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Part 1

Physical Structure Oceans

1 Overview of Physical Oceanography

1.1

Scope of Study

Physical Oceanography includes:

1.2

Temperature, salinity, and density patterns: These properties influence ocean strat-
ification and circulation.

Water movement: Includes waves (seconds to hours), tides (daily to monthly), and
currents (wind- or density-driven).

Energy and momentum exchange: Occurs at the air-sea interface due to processes
like heating, wind forcing, and evaporation.

Special seawater properties: Such as the propagation of sound (acoustics) and light
(visibility and energy absorption).

Temperature in the Ocean

Vertical profile:

— Mixed Layer: ~10-100 m thick, isothermal due to wind mixing.

— Thermocline: Region of rapid temperature decrease below mixed layer.

— Deep Ocean: Nearly isothermal below 1000 m; about 75% of seawater is between
0-4°C.

Solar penetration:

— >50% of solar radiation is absorbed in the first meter.
— <1% of sunlight penetrates below 100 m in clear ocean water.

— In turbid coastal water, 99% absorption can occur within 10 m.
Seasonal variation:

— Mainly affects the upper 200 m.

— Below this, seasonal changes in temperature are minimal.



1.3 Salinity

o Definition: Mass of dissolved salts per kg of seawater; expressed in practical salinity
units (psu).

« Major constituents (Table 1.2):

— Chloride: 19.35 g/kg (55.07%)
— Sodium: 10.76 g/kg (30.62%)

— Others: Sulfate, magnesium, calcium, etc.
o Typical ocean salinity: 75% of ocean water ranges from 34.5-35.0 psu.
o Extremes:

— Red Sea: High salinity due to evaporation (>40 psu).

— Near large rivers: Low salinity (<30 psu).
o Importance of small differences:

— Example: Deep Pacific salinity changes from 34.70 to 34.68 psu between South
Pacific and 40°N.

1.4 Density

« Controlled by: Temperature (inverse), salinity (direct), and pressure (direct).
o Typical values:

— Surface: ~1025 kg/m?.
— Deep ocean: Up to 1046 kg/m? at 4000 m depth.

 Stratification: Despite small differences (e.g., 1025-1028 kg/m?), density gradients
strongly affect vertical mixing.

1.5 Scale of the Oceans

o Oceans cover ~70% of Earth; average depth is ~4000 m.
o Pacific Ocean: Area 165.2 million km?, Volume 707.6 million km?.

« Diagrams typically use vertical exaggeration of 1000:1 or more.

1.6 Ocean Circulation

1.6.1 Wind-Driven Currents

o Trade Winds and Westerlies generate large gyres.

o Northern Hemisphere: Clockwise rotation; Southern Hemisphere: Counterclockwise.
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o Western boundary currents (e.g., Gulf Stream) are stronger and deeper due to Earth’s
rotation.

o Currents are dynamic: Positions, intensities, and eddies vary over time.

1.6.2 Thermohaline Circulation

Thermohaline circulation refers to the global-scale movement of seawater driven primarily by
differences in density, which arise from variations in temperature (“thermo”) and salinity
(“haline”). This deep ocean circulation system is sometimes called the global conveyor belt, as
it connects surface and deep waters across all major ocean basins and plays a fundamental role
in regulating Earth’s climate.

Meaning of “Thermohaline”

e Thermo-: Refers to temperature. Colder water is denser and tends to sink.
« Haline: Refers to salinity. Saltier water is denser than fresher water.

o Together, temperature and salinity determine the density of seawater and drive vertical
water movement.

Role of Density and Stratification

The density of seawater increases with decreasing temperature and increasing salinity and
pressure. Mathematically:

p:f(T,S,P)

where:

p: density,

T: temperature,

S salinity,

P: pressure (hydrostatic pressure increases with depth).
For example:

« In the North Atlantic, cold, salty water forms North Atlantic Deep Water (NADW).

 In the Southern Ocean, dense water forms Antarctic Bottom Water (AABW).



