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Cover Photo: A 3AM “sunrise” over Ekström Ice Shelf, Dronning Maud Land, 
East Antarctica; taken from the icebreaker RV Polarstern, January 2023.  
Antarctic sea ice hit a record low minimum extent about a month later.  
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DeDicatioN
This Report is dedicated to the memory of two towering figures lost to 
us in 2023, both from the early years of climate negotiations, both from 
Bangladesh and both passionately engaged: Quamrul Chowdhury (1959–
May 2023) and Professor Dr. Saleemul Huq (1952–October 2023).

Both were also deeply and persuasively involved in efforts to make the 
connection between global cryosphere loss and the 1.5°C limit clear to 
global leaders as well as countries seemingly far removed from cryosphere, 
such as Bangladesh, quite literally till the last days of their lives.  

They are both deeply missed; but their inspiring work lives on, including 
in these pages.
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This year is the year of climate disasters. Global temperatures, including sea surface tem-
peratures are at record high. The sea ice around Antarctica is at an all-time low; and, in the 
Arctic, icecaps and Iceland’s vital glaciers continue to melt. Chile has seen a year of brutal 
wildfires, intense rains, devastating floods. We are not in an era of global warming; but as UN 
Secretary General Guterres says, “global boiling.” This year we will come close to reaching 
1.5°C of warming, for the first time in human history.

And the Cryosphere – Earth’s frozen water in ice sheets, sea ice, permafrost, polar oceans, 
glaciers and snow – are at ground zero, beginning to reach the boundary where adaptation 
becomes loss and damage, irreversible on any human timescale. From the Cryosphere point 
of view, 1.5°C is not simply preferable to 2°C or higher, it is the only option.

We do see some positives. Iceland will not issue any licenses for oil exploration in its exclu-
sive economic zone, and has put into legislation that it should become carbon-neutral no 
later than 2040. Chile, along with Fiji, was the first developing country to legislate carbon 
neutrality by 2050, and hopefully much sooner.

But we can and need to do much more, heading for a future where non-renewable energy 
is no longer an option. The only way through this climate crisis is to finally leave fossil fuels 
behind and resist greenwashing. After all, the melting point of ice pays no attention to rhet-
oric, only to our actions.

At COP28, we need a frank Global Stocktake, and fresh urgency especially due to what we 
have learned about Cryosphere feedbacks, worsening for each additional tenth of a degree 
in temperature rise. We need tangible results, and clear message about the urgency to 
phase out fossil fuels and for more robust financial mechanisms to finance climate action.

We have time, but not much time. Past alerts are today’s shocking facts. Present warnings 
will be tomorrow’s cascading disasters, both within and from the global Cryosphere, if we do 
not accelerate climate action and implement systemic change.

Change is hard, but change we must. Because of the Cryosphere, climate inaction is 
unacceptable.

Preface
1.5°C Is the Only Option

Gabriel Boric,  
President, Chile

Katrín Jakobsdóttir  
Prime Minister, Iceland

Co-Chairs and Founding Members, Ambition on Melting Ice (AMI)  
High-level Group on Sea-level Rise and Mountain Water Resources  

www.ambitionmeltingice.org

https://ambitionmeltingice.org/
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High-altitude snow melt (5000 meters above sea level), Langtang Valley, Nepal, Himalayas. Melt at such high altitudes is 
becoming more frequent, as the Hindu Kush Himalaya warm at over twice the global average.
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This has been a year of climate disasters and ice loss. 
A glacial lake outburst flood devastated Sikkim in India. 
Swiss glaciers lost 10% of their remaining ice over just 
two years. Sea ice around Antarctica hit all-time-low 
summer and winter records. Unprecedented fires raged 
across Canadian permafrost. Parts of the Arctic and 
North Atlantic saw water temperatures 4–6°C higher 
than normal. It rained far inland on Antarctica, and 
Greenland saw its second-highest surface melt ever.

