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6. Antarctica’s Record Sea Ice Decline - Deep Ocean Warming and Wind
Disruption - Geography

1. Why in News

1. Scientists linked Antarctica's record sea ice decline to deep ocean warming and stronger western
winds

2. Disrupting Southern Ocean’s natural layering system

3. 2023 recorded historically low sea ice extent (losses larger than area of Western Europe)

4. Antarctica now behaving like "new climate system” shaped by accelerating global warming

5. Threatens global climate regulation and polar ecosystems

2. Southern Ocean’s Natural Layering System

Definition

1. Density-based arrangement in which cold, fresh surface water overlies warmer, saltier deep water
around Antarctica

2. Stable stratification maintained by temperature and salinity gradients

3. Critical for climate stability and ice preservation

Major Layers of Water Column

Surface Mixed Layer -

1. Upper cold and relatively fresh water zone

Directly interacts with atmosphere and sea ice

3. Thickness varies seasonally (~50-200 meters)

4. Acts as buffer between ice and warmer deep waters

Circumpolar Deep Water (CDW) -

Warmer (2-4°C), saltier and denser subsurface water mass

Stores large amounts of heat and dissolved carbon

Originates from mixing of different ocean basins

Depth ~200-1000 meters

Key heat reservoir threatening ice from below

Antarctic Bottom Water (AABW) -

1. Coldest (<0°C), densest and deepest water mass

2. Formed when extremely cold salty water sinks to ocean floor

3. Sinks from continental shelf during sea ice formation

4. Spreads northward along ocean floor globally

5

6

3

N

j—

SIENEAEN

Depth >3000 meters
Critical for global ocean circulation (thermohaline circulation)

. Key Roles of Layering System
Climate Buffer
1. Layered Southern Ocean absorbs large quantities of excess heat and atmospheric carbon dioxide
2. Slowing global warming by sequestering heat/C0O2 away from atmosphere
3. Southern Ocean absorbs ~40% of anthropogenic CO2 and ~75% of excess atmospheric heat
4. Critical climate regulation service
Protection of Antarctic Sealce
1. Cold surface layer acts as insulating barrier
2. Prevents warmer deep waters from rapidly melting Antarctic Sea ice from below
3. Maintains stable ice extent during winter
4. "Winter water layer" (cold remnant from previous winter) particularly important
Carbon Storage Mechanism
1. Deep ocean layers safely trap carbon for centuries
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Reducing concentration of greenhouse gases in atmosphere
Biological pump - Phytoplankton absorb CO2, sink to depth when die
Physical pump - CO2-rich surface water sinks with AABW formation
Long-term carbon sequestration (100-1000 years timescale)

Support to Marine Ecosystems
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Upwelling of nutrient-rich deep water through Antarctic Circumpolar Current

Supports phytoplankton growth (base of food web)

Sustains Antarctic marine food chains - Phytoplankton — Krill — Fish, Penguins, Seals, Whales
Most productive marine ecosystem globally

Antarctic krill bionass ~500 million tonnes

. Recent Trend in Antarctica Melting

Relative Stability Phase (2000s-Early 2010s)

1.

4.
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Unlike Arctic (rapid ice loss), Antarctica’s sea ice remained relatively stable for many years despite
global warming

In some years, sea ice extent showed slight expansion

Due to complex ocean-atmospheric interactions (stratospheric ozone depletion altering winds,
freshwater from ice shelf melting stabilizing surface layer)

Scientists initially considered Antarctica comparatively resilient to climate change impacts
"Antarctic paradox” puzzling researchers

Transition and Reversal Phase (Around 2015)
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Around 2015, Antarctic Sea ice began declining sharply after decades of stability

Marked inflection point

Researchers found warming deep ocean waters (CDW) gradually weakened protective cold surface
layer (winter water layer)

Breaking down stratification barrier

Beginning of accelerated melting and shrinking sea ice extent

Tipping point crossed

Record Decline Phase (2023 Onwards)
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Antarctica recorded historically low sea ice extent in 2023

Scale - Losses larger than area of Western Europe (~4 million km?)
Consecutive record lows (2022, 2023, 2024)

Sea ice extent ~2 million km? below long-term average at minimum
Scientists describe Antarctica behaving like "new climate system’

Shaped by accelerating global warming

Continued decline threatens global climate regulation and polar ecosystems
Regime shifts underway

. Key Factors Responsible for Acceleration in Melting

Deep Ocean Warming
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Warm and salty deep ocean water (Circumpolar Deep Water) rose toward surface
After disruption of Southern Ocean'’s layered structure

Warmer water melted sea ice from below (basal melting)

Weakened long-term ice stability

Heat content in CDW increasing due to global warming

Subsurface temperatures rising faster than surface

Stronger Westerly Winds

1.
2.
3.