Mechanism of Thermohaline Circulation

1. Surface Water Modification: At high latitudes, cooling and brine rejection (from sea
ice formation) increase surface water salinity and density, causing it to sink.

2. Deep Water Formation: Dense water masses sink and spread along the ocean bottom,
especially in the North Atlantic and near Antarctica.

3. Spreading and Mixing: These deep waters slowly move through ocean basins, mixing
with surrounding water.

4. Surface Return Flow: Deep water eventually upwells in other regions (e.g., Pacific and
Indian Oceans), completing the loop.

5. Timescale: One full cycle of thermohaline circulation can take approximately 1000
years.

Isopycnals

« Isopycnals are surfaces of constant density in the ocean.
« Water tends to move along isopycnals, as this requires no change in density.

o Movement along isopycnals is called isopycnal mixing, while movement across them
(diapycnal mixing) is much weaker and less common.

Isopycnal mixing — Along constant-density surfaces

Diapycnal mixing — Across density surfaces

Global Importance

o Transports heat from equator to poles, moderating global climate.
o Sequesters oxygen and carbon dioxide in deep ocean layers.

 Sensitive to changes in freshwater input; disruptions can alter circulation patterns (e.g.,
due to climate change and polar ice melt).

1.7 Waves

o Formed by wind; size increases with wind speed and fetch.
o Fully developed sea: Energy input = dissipation.
o Wave speed: ~4-5 m/s; no net mass transport unless breaking.

o Internal waves: Occur at density interfaces, can propagate at angles; periods range from
minutes to hours.



1.8

1.9

Observing the Ocean

Temperature:

— Older: Mercury and reversing thermometers (accuracy +0.02°C).

— Modern: Thermistors and CTDs (accuracy +0.002°C); XBTs used from ships or
aircraft.

Salinity:

— Historical: Chlorinity titration.

— Current: Conductivity sensors (accuracy £0.002 psu).
Density: Calculated using the equation of state with temperature, salinity, and pressure.
Velocity:

— Eulerian: Fixed sensors (e.g., current meters).
— Lagrangian: Drifting instruments (e.g., buoys).

— Indirect: Faraday’s law and acoustic Doppler methods.
Positioning:

— Pre-1940s: Celestial navigation (errors ~1-10 km).
— Post-WWILI: Electronic aids and GPS (modern accuracy: few meters).

Depth:

— Wire length method (subject to wire angle).

— Echo sounding and pressure sensors: 1 decibar ~ 1 m depth.

Satellites for Ocean Observation

Provide wide spatial coverage.
Measure surface temperature, sea level (geostrophic currents), and wind speed.

Limitations: Cannot penetrate ocean interior—observe only the surface skin.

1.10 Units

ST system (meter-kilogram-second) is standard.
Pressure is often expressed in decibars: 1 dbar ~ 1 m depth.

Earlier literature used cgs units (see Appendix 2 for conversions).

1.11 Major Oceanic Currents in Asia

The following are the principal oceanic currents affecting the Asian region, along with their key
characteristics.



. Kuroshio Current

Location: Western Pacific, off the coast of the Philippines, Taiwan, and Japan
Type: Warm western boundary current

Direction: Northward

Speed: ~1-1.5 m/s

Remarks: Analogous to the Gulf Stream; brings warm water north; supports rich bio-
diversity and influences rainfall over East Asia.

. Oyashio Current

Location: Northwest Pacific (off eastern Russia and northern Japan)
Type: Cold subpolar current
Direction: Southward

Remarks: Cold, nutrient-rich water; important for fisheries; mixes with the Kuroshio to
form the North Pacific Drift.

. North Equatorial Current (NEC)

Location: Pacific Ocean (10-20°N)
Type: Warm equatorial current
Direction: Westward

Remarks: Driven by trade winds; splits near the Philippines into the Kuroshio (north)
and Mindanao (south) currents.

. Mindanao Current

Location: Eastern coast of the Philippines
Type: Cool western boundary current
Direction: Southward

Remarks: Complements Kuroshio as a southern offshoot of NEC.