None of these tragic events surprised us, members of 
the global Cryosphere scientific community, because 
– despite all the climate pledges from Paris in 2015, to 
Egypt in 2022 – greenhouse gas concentrations in the 
air have continued their steady march upwards. This 
year, 2023, atmospheric carbon dioxide (CO2) concen-
trations officially hit 50% above pre-industrial levels: 
424 ppm, higher than at any point in at least 3 million 
years. 2023 will be the warmest year on record, proba-
bly by the largest margin ever.

Our message -- the message of the Cryosphere – is 
that this insanity cannot and must not continue. COP28, 
and December 2023 must be when we correct course. 
Some degree of planetary-wide damage from Cry-
osphere loss is already locked in. We must prevent even 
worse impacts from a collapsing Cryosphere for each 
additional tenth of a degree temperatures rise, espe-
cially past the “lower” Paris Agreement limit of 1.5°C.

The Cryosphere – Earth’s ice sheets, sea ice, perma-
frost, polar oceans, glaciers and snow – is ground zero 
for climate change. This is because of the simple physi-
cal reality of the melting point of ice; or in the case of our 
rapidly acidifying polar oceans, the amount of CO2 in 
the atmosphere absorbed and turned to carbonic acid.

The warming impact of CO2, around 80% from fossil 
fuel use, already has led to steep glacier and ice sheet 
loss causing global sea-level rise; reduction of water 
resources from snowpack; growing CO2 and methane 
emissions from thawing permafrost; dramatic reduction 
of sea ice, now alarmingly low in both polar oceans; and 
growing evidence of stress on keystone polar marine 
species, such as krill, salmon and cod, from polar ocean 
acidification, warming and freshening.

Enough. It is time to carve a line in the snow: because of 
what we have learned about the Cryosphere since the 
Paris Agreement was signed in 2015, 1.5°C is not merely 
preferable to 2°C. It is the only option.

At COP28, we call on global leaders to enshrine this 
reality in the Cover Decision: because of the Cryosphere 
response, even 2°C is too high. The Paris Agreement’s 
“well below 2°C” can mean just one thing: 1.5°C alone. 
We therefore need a Stocktake with clear guidelines 
to make 1.5°C a reality; a path to phase out fossil fuels; 
and financial mechanisms to support climate action, as 
well as the adaptation, and loss and damage – most of 
it ultimately tied to irreversible Cryosphere loss -- now 
inevitable even below 1.5°C; but far worse above that. 
For regions like the Hindu Kush Himalaya, frankly even 
1.5°C is too high.

Otherwise, world leaders are  de facto  deciding to 
burden humanity for centuries to millennia by displacing 
hundreds of millions of people from flooding coastal 
settlements; depriving societies of life-giving freshwater 
resources, disrupting delicately-balanced polar ocean 
and mountain ecosystems; and forcing future genera-
tions to offset long-term permafrost emissions.

This continued rise in CO2 is unacceptable.

The melting point of ice pays no attention to rhetoric, 
only to our actions.

Scientist Foreword
2°C Is Too High

Dr. Pema Gyamtsho 
Director General, International Centre for Integrated 
Mountain Development (ICIMOD), Nepal

Dr. Gustaf Hugelius 
Vice Director 
Bolin Centre for Climate Research, Stockholm University

Dr Helen Findlay 
Senior Scientist, Plymouth Marine Laboratory; 
Honorary Professor University of Exeter, UK

Dr. Chris Stokes 
Durham University, UK

Dr. Martin Siegert 
Vice President and Professor 
of Geoscience 
University of Exeter, Cornwall, UK

Dr. Twila Moon 
National Snow and Ice Data Center 
Cooperative Institute for Research 
in Environmental Sciences 
University of Colorado Boulder
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Why 2°C Is Too High
Executive Summary

ice SheetS

• 2°C will result in extensive, potentially rapid, irre-
versible sea-level rise from Earth’s ice sheets; 3°C 
will further speed up this loss to within the next few 
centuries.

• A compelling number of new studies, taking into 
account ice dynamics, paleo-climate records from 
Earth’s past, and recent observations of ice sheet 
behavior, all point to a threshold for both Greenland 
and parts of Antarctica well below 2°C, committing 
the planet to between 12–20 meters sea-level rise if 
2°C becomes the new constant Earth temperature.