Intensified western circumpolar winds (Southern Annular Mode positive phase)
Pushed cold surface water northward through Ekman transport
Enabled warmer subsurface waters (CDW) to upwell near Antarctica
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4. Accelerating melting by bringing heat to surface
5. Wind intensification linked to -
1. Climate change (greenhouse gas forcing)
2. Stratospheric ozone depletion (now recovering but legacy effects persist)
6. Stronger winds disrupting layering through mixing and upwelling
Positive Feedback Mechanism (Ice-Albedo Feedback)
1. As seaice melted, darker ocean water exposed
2. Dark water absorbed more solar radiation (albedo ~0.1) instead of ice reflecting sunlight (albedo
~0.7-0.8)
3. Additional heat absorbed further delayed winter ice formation
4. Reinforced long-term decline creating self-reinforcing cycle
5. Longer ice-free periods — more heat absorbed — harder to refreeze — longer ice-free periods
Climate Change and Ozone Effects
1. Rising greenhouse gas emissions intensified atmospheric circulation around Antarctica
2. Strengthening westerly wind belt
3. Antarctic ozone hole (discovered 1985, peak depletion 1990s-2000s) contributed to changing wind
systems
Ozone depletion cooled stratosphere, strengthening temperature gradient, intensifying winds
Montreal Protocol (1987) phasing out ozone-depleting substances; ozone layer recovering
But legacy effects and interaction with climate change continue influencing ocean dynamics
Complex interplay between ozone recovery and greenhouse warming
Other Contributing Factors
1. Increased glacial meltwater from Antarctic ice shelves adding freshwater, altering salinity gradients
2. Changes in sea ice formation affecting AABW production rates
3. Atmospheric rivers bringing warm, moist air to Antarctica
4. Marine heatwaves in Southern Ocean
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. About Antarctica
Basic Characteristics
Southernmost, coldest, driest, windiest continent on Earth
Largest ice reservoir - Contains nearly 90% of world's glacial ice (26 million km?)
Plays crucial role in regulating global climate system
If all Antarctic ice melted - ~58 meters global sea level rise
. Largely uninhabited; functions as natural laboratory for scientific research
Location
Surrounds South Pole
Lies entirely within Southern Hemisphere south of 60°S latitude
Surrounded by Southern Ocean (Atlantic, Pacific, Indian sectors)
Area - ~14 million km? (5th largest continent, larger than Europe)
Nearly 98% covered by thick ice sheet averaging ~1.9 km thickness (max ~4.8 km at Dome Argus)
Habitat
Inland Region -
1. Extremely cold and dry (coldest recorded - -89.2°C at Vostok Station 1983; -98°C via satellite 2013)
2. Making survival difficult for most terrestrial organisms
3. Polar desert (<50 mm precipitation annually inland)
4. Permanent human settlements do not exist (only temporary research stations)
Coastal Region -
1. Coastal ecosystems support diverse marine life
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2. Species - Penguins (Emperor, Adélie, Chinstrap, Gentoo), Seals (Weddell, Crabeater, Leopard, Ross),
Whales (Humpback, Minke, Orca), Albatrosses, Petrels
3. Antarctic krill (Euphausia superba) forms foundation of Southern Ocean food chain
4. Biomass ~500 million tonnes; keystone species
Microscopic Life -
1. Ice-free regions (2% of continent - Dry Valleys, nunataks, coastal oases) support microorganisms
2. Tardigrades (water bears), nematodes (roundworms), algae, rotifers
3. Extremophiles adapted to cold, desiccation, UV radiation
4. Crypto endolithic communities (living inside rocks)
Vegetation
1. Antarctica has no trees or shrubs due to extreme climatic conditions
2. Vegetation mainly consists of mosses, lichens, liverworts, algae
3. Only two native flowering plants -
1. Antarctic hair grass (Deschamps antarctica)
2. Antarctic pearlwort (Colobanthus quitensis)
4. Both restricted to Antarctic Peninsula and nearby islands
5. Rising temperatures causing "greening” in parts of Antarctic Peninsula
6. Expanding moss growth documented via satellite (vegetation growth accelerating)
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. International Status of Antarctica

Antarctic Treaty System

1.  Governed under Antarctic Treaty System signed December 1,1959 (entered force June 23,1961)

2. Designates Antarctica as scientific preserve

3. Promoting peaceful international cooperation

4. Original 12 signatories (including India); now 54 parties (29 consultative with decision-making rights)

Key Provisions

1. Military activities prohibited - No military bases, maneuvers, weapons testing

2. Nuclear testing and radioactive waste disposal prohibited - Antarctica nuclear-weapon-free zone

3. Commercial mineral mining banned - Under Environmental Protection Protocol (Madrid Protocol
1991, force 1998)

4. Freedom of scientific investigation ensured - Free exchange of information, scientific personnel,
observations, results