. South China Sea Warm Current

Location: South China Sea
Type: Warm monsoonal current
Direction: Northeastward in summer; reversed in winter

Remarks: Influenced by seasonal monsoons; affects typhoon activity and coastal hydro-
dynamics.



6. East India Coastal Current (EICC)

Location: Eastern coast of India (Bay of Bengal)

Type: Seasonal current

Direction: Northward in summer; southward in winter

Remarks: Strongly monsoon-driven; impacts sediment transport and storm systems.

7. West India Coastal Current (WICC)

o Location: Western coast of India (Arabian Sea)
o Type: Seasonal current
e Direction: Southward in summer; northward in winter

 Remarks: Monsoon-controlled; influences coastal upwelling and productivity.

8. Somali Current

Location: Western Indian Ocean (off Somalia)

Type: Seasonally reversing boundary current

Direction: Northward in summer; southward in winter

Remarks: Unique among western boundary currents; supports strong upwelling during
SW monsoon.

9. Equatorial Counter Current

e Location: Pacific and Indian Oceans near the equator
e« Type: Warm current
e Direction: Eastward

« Remarks: Balances westward equatorial currents; becomes prominent during inter-
monsoonal periods.

10. Indonesian Throughflow (ITF)

Location: From western Pacific through Indonesian archipelago to eastern Indian Ocean

Type: Warm inter-basin current

Direction: Westward

Remarks: Transfers warm Pacific waters into the Indian Ocean; influences climate pat-
terns like the Indian Ocean Dipole.
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Summary Table

Current Type Direction | Temp. | Seasonal | Notable Features

Kuroshio Western boundary | Northward | Warm No Fast, nutrient-poor; affects
Japan’s east coast climate

Oyashio Subpolar Southward | Cold No Brings nutrient-rich water;
supports fisheries

North Equatorial Equatorial Westward | Warm No Trade wind-driven; splits
into Kuroshio and Min-
danao

Mindanao Western boundary | Southward | Cool No NEC offshoot; returns wa-
ter toward equator

South China Sea Coastal NE/SW Warm Yes Monsoon-driven flow; im-
pacts typhoons and coastal
mixing

East India Coastal Coastal N/S Warm Yes Seasonal reversal; affects
sediment and nutrient flux

West India Coastal Coastal S/N Warm Yes Monsoon-influenced; causes
upwelling during SW mon-
soon

Somali Boundary N/S Mixed Yes Reversing western current;
intense upwelling in summer

Equatorial Counter Equatorial Eastward | Warm Yes Balances westward cur-
rents; flows opposite to
trade winds

Indonesian Throughflow | Inter-basin Westward | Warm No Connects Pacific to Indian

Ocean; regulates heat and
salt

Table 1: Major Oceanic Currents in Asia and Their Characteristics
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Part 11

Impact of Sea Level Rise

1 Coastline Length, Latitude Distribution, Sea Level
Rise Risk, and Population Impact

Continent Coastline Length (km) | Latitude Range | At-Risk Latitudes | % Coastline at Risk | Population at Risk
Asia 220,000 10°S to 80°N 10°S to 30°N 60% 450 million

North America 200,000 10°N to 83°N 10°N to 35°N 50% 100 million

Europe 100,000 35°N to 71°N 35°N to 50°N 30% 50 million
Australia/Oceania | 66,000 47°S to 10°N 0° to 30°S 80% 25 million

Africa 30,500 35°S to 37°N 30°S to 30°N 70% 110 million

South America 26,000 55°S to 12°N 35°S to 10°N 60% 60 million

Antarctica 17,968 60°S to 78°S Minimal Risk <1% Negligible

Table 2: Continents ranked by coastline length (CIA Factbook-style), with corresponding lati-
tude ranges, risk zones, coastline at risk, and estimated coastal populations at risk.