• The most recent projections show a slow, but contin-
uing pattern of sea-level rise (SLR) for many centuries 
even with “low emissions” (SSP1-2.6). This is an emis-
sions pathway that peaks at 1.8°C and returns close 
to 1.6°C by 2100; yet the models show SLR continuing 
at this slow pace, indicating some level of ice loss has 
been irreversibly triggered even by this brief period of 
overshoot.

• Many ice sheet scientists now believe that by 2°C, 
nearly all of Greenland, much of West Antarctica, and 
even vulnerable portions of East Antarctica will be 
triggered to very long-term, inexorable sea-level rise, 
even if air temperatures later decrease. This is due to 
a warmer ocean that will hold heat longer than the 
atmosphere, plus a number of self-reinforcing feed-
back mechanisms, so that it takes much longer for ice 
sheets to regrow (tens of thousands of years) than lose 
their ice.

• If global leaders cause temperatures to reach this point 
through continued fossil emissions, they are commit-
ting the planet to extensive coastal loss and damage 
well beyond limits of feasible adaptation.

• Latest projections show that only “very low” emissions 
and the 1.5°C Paris limit reliably maintains both ice 
sheets, preventing massive long-term sea-level rise.

mouNtaiN GlacierS aND SNow

• Measurements now confirm that essentially all moun-
tain glaciers worldwide are losing ice: some, such as 
those in the Alps, at distressingly rapid rates over the 
past two summers alone.

• 2°C will result in extensive, long-term, essentially 
irreversible ice loss from many of the world’s glaciers 
in many major river basins, with some disappearing 
entirely. Snow cover also will greatly diminish. A rise 
of 3°C will spread and greatly speed up this loss.

• If 2°C warming is reached, projections show that 
nearly all tropical glaciers (north Andes, Africa) and 
most mid-latitude glaciers outside the Himalayas and 
polar regions will disappear, some as early as 2050. 
Others are large enough to delay complete loss until 
the next century, but have already passed a point of 
no return. Even the Himalayas are projected to lose 
around 50% of today’s ice at 2°C.

• As glaciers melt, risks of catastrophic events – land-
slides, sudden ice shears, and in some cases glacial lake 
outburst floods – will rise, affecting entire communities.

• Winter snowpack at 2°C generally will decrease, but 
also become more volatile; with some years of hardly 
any snow, and others with record-breaking amounts 
that threaten infrastructure and lives.

• Losses in both snowpack and glacier ice will have dramatic 
impacts on downstream dry season water availability for 
agriculture, power generation, and drinking. Impacts 
may be extreme in especially vulnerable river basins, 
such as the Tarim in northwest China and the Indus.

• Continued warming, even through the brief 1.6°C peak 
of very low emissions (SSP1-1.9) still means that today’s 
very fast ice loss in glaciers globally will continue 
through at least the 2050s. With very low emissions, this 
loss will begin to slow in at least some regions around 
2060, and stabilize towards the end of this century.

• With very low emissions, some glaciers may even show 
slow re-growth in the 2100s, though this would occur 
extremely slowly (many decades to centuries). Such 
visible snow and ice preservation, and its benefits for 
freshwater resources, may be one of the earliest and 
visible signs to humanity that steps towards low emis-
sions have meaningful results.
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Sea ice

• Perhaps more so than for any other part of the cry-
osphere, 2°C is far too high to prevent extensive sea 
ice loss at both poles, with severe feedbacks to global 
weather and climate.

• By 2°C, the Arctic Ocean will be sea ice-free in summer 
not occasionally, but almost every year; and for periods 
of up to four months (July–October). The most recent 
projections show frequent ice-free conditions by 2050 
even with “low emissions” (SSP1-2.6), a carbon path-
way that peaks at 1.8°C.

• Open water in the Arctic for several months will absorb 
more heat from polar 24-hour sunlight conditions. A 
warmer Arctic will increase coastal permafrost thaw 
– adding more carbon to the atmosphere – and speed 
Greenland Ice Sheet melt and resulting sea-level rise.

