

Calibration and deployment techniques

Calibration ensures instrument accuracy and precision performed before and after deployments uses
known standards or reference measurements

Maintenance involves: 1. Regular cleaning to prevent biofouling 2. Battery replacements and software
updates 3. Inspection for wear, corrosion, or damage

Proper deployment techniques require careful handling to avoid sensor damage correct orientation and
positioning of instruments consideration of environmental factors (currents, waves)

Quality control measures include data validation and error checking comparison with historical or nearby
measurements documentation of deployment conditions and metadata

Analysis of oceanographic data

Data processing removes outliers and noise applies calibration coefficients uses time series analysis and
statistical methods

Visualization techniques involve plotting vertical profiles, time series, and spatial distributions creating
maps and 3D representations of ocean properties use of color scales to represent data ranges

Integration of multiple data sources combines data from different instruments and platforms considers
spatial and temporal scales identifies correlations between various parameters

Interpretation of ocean processes identifies water masses and circulation patterns detects seasonal and
interannual variability assesses impacts of climate change and human activities (El Nifo, ocean
acidification)
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Error analysis and uncertainty quantification calculates error bars and confidence intervals propagates
measurement uncertainties considers sampling limitations and biases

12.2 Remote sensing and satellite oceanography

Satellites and aircraft-mounted sensors revolutionize oceanography by gathering data from afar. These
tools monitor sea surface temperature, ocean color, and sea levels, revealing global patterns and tracking
crucial phenomena like the Gulf Stream and EI Nifio.

Remote sensing techniques use passive sensors to detect natural radiation and active sensors to emit and
measure signals. This data helps map ocean circulation, assess climate change impacts, and monitor
events like algal blooms, providing invaluable insights into our vast and dynamic oceans.

Remote Sensing Fundamentals

Remote sensing in oceanography

* Remote sensing gathers information from afar using satellites or aircraft-mounted sensors
+ Sea surface temperature monitoring tracks global patterns and identifies ocean currents (Gulf Stream)

» Ocean color observations measure phytoplankton concentrations and assess water quality (algal
blooms)

+ Sea level measurements monitor global rise and study circulation patterns (EI Nifio)

Satellite Oceanography Techniques

Passive vs active satellite sensors

* Passive sensors detect naturally emitted or reflected radiation (radiometers, spectroradiometers)
* Active sensors emit energy and measure returned signal (radar altimeters, scatterometers)
* Passive sensors consume less power and have simpler design

« Active sensors penetrate clouds and operate day and night

Satellite data for ocean processes

1. Raw data collection from satellites

2. Calibration and atmospheric correction

3. Georeferencing and spatial resolution adjustment

« Time series analysis reveals temporal patterns (seasonal variations)

« Spatial analysis shows geographic distributions (upwelling zones)

+ Data fusion combines multiple sensors for comprehensive insights

* El Nifio Southern Oscillation monitoring tracks Pacific temperature anomalies

+ Global ocean circulation mapping reveals major currents (Kuroshio Current)
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« Climate change impact assessment evaluates long-term trends (sea ice extent)

Pros and cons of remote sensing

» Advantages:

* Global coverage of vast ocean areas

+ Continuous long-term monitoring capabilities

* Cost-effective compared to in-situ measurements
+ Observes inaccessible regions (Arctic Ocean)

* Limitations:

* Surface or near-surface measurements only

* Cloud cover interference for some sensors

« Spatial resolution constraints

» Requires ground-truthing and validation

* Trade-offs balance temporal vs spatial resolution, data volume vs processing capabilities, and sensor
specialization vs multi-purpose instruments

12.3 Marine geology and geophysical techniques

Marine geology uses cutting-edge tech to uncover the ocean's secrets. From seismic waves to gravity
measurements, scientists map the seafloor and peek beneath it, revealing a hidden world of ridges,
trenches, and underwater mountains.