2 Study of Coastal Cities at Risk - paper Below

Continent Cities at Risk

Asia Panaji (India), Batticaloa, Kalmunai, Mannar, Mullaitivu, Negombo (Sri
Lanka), Khulna (Bangladesh), Sihanoukville (Cambodia), Hue, Hoi An,
Da Nang (Vietnam), Sorsogon, Iloilo (Philippines), Bandar Lampung,
Kupang, Manado (Indonesia)

Africa Walvis Bay (Mauritius), Port Louis (Mauritius)

South America Esmeraldas (Ecuador), Cartagena (Colombia), Santos (Brazil)

North America / Caribbean | Castries (St. Lucia)

Oceania Apia (Samoa), Port Vila (Vanuatu), Honiara (Solomon Islands), Port

Moresby (Papua New Guinea), Lami Town (Fiji)

Table 3: Continent-wise coastal cities at risk from sea level rise and climate change based on
case studies.

3 Adaptation to Climate Extremes and Sea Level Rise
in Coastal Cities

3.1 Introduction: Coastal Vulnerability to Climate Change

o Coastal zones face multiple climate hazards: storm surges, typhoons, sea level rise
(SLR), erosion, flooding, and saltwater intrusion.
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3.2

3.3

3.4

Climate change intensifies the frequency and magnitude of these hazards, particularly
in developing countries.

These areas host dense populations, economic assets, and infrastructure, amplifying so-
cioeconomic vulnerability.

From 1980-2000, over 119 million people annually were exposed to tropical cyclones,
causing 250,000+ deaths.

A projected 1-meter sea level rise may displace 50+ million people, triggering major
losses in livelihoods, ecosystems, and infrastructure.

Typologies of Adaptation Strategies

Protection: Defensive measures (e.g., seawalls, levees, mangrove restoration) to shield
coastal assets.

Accommodation: Adjustments to tolerate climate risk (e.g., elevated housing, improved
drainage, water management).

Managed Retreat: Relocation of people and infrastructure from high-risk coastal
zones.

Attack: Proactive development into marine areas (e.g., floating housing, stilt construc-
tion).

Study Scope and Methodology

Case study analysis of 27 small coastal cities (<1 million population) across developing
regions.

Distribution: Asia (17), Africa (2), South America and Caribbean (4), Oceania

(5).
Sources: City-level climate documents (resilience plans, vulnerability assessments).

Hazards classified on Low—Moderate—High impact scale.

Common Coastal Risks Identified

Flooding: Universal hazard across all cities; results from rainfall, storm surges, poor
drainage.

Storms and Cyclones: Cause infrastructure damage and economic loss (e.g., Typhoon
Nari, Da Nang, 2013).

Sea Level Rise & Erosion: Hoi An (Vietnam) loses 10—20 meters/year of shoreline.
Drought and Heat: Induces water shortages, crop failures, coral bleaching.

Saltwater Intrusion: Salinizes water and soil, harming agriculture and ecosystems.

13



3.5

Adaptation Strategies: Key Findings
Total 587 adaptation initiatives reviewed:

— Accommodation: 78%
— Protection: 16%
— Managed Retreat: 6%

A. Protection Strategies

Hard Infrastructure: Seawalls, dikes, port retrofits.
Ecosystem-Based Adaptation (EbA): Mangroves, coral reefs, wetlands.
Policy Measures: Bans on sand mining, mangrove cutting.

Coastal Zone Management: Zoning, conservation, risk mapping.

B. Accommodation Strategies

Water Management: Rainwater harvesting, desalination, leak reduction.
Sanitation & Drainage: Upgraded stormwater systems.

Urban Design: Elevated buildings, permeable surfaces.

Livelihood Diversification: Climate-smart agriculture, fisheries.
Health & Insurance: Micro-insurance, resilient health services.
Capacity Building: Education, early warning systems (EWS).
Emergency Preparedness: Evacuation plans, shelters.

Finance Tools: Disaster funds, water pricing, green bonds.

C. Managed Retreat Strategies

Resettlement: Moving communities from high-risk zones.
Land Use Controls: Restricting construction in vulnerable areas.

Challenges: High costs, social resistance, legal issues.
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3.6 Key Takeaways and Recommendations

o Integrated adaptation—blending protection, accommodation, and retreat—is essen-
tial.