• It also means that any Arctic sea ice recovery may take 
many decades, even with a subsequent return to lower 
atmospheric temperatures, because the water will hold 
that heat far longer.

• In the Antarctic, complete loss of sea ice every summer 
seems plausible at 2°C if current trends continue, and 
would almost certainly speed up loss from the Antarc-
tic ice sheet and resulting sea-level rise. Record-low 
conditions in 2023 around much of Antarctica indicate 
that its threshold for complete summer sea ice loss 
might be even lower than for the Arctic.

• Studies consistently indicate that Arctic sea ice will still 
melt almost completely some summers even at 1.5°C, 
but not each year and only for a brief period (days to 
a few weeks) when it does. Only “very low” emissions 
(SSP1-1.9, which peaks at 1.6°C) can maintain summer 
Arctic sea ice, and lead to some recovery by 2100, when 
temperatures begin to decline below 1.4°C.

• Negative impacts on sea ice-dependent Indigenous 
communities and ecosystems will still be significant, 
however, since at least one ice-free summer is now 
inevitable before 2050 even with “very low” emissions, 
according to the IPCC.

permafroSt

• 2°C – and even 1.5°C – is too high to prevent extensive 
permafrost thaw and resulting CO2 and methane emis-
sions that will cause temperatures to continue to rise, 
even once human emissions reach zero, unless offset 
by extensive negative emissions/carbon drawdown; 
but 1.5°C will decrease the size of such emissions 
significantly.

• 2°C means 4–8°C in the Arctic where most permafrost 
is located, with parts of the Arctic warming 2–4 times 
faster than the rest of the planet. In addition, up to 
half of recent permafrost thaw has occurred during 
extreme heat events of up to 12°C above average, as a 
result of “abrupt thaw” processes where coastlines or 
hillsides collapse, or lakes form; exposing much deeper 
and greater amounts of permafrost to thaw.

• Once thawed, permafrost begins emitting CO2 or 
methane, even if temperatures later drop below freez-
ing. These emissions are irreversibly set in motion and 
will not slow for 1–2 centuries, meaning that future 
generations must offset them (draw down carbon) at 
scales the size of a major emitter.

• At 2°C, annual total permafrost emissions (both CO2 
and methane) would probably total the size of the 
entire European Union’s emissions from 2019 (≈200Gt 
total by 2100 and about twice that by 2300). Perma-
frost thaw at 2°C might also be accelerated further by 
loss of Arctic sea ice in summer for several months, as 
the open water absorbs more heat; and by increased 
wildfires in Siberia and North America.

• Even at 1.5°C, studies indicate significant permafrost 
thaw and related emissions, but these will be less in 
scale since temperatures will “only” average 3–4°C 
higher than today in the Arctic. “Very low” emis-
sions (SSP1-1.9 also result in temperatures declining 
to below 1.4°C by the end of this century, preventing 
most additional new thaw.

• Annual permafrost emissions will still need to be 
offset by future generations, but should be 30–50% 
less, more on the scale of India in 2019 (150Gt by 2100).

Why 2°C Is Too High  
Executive Summary (continued)
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polar oceaNS

• 2°C will result in year-round, essentially permanent 
corrosive ocean acidification conditions in extensive 
regions of Earth’s polar and some near-polar seas; 
with widespread negative impacts on key fisheries 
and species.

• This is because all 2°C emissions pathways lead to 
CO2 levels in the atmosphere well above 450 ppm, the 
critical level for polar oceans identified decades ago 
by marine scientists. The Arctic and Southern Oceans 
already are bearing the brunt of acidification impacts 
because they absorb CO2 faster. Some near-polar 
oceans, especially the Barents, North and Baltic seas, 
also would have acidification levels rivaling that of 
the poles.

• Shell-building animals, and commercial fisheries that 
rely on them in the food chain – valuable species such 
as krill, cod, salmon, lobsters, king crab, to name just 
a few – may not survive in the wild or when cultivated 
in these corrosive waters. With warmer ocean temper-
atures and lack of protective sea ice for several months 

each summer, marine heat waves and extreme acidifi-
cation events will cause additional losses.