These methods don't just make cool maps. They help us understand plate tectonics, find oil, and track sea
level changes. By piecing together clues from the seafloor, we're learning how our planet works and how
it's changed over millions of years.

Geophysical Methods in Marine Geology

Geophysical methods for seafloor study

Seismic reflection surveys use sound waves to image subsurface structures employ air guns or other
acoustic sources measure reflected waves with hydrophones produce detailed cross-sections of seafloor
and sub-seafloor structures (sedimentary layers, faults)

Gravity surveys measure variations in Earth's gravitational field use ship-mounted or towed gravimeters
detect density differences in subsurface materials identify large-scale geological structures (seamounts,
basins)

Magnetic surveys measure variations in Earth's magnetic field use magnetometers towed behind ships or
on autonomous underwater vehicles detect magnetic properties of rocks and minerals map seafloor
spreading and crustal age (Vine-Matthews-Morley hypothesis)
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Bathymetry maps seafloor topography uses multibeam echo sounders creates detailed 3D maps of the
ocean floor (Mid-Atlantic Ridge, Mariana Trench)

Side-scan sonar produces acoustic images of the seafloor identifies small-scale features and textures
maps sediment distribution and seafloor habitats (shipwrecks, coral reefs)

Insights from geophysical techniques

Seismic reflection reveals layering of sediments and rocks identifies faults, folds, and other deformation
structures helps locate potential hydrocarbon reservoirs (Gulf of Mexico)

Gravity surveys indicate thickness of sedimentary basins reveal crustal thickness variations help identify
submarine volcanoes and seamounts (Hawaiian-Emperor seamount chain)

Magnetic surveys map magnetic anomalies related to seafloor spreading determine age of oceanic crust
identify boundaries between tectonic plates (East Pacific Rise)

Bathymetry reveals large-scale seafloor features helps identify submarine canyons, seamounts, and
abyssal plains supports navigation and underwater cable/pipeline routing (Monterey Canyon)

Side-scan sonar detects recent geological activity (landslides, lava flows) maps distribution of seafloor
sediments and rock outcrops identifies potential hazards to seafloor infrastructure (underwater cables)

Interpretation and Applications of Marine Geology

Interpretation of seafloor features

Mid-ocean ridges appear as linear, elevated features in bathymetry data show symmetric magnetic
anomalies on either side exhibit thin crust in gravity data display high heat flow in thermal measurements
(East Pacific Rise)

Trenches appear as deep, linear depressions in bathymetry show negative gravity anomalies due to
low-density sediment fill exhibit weak magnetic signatures often associated with seismic activity in
earthquake data (Mariana Trench)

Sedimentary basins appear as thick, layered sequences in seismic reflection data show negative gravity
anomalies due to low-density sediments exhibit weak magnetic signatures often found near continental
margins or in deep ocean basins (Gulf of Mexico)
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Seamounts and guyots appear as isolated peaks or flat-topped mountains in bathymetry show positive
gravity anomalies may exhibit strong magnetic signatures if volcanic in origin (Great Meteor Seamount)

Transform faults appear as linear offsets in bathymetry and magnetic anomaly patterns often associated
with seismic activity show distinctive patterns in side-scan sonar images (San Andreas Fault)

Marine geology in plate tectonics

Plate tectonics marine geology provides evidence for lithospheric plate movement seafloor magnetic
anomalies support the theory of plate tectonics bathymetry reveals plate boundaries and their
characteristics (Mid-Atlantic Ridge)

Seafloor spreading magnetic surveys reveal symmetric striping patterns heat flow measurements show
higher values near spreading centers seismic data reveals crustal thickness variations with age (Juan de
Fuca Ridge)

Subduction processes bathymetry and seismic data image subduction zone structures gravity anomalies
help constrain subducting slab geometry sediment thickness patterns indicate rates of plate convergence
(Cascadia Subduction Zone)