+ Ecosystem-Based Adaptation (EbA) offers cost-effective, community-based re-
silience.

e Accommodation is favored for feasibility and cost.
o Managed retreat needs long-term vision and political will.

e Prioritize local context, policy frameworks, public participation, and flexible
funding.
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4

4.1

4.2

Ocean Processes and Climate Phenomena

The Ocean’s Role in Climate

The Earth receives an average of 342 W/m? of solar radiation, with 107 W/m? reflected
back, and the rest absorbed by land, ocean, and atmosphere.

The ocean stores 50 times more CO than the atmosphere and acts as a major heat
reservoir.

Ocean currents warm northwestern Europe by approximately 10°C compared to similar
latitudes elsewhere.

Just 3 meters of seawater stores the same amount of heat as the entire column of air
above it.

Air—Sea Exchanges in the Climate System

Momentum Transfer

o Trade winds and westerlies create wind stress curl that drives subtropical and subpolar

gyres.

Heat Transfer

o Local heat losses in regions like the Labrador and Weddell Seas can exceed several hundred

W/m?2, initiating deep convection.

Water and Salinity Exchange

o Sea ice formation results in brine rejection, increasing surrounding water salinity; young

CcO

4.3

ice has salinity between 6-10.
Exchange

Of the 6 Gt C emitted annually from fossil fuels, the ocean absorbs about 2 Gt, or roughly
one-third.

Ocean Heat and Freshwater Storage

Diurnal mixed layers are only a few meters deep and can exhibit 1°C daily temperature
variability.

Winter mixed layers in subtropics reach several hundred meters; in polar regions, they
may exceed 1000 m.

Seasonal signals can penetrate to 1500 m in high-latitude oceans.
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4.4

Ocean Circulation

Wind-Driven Circulation

Subtropical gyres move several tens of millions m?/s of water, influenced by Sverdrup
transport.

Western boundary currents like the Gulf Stream and Kuroshio are 100 km wide, 1 m/s
fast, and 1000 m deep.

Kuroshio transports 63 4+ 13 Sv; East Australian Current 22 + 5 Sv; Agulhas 73 Sv.

Thermohaline Circulation

Over 60% of surface ocean water is warmer than 20°C, but 80% of the volume is colder
than 4°C.

25% of ocean volume lies in the 0.5-1.7°C and 34.65-34.74 salinity range.
Deep convective mixed layers can exceed 1000 m in the Labrador Sea.

Thermocline reservoir volume is 5-10 times greater than the seasonal surface layer.

4.5 Ocean Transport of Heat, Freshwater, and Carbon
e QOcean transports 2.5 petawatts of heat poleward—half of the Earth’s total heat transport.
e Heat and carbon move via overturning circulation, gyres, and mesoscale eddies.
e Ocean absorbs 2 Gt of carbon annually from anthropogenic emissions, about one-third
of the total.
4.6 Ocean—Climate Variability
ENSO

o ENSO cycles typically span 2-10 years; El Nino raises Pacific SSTs by up to 3°C.

o The 1997-98 El Nino was among the strongest on record, disrupting rainfall and upwelling

patterns.

o The TAO-Triton buoy array provides real-time monitoring for ENSO forecasting.

NAO and PDO

o NAO is quantified via pressure differences between Lisbon and Reykjavik; it impacts

westerly airflow and European winters.
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NAO remained strongly positive during the 1990s, altering storm patterns in the Atlantic
sector.

Deep Water Changes

WOCE data compared to IGY measurements show detectable long-term changes in deep
water temperature and salinity.

5 Major Climate Variability Phenomena: ENSO, NAO,

5.1

5.2

and PDO

El Nifio—Southern Oscillation (ENSO)

ENSO is the most prominent interannual climate variability phenomenon, centered in the
tropical Pacific Ocean.

It consists of alternating phases:

— El Nino: Weakening of trade winds leads to eastward movement of warm water,
suppressing upwelling and raising SSTs by up to +3°C.

— La Nina: Strengthened trade winds push warm water westward, enhancing up-
welling and causing SST anomalies of —1°C to —2°C.