• These “overshoot” corrosive conditions, set by peak 
atmospheric CO2 levels, are essentially irreversible, 
lasting 30–70,000 years.

• The “very low” emissions pathways resulting in tem-
peratures close to the 1.5°C Paris limit would on the 
other hand reliably maintain atmospheric CO2 well 
below 450 ppm; the most ambitious (SSP1-1.9) sees 
CO2 levels peak at 430 ppm. This will limit corrosive 
stressing conditions to mostly seasonal damage in 
smaller sections of the Arctic and Southern Oceans, 
spreading marginally from what is already seen as 
shell damage today.

• This 430 ppm threshold is very close however: the May 
2023 monthly average CO2 level at Mauna Loa Obser-
vatory was 424 ppm. Destructive compound events 
combining marine heatwaves and extreme acidifica-
tion have already caused population crashes even at 
today’s 1.2°C. 

Why 2°C Is Too High 
Executive Summary (continued)
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The Hope of Low Emission 
Pathways and Cryosphere
Very Low Emissions Can Still Prevent the Greatest Loss And Damage: 
But Time Is Very Short

CHAPTER 1

Background
The cryosphere in the distant past has responded to rel-
atively slow changes in temperature and greenhouse gas 
concentrations. These were paced by small changes in the 
Earth’s orbit around the sun, leading to a slow rise in tem-
perature, usually over tens of thousands of years, with 
thaw and loss of many cryosphere elements: ice sheets, 
glaciers, sea ice and frozen permafrost soils. The cry-
osphere also has responded to Earth’s orientation, where 
one pole or the other might face the sun more directly, 
leading to a greater degree of melt on either Greenland, 
or Antarctica; but not both at the same time.

Paleo-climatologists, who study the behavior of 
Earth’s climate, can trace this interaction between tem-
perature, CO2 concentration, the history of sea-level rise 
and ice sheets going back many millions of years through 
studying the geologic recorded in rocks and ancient 
shorelines. Temperature and CO2 concentrations can also 
be followed back tens or even hundreds of thousands of 
years through small bubbles of gas trapped in ice cores, 
or through cores of sediment from ancient lakes. It is this 
combination of evidence that actually gives a fairly clear 
picture of how the cryosphere has responded in the past 
as temperatures very slowly rose over hundreds or thou-
sands of years.

It cannot be over-emphasized how much more slowly 
these shifts in temperature and CO2 concentrations 
occurred compared to today’s warming from human 
greenhouse gas emissions. CO2 levels an Ice Age were 
around 180  ppm, and 280  ppm during warm periods or 
“interglacials,” including the past 10,000 years. The CO2 
peak of 424 is completely off-the-charts for the entirety 
of human existence, going back 3 million years; and as of 
2023 is officially 50% above pre-industrial levels.

Most worryingly, CO2 continues to rise in the atmos-
phere by 2–3  ppm each year, despite existing climate 
pledges that in accordance with the 2015 Paris Agree-
ment, should aim to peak and stabilize concentrations, 

with that peak occurring before 2030 especially in 
1.5°C-consistent emissions scenarios. By continuing to 
emit CO2 and other greenhouse gases without pause, the 
world’s nations and industrial sectors have pushed the 
planet into a risk zone. Today’s 1.2°C above pre-industrial 
already has caused massive drops in Arctic and Antarctic 
sea ice; loss of glacier ice in all regions across the planet; 

Summary
Very Low Emissions (Peak 1.6° and declining 
by 2100): Requires 1) at least 43% greenhouse gas 
reductions from 2019 levels by 2030, primarily from 
steep declines in fossil fuel use; 2) carbon neutrality 
(net zero CO2 emissions) by 2050; and 3) net 
negative emissions (carbon drawdown) afterwards . 
Cryosphere generally begins to stabilize in 2040–
2080 . Slow CO2 and methane emissions from 
permafrost continue for one-two centuries, then 
cease . Snowpack stabilizes, though at lower levels 
than today . Steep glacier loss continues for several 
decades, but slows by 2100; some glaciers still will 
be lost, but others begin to show re-growth . Arctic 
sea ice stabilizes slightly above complete summer 
loss . year-round corrosive waters for shelled life are 
limited to scattered polar and near-polar regions for 
several thousand years . Ice sheet loss and sea-level 
rise will continue for several hundred, to thousands 
of years due to ocean warming, but likely not 
exceed 3 meters globally and occur over centuries .