Hotspot volcanism bathymetry reveals chains of seamounts and islands age progression of volcanoes
supports plate motion over stationary hotspots gravity and magnetic data help characterize hotspot swells
(Hawaiian Islands)

Sedimentary processes seismic reflection data reveals sediment distribution and thickness side-scan sonar
images turbidity current channels and deposits cores and drilling provide ground-truth for geophysical
interpretations (Amazon Fan)

Sea level changes seismic stratigraphy reveals past sea level fluctuations bathymetry identifies submerged
shorelines and reefs sediment cores record changes in depositional environments (Great Barrier Reef)

12.4 Emerging technologies in ocean exploration

Ocean exploration technologies are revolutionizing our understanding of the deep sea. From autonomous
vehicles to high-resolution mapping systems, these tools allow scientists to gather data in previously
inaccessible areas, revealing unique ecosystems and geological features.

These cutting-edge technologies have far-reaching impacts on marine conservation, resource
management, and climate research. They enable long-term monitoring of ocean changes, fine-scale
habitat mapping, and deep-sea exploration, providing crucial insights for protecting and managing our
oceans.
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Cutting-Edge Ocean Exploration Technologies

Cutting-edge ocean exploration technologies

» Autonomous Underwater Vehicles (AUVs) navigate independently underwater carry out
pre-programmed missions collect data using various sensors (chemical, biological, acoustic)

» Underwater Gliders use buoyancy-driven propulsion for energy-efficient long-duration missions
(months at a time) gather data on ocean temperature, salinity, and currents

* High-Resolution Mapping Systems employ multibeam echo sounders, side-scan sonar, and LiDAR
create detailed 3D maps of seafloor topography and habitat structures

» Remotely Operated Vehicles (ROVs) tethered to surface vessels allow real-time control and data
transmission use manipulator arms for sampling and intervention in deep-sea environments

» Deep-sea Submersibles like human-occupied vehicles (HOVs) feature pressure-resistant hulls and
advanced life support systems enable direct observation of deep-sea ecosystems (Alvin, Nautile)

Impact of technologies on ocean understanding

* Deep-sea exploration of abyssal plains and hadal zones reveals unique adaptations of life in extreme
pressure environments (giant isopods, dumbo octopus)

* Under-ice investigations in polar regions and ice shelf cavities provide insights into climate change
impacts and unique polar ecosystems

» Seamount and canyon surveys uncover complex topography and biodiversity hotspots critical for
understanding marine ecosystem dynamics

* Long-term monitoring through ocean observatories enables collection of time-series data essential for
tracking oceanic changes over extended periods

* Fine-scale habitat mapping of coral reefs and seagrass meadows aids in conservation efforts and
understanding of ecosystem health

Applications of emerging marine technologies

» Marine Conservation: Technologies facilitate species population monitoring assist in Marine Protected
Area (MPA) enforcement assess habitat restoration progress

» Resource Management: Advanced tools improve fisheries stock assessment guide seabed mineral
exploration support offshore energy site surveys

« Climate Change Research: New tech enhances ocean acidification monitoring enables precise sea
level rise measurements advances ocean circulation studies

» Environmental Impact Assessment: Emerging technologies boost pollution monitoring capabilities
evaluate ecosystem health track coastal erosion patterns

Ethics and impacts of exploration technologies

« Ethical Considerations: Address data ownership and sharing respect indigenous rights and traditional
knowledge promote equitable access to technology and information

» Environmental Impacts: Mitigate noise pollution from acoustic devices minimize physical disturbance
of sensitive habitats prevent introduction of foreign materials or organisms
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* Regulatory Challenges: Navigate international maritime laws clarify jurisdiction in international waters
standardize research protocols across nations

+ Dual-use Technology Concerns: Balance scientific openness with national security considerations
address potential military applications of ocean exploration tech

« Sustainability of Operations: Optimize energy consumption of exploration vehicles develop
responsible disposal methods for obsolete equipment assess long-term effects of permanent
installations
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