The ENSO cycle operates on timescales of 2—10 years.

Global impacts include altered rainfall patterns, floods, droughts, and disruptions in
agriculture and fisheries.

The 1997-98 El Nino event was one of the strongest, with SST anomalies exceeding 3°C
in the eastern Pacific.

ENSO affects the South Asian monsoon, East African rains, and winter conditions in
North and South America.

Monitoring is conducted via the TAO—Triton array, satellites, and Argo floats to sup-
port early warnings and forecasts.

North Atlantic Oscillation (NAO)

NAO refers to the pressure difference between the Azores High (Lisbon) and the
Icelandic Low (Reykjavik).

It modulates the strength and position of the westerly jet stream over the North Atlantic.
Positive NAO phase:

— Strong pressure gradient.

— Results in mild, wet winters in Northern Europe and cold, dry winters in Canada.

18



5.3

Negative NAO phase:

— Weak pressure gradient.

— Leads to cold European winters and wetter conditions in the Mediterranean.
NAO operates on seasonal to decadal timescales.

A persistently positive NAO during the 1990s caused anomalously warm and wet winters
in Europe.

Impacts include shifts in storm tracks, agricultural productivity, and ocean circulation
patterns like the Atlantic Meridional Overturning Circulation (AMOC).

Pacific Decadal Oscillation (PDO)

PDO is a long-term climate oscillation in the North Pacific, characterized by decadal
shifts in SST patterns.

Positive PDO phase:

— Warm SST anomalies in the eastern North Pacific.

— Cooler anomalies in the central-western North Pacific.
Negative PDO phase:

— Cooler SSTs in the east, warmer SSTs in the west.
The PDO has a typical timescale of 20—30 years.

It modulates ENSO effects, influencing rainfall and temperature patterns in North Amer-
ica and across the Pacific Rim.

Marine ecosystems, salmon stocks, and long-term drought risks are affected by PDO
phases.

5.4 Summary Comparison of ENSO, NAO, and PDO
Feature ENSO NAO PDO
Region Tropical Pacific North Atlantic North Pacific
Timescale 2-10 years Seasonal to decadal 20-30 years
Key Driver Ocean—atmosphere coupling | Sea-level pressure differences | SST anomalies + feedbacks
Monitoring TAO-Triton array, satellites | Reanalysis, pressure indices SST EOF analysis
SST Anomalies +1-3°C Indirect +0.5-1.0°C
Main Impacts Global Europe, North Atlantic North America, Pacific Rim

Table 4: Comparison of major ocean—climate variability phenomena.
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1 Changing Ocean, Marine Ecosystems, and Dependent
Communities

1.1 1. Ocean Warming and Stratification

Global Ocean Heat Uptake

o Between 2005 and 2017, the 0-700 m ocean layer warmed at 5.31 £ 0.48 ZJ/year,
while the 700-2000 m layer warmed at 4.02 & 0.97 ZJ /year.

e These layers have warmed at nearly double the rate compared to 1969-1993, indicating
accelerated ocean heating driven by anthropogenic climate change.

Increased Stratification

o Ocean stratification in the upper 200 m has increased by 2.18-2.42% (1970-2017).

o This inhibits vertical nutrient mixing and oxygenation, affecting marine productivity and
deep ocean respiration.

Abyssal Ocean Warming

o Observations suggest deep warming (>2000 m) is occurring, especially in the Southern
Ocean.

o Though data is sparse, this process contributes to long-term sea-level rise and deep cir-
culation changes.

1.2 2. Ocean Acidification and Carbon Sequestration

Anthropogenic Carbon Uptake

e The ocean has absorbed 20-30% of human-induced CO, emissions over the past two
decades.

o This reduces atmospheric COs levels but drives acidification by increasing dissolved car-
bonic acid in seawater.