5. Territorial claims frozen - Neither recognizing nor disputing existing claims; no new claims

6. Regular inspections - Ensuring treaty compliance

Environmental Protection Protocol (Madrid Protocol 1991)

1. Designates Antarctica as "natural reserve, devoted to peace and science’

2. Comprehensive environmental protection

3. Impact assessments required for activities

4. Waste management, marine pollution prevention, conservation of flora and fauna

5. 50-year mining ban (renewable)

8. Major Research Stations in Antarctica

International Stations

1. McMurdo Station (USA) - Largest Antarctic research station (~1000 summer, ~250 winter personnel);
Ross Island

2. Amundsen-Scott South Pole Station (USA) - Located at geographic South Pole; continuous
operation since 1956

3. Vostok Station (Russia) - Recorded coldest temperatures on Earth (-89.2°C); Lake Vostok drilling

4. cConcordia Station (France-Italy) - Dome C; high-altitude plateau; important for atmospheric and
ice-core studies
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5. Troll Station (Norway) - Dronning Maud Land; renewable energy powered

6. Over 70 permanent year-round stations operated by 30+ countries

India’s Antarctic Research Stations

1.  Managed by National Centre for Polar and Ocean Research (NCPOR), Goa

2. Indian Antarctic Programme - Launched 1981; 42+ expeditions

Dakshin Gangotri -

1. Established in 1983 as India’s first Antarctic station

2. Located near Schirmacher Oasis

3. Now mainly used as supply base after being buried under ice (decommissioned 1989-90)

4. Historical significance - India’s Antarctic presence beginning

Maitri -

1. Operational since 1989 in Schirmacher Oasis (70°45'S, 11°44E)

2. Supports research in geology, meteorology, glaciology

3. Year-round operation (~25 winter personnel, ~65 summer)

4. Focus - Upper atmosphere physics, geology, glaciology, biology

Bharati -

1. Commissioned in 2012 in Larsemann Hills region (69°24'S, 76°11'E)

2. India’'s most modern station; state-of-the-art facilities

3. Focusing on oceanography, climate studies, continental breakup research (Gondwana
fragmentation)

4. Green building design; minimal environmental footprint

5. Year-round operation (~20 winter, ~45 summer)

Research Focus -

1. Climate change, glaciology, oceanography, atmospheric sciences, geology, biology, astronomy

9. Implications of Sea Ice Decline

Global Climate System Disruption

1. Reduced CO2 and heat absorption by Southern Ocean

2. Accelerating global warming

3. Feedback loops amplifying climate change

Sea Level Rise

1. Ice shelf destabilization threatening land ice (West Antarctic Ice Sheet vulnerable)
2. Potential meters of sea level rise over centuries

3. Coastal cities worldwide at risk

Ocean Circulation Changes

1. Weakening AABW formation disrupting global thermohaline circulation
2. Potential AMOC (Atlantic Meridional Overturning Circulation) impacts

3. Climate patterns worldwide affected

Marine Ecosystem Collapse

1. Krill dependent on sea ice for habitat and food (algae under ice)

2. Krill declines cascading to penguins, seals, whales

3. Fisheries impacts (krill fishing industry)

Regional Weather Changes

1. Altered atmospheric circulation affecting Southern Hemisphere weather
2. Impacts on Australia, South America, Africa precipitation patterns

10. Way Forward

Enhanced Monitoring

1. Expand observational networks (satellites, autonomous floats, underwater gliders)
2. Real-time tracking of ocean temperature, salinity, circulation
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3. Improved climate models incorporating Southern Ocean dynamics
International Cooperation
1. Strengthen Antarctic Treaty System
2. Collaborative research programs
3. Data sharing and coordinated monitoring
Climate Mitigation
1. Urgent global emissions reduction (Paris Agreement targets)
2. Limit global warming to 1.5-2°C preventing irreversible tipping points
3. Transition to renewable energy
Marine Protection
1. Expand Marine Protected Areas around Antarctica
2. Regulate fisheries sustainably
3. Minimize human footprint
Research Priorities
1. Understanding layering system disruption mechanisms
2. Predicting future trajectories
3. Ice sheet stability assessments
4. Ecosystem resilience studies
11. Conclusion
Antarctica's record sea ice decline linked to deep ocean warming and stronger westerly winds
disrupting Southern Ocean'’s natural layering system (cold surface — warm CDW — cold AABW)
threatens global climate regulation, marine ecosystems, and carbon storage. Way forward requires
enhanced monitoring, international cooperation, urgent climate mitigation, and expanded research
understanding mechanisms and preventing irreversible tipping points.
source - https -//indianexpress.com/article/technology/science/antarcticas-sea-ice-collapse-
finally-explained-by-scientists-10693127/