Observed and Projected pH Decline

 Surface pH is declining by 0.017—0.027 units/decade, with projections of a total drop
of 0.036-0.042 (RCP2.6) or 0.287-0.29 (RCP8.5) by 2100.

o Acidification reduces calcifying organisms’ ability to build shells, threatening coral reefs,
mollusks, and plankton.
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Geographic Extent

o More than 95% of the near-surface ocean is now affected by acidification.

o Vulnerability is highest in the Arctic, Southern Ocean, and North Pacific, where COs
solubility is enhanced.

1.3 3. Oxygen Decline and Nutrient Cycling

Historical Trends

« Oxygen in the upper 1000 m declined by 0.5-3.3% from 1970-2010; surface layer (0-100
m) declined by 0.2-2.1%.

o Oxygen Minimum Zones (OMZs) expanded by 3—8%, reducing habitat for fish and al-
tering nutrient cycles.

Future Projections

o Oxygen is projected to decline by 1.6-2.0% (RCP2.6) and 3.2-3.7% (RCP8.5) by
2100.

o Under RCP8.5, 59—80% of the ocean is expected to exhibit emergent oxygen loss by
2050.

Nutrient Implications

« Nitrate concentrations in the top 100 m may fall by 9-14%, particularly in the tropics.

o This could lead to significant reductions in primary productivity and food web stability.

1.4 4. Coral Reefs: Vulnerability and Shifts

Warming and Bleaching

o Coral bleaching events have increased since the 1997-98 El Nino due to marine heatwaves.

o At +1.5°C warming, 70-90% of coral reefs may degrade; at +2°C, losses exceed 99%.

Acidification and Bioerosion

e Ocean acidification impairs coral calcification and increases dissolution and bioerosion.

o This leads to structural collapse of reef frameworks, reducing biodiversity and ecosystem
services.
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Depth and Latitude Effects

» Mesophotic reefs (30-150 m) show limited refuge potential due to light limitations and
warming.

o Some localized resilience is observed in regions like the Red Sea and Persian Gulf.

1.5 5. Mangroves, Seagrass, and Wetlands

Loss and Migration

o Coastal wetlands have declined by 50% globally since the 19th century.

o Mangroves are migrating poleward, while seagrasses contract in the tropics; however,
migration is constrained by development.

Future Losses

o Projections estimate 20—90% loss of coastal wetland area by 2100, depending on emis-
sions and land-use scenarios.

o Regions with high development face high risk of ecosystem collapse due to “coastal
squeeze”.

Carbon Sequestration Impact

o Loss of blue carbon ecosystems could release 0.04-1.46 GtC/year.

o Under RCP2.6, lower sea-level rise allows inland migration and continued carbon storage.

1.6 6. Fish Biomass and Food Security

Global Declines

« Marine animal biomass may decline by 4.3% (RCP2.6) and 15.0% (RCP8.5) by 2100.

o Warming, acidification, and hypoxia reduce growth, reproduction, and survival of fish
populations.

Regional Impacts

o Low-latitude regions, including West Africa and the Pacific Islands, face the greatest loss
in fishery potential.

o This poses direct threats to food security, nutrition, and local economies reliant on small-
scale fisheries.
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1.7 7. Summary of Scenario-Based Projections (2100)

Metric RCP2.6 RCPS8.5
Ocean warming (0-2000 m) +900 ZJ +2150 ZJ
Surface pH decline 0.036-0.042 0.287-0.29
Oxygen loss 1.6-2.0% 3.2-3.7%
Marine biomass loss 4.3 £+ 2.0% 15.0 = 5.9%
Fish catch potential 3.4-6.4% decline | 20.5-24.1% decline
OMZ expansion Minor 7.0 £+ 5.6% increase

Table 5: Projected ocean and ecosystem changes under low (RCP2.6) and high (RCP8.5)
emissions scenarios.
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1.1

1.2

1.3

1.4

Oceanic Systems and Climate Change Along Asiatic
Continental Coasts

1. Key Oceanic Domains

Indian Ocean Sector: Includes the Bay of Bengal, Arabian Sea, and eastern Indian

Ocean, heavily influenced by monsoons, upwelling systems, and the Indian Ocean Dipole
(IOD).

Pacific Ocean Sector: Comprises the South China Sea, East China Sea, Philippine
Sea, and Sea of Japan, characterized by the Kuroshio Current, ENSO variability, and
intense tropical cyclone activity.

Arctic Sector: Northern Asia borders the Laptev, East Siberian, and Chukchi Seas,
which are experiencing sea ice loss, permafrost thaw, and increased navigability.

2. Ocean Warming Trends

The Indian Ocean has warmed by approximately 1.2°C since 1950, making it one of
the fastest-warming ocean basins globally.

Western Pacific coastal regions show intensified surface warming during El Nino events.

Increased stratification along tropical Asian coasts reduces vertical nutrient exchange,
impacting primary production and fisheries.

3. Ocean Acidification

Coastal areas such as the South China Sea and East China Sea show pH declines of
0.02-0.03 units/decade.

Acidification is intensified by high COs solubility in colder regions and is further compli-
cated by nutrient inputs from major rivers like the Yangtze and Mekong.

Acidification impacts shell-forming species, coral reefs, and planktonic organisms critical
to the marine food web.

4. Deoxygenation

The Arabian Sea hosts one of the world’s largest Oxygen Minimum Zones (OMZs), which
is expanding due to climate-induced warming and productivity.

Hypoxic zones in the Bay of Bengal are growing, compounded by freshwater influx and
reduced mixing.

Coastal eutrophication from agriculture and sewage further amplifies oxygen depletion
along East and Southeast Asian shores.
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1.5

5. Ecosystem Impacts

Coral Reefs

o Countries like Indonesia, Philippines, Vietnam, and India host highly biodiverse coral

reefs.

o Reefs are threatened by marine heatwaves, acidification, sedimentation, and overfishing.

o Under RCP8.5, 90—-100% of coral cover in tropical Asia may be lost by 2100.

Mangroves and Wetlands

o Asia holds the largest mangrove area globally; key countries include Bangladesh, India,

Indonesia, and Myanmar.

e Sea level rise and coastal development limit their ability to migrate inland, especially in

deltaic regions.

o In some subtropical zones, mangroves are encroaching into salt marsh areas due to warm-

ing.

Fisheries

1.6

1.7

Fisheries are shifting poleward; tropical species are moving northward toward Japan and
Russia.

Fish catch potential may decline by 20-30% in tropical Asia under RCP8.5, threat-
ening livelihoods of small-scale fishers.

Warming, acidification, and deoxygenation reduce fish size, reproductive success, and
regional biodiversity.

6. Extreme Events and Coastal Hazards

Intensification of tropical cyclones has been observed in the Western Pacific and North
Indian Ocean.

Storm surges and heavy rainfall increasingly affect countries like Bangladesh, Vietnam,
and the Philippines.

Regional sea level rise is 1-3 mm /year higher than the global average in vulnerable
deltas such as the Ganges—Brahmaputra and Mekong.

7. Adaptation and Governance

Many coastal regions in Asia lack comprehensive adaptation strategies and governance
integration.
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o Ecosystem-based approaches like mangrove reforestation and coral gardening offer local
benefits but remain underutilized.

o Transboundary tensions are rising due to shifting fish stocks (e.g., South China Sea
disputes, Mekong water usage).

1.8 8. Summary Table: Key Indicators Along Asian Coasts

Indicator Status Trend Risk to Asia

Sea Surface Temperature | +1.2°C in Indian Ocean | Rising rapidly Coral bleaching, fisheries decline
Ocean pH 0.02-0.03 decline/decade | Accelerating Shellfish, coral calcification loss
Oxygen Content 0.5-3% decline OMZ expansion | Habitat loss, fisheries stress

Sea Level Rise 3-5 mm/year in hotspots | Increasing Flooding, salinization, displacement
Marine Biomass 15-30% loss (RCP8.5) Declining Food security risk

Coral Cover Up to 99% loss possible | Very high risk Ecosystem collapse, tourism losses
Fishery Yield 20-30% projected decline | Negative Income, food supply impacts

Table 6: Summary of climate-driven oceanic changes along Asiatic continental coasts.
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