All other emissions pathways – even “low emissions” 
peaking at 1 .8°C - result in far greater committed 
global loss and damage from cryosphere, continuing 
over several centuries .
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TABLE. IPCC AR6 Emissions Pathways
Emissions Pathway Scenario Name (Prior scenario) Median temperature projected for 2100 CO2 in 2100

Very Low SSP1–1.9 1.4°C (after brief 1.5° overshoot) 440

Low SSP1–2.6 (≈RCP2.6) 1.8°C (and declining) 450

Intermediate SSP2–4.5 (≈RCP4.5) 2.7°C (and rising) 650

High SSP3–7.0 3.6°C (and rising) 800

Very High SSP5–8.5 (≈RCP8.5) 4.4°C (and rising) 1000+

accelerating loss from both the Greenland and Antarctic 
ice sheets; extensive permafrost thaw; and rising polar 
ocean acidification. The global impacts of these losses 
at today’s 1.2°C include extreme weather and disturbed 
ocean currents; floods, landslides and loss of snow and ice 
water resources; accelerated sea-level rise; infrastructure 
damage and permafrost greenhouse gas emissions; and 
damage to shelled polar organisms. Nearly all of these 
changes cannot be reversed on human timescales, and 
they will grow with each additional tenth of a degree. 
Well before 2°C, they would become devastating due to 
the physical reality of the cryosphere’s response.

This is not however a pre-determined outcome. 
A variety of reports and independent analyses have shown 
the way to a 1.5°C future, beginning with the IPCC’s 
Special Report on 1.5°C of Warming (SR1.5) from 2018. 
The IPCC Sixth Assessment, with its Synthesis Report 
released in March 2023, updated these findings, and out-
lined an even greater variety of pathways (see Table below). 
Other expert groups, especially the International Energy 

Agency (IEA), Climate Analytics, and initiatives from UN 
Secretary General Guterres have outlined how 1.5°C can 
be achieved. All these 1.5°C-consistent solutions however 
involve very sharp cuts in fossil fuel emissions within the 
next few years, so that CO2 emissions peak before 2030 
and no later.

Scenarios that would keep temperatures within or 
very close to 1.5°C remain physically, technologically, 
and economically feasible and even advantageous to 
both human populations and ecosystems, especially 
because many of their elements greatly improve human 
health outcomes. Most of the early emissions decline 

Only a strong, emergency scale 
course-correction towards 1.5°C 

can slow and eventually halt these 
cryosphere impacts. 

FIGURE 1-1. October 2022 UNFCCC Synthesis Report

SOURCE: UNFCCC NDC SYNTHESIS REPORT, OCTOBER 26, 2022

https://www.iea.org/reports/net-zero-roadmap-a-global-pathway-to-keep-the-15-0c-goal-in-reach
https://www.iea.org/reports/net-zero-roadmap-a-global-pathway-to-keep-the-15-0c-goal-in-reach
https://1p5ndc-pathways.climateanalytics.org/
https://news.un.org/en/story/2023/06/1137747
https://news.un.org/en/story/2023/06/1137747
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would take place in the transport and power sectors. 
In particular, nearly all use of fossil fuels – especially 
coal, with oil and natural gas clearly declining – must 
be phased out, and certainly not expanded. Non-OECD 
countries especially must receive support to develop in 
a carbon-neutral manner. After 2050, “negative emis-
sions” – pulling carbon out of the atmosphere through 
changes in agricultural practices or mechanical carbon 
removal technologies, will help CO2 levels decline more 
rapidly, with temperatures beginning to lower by the end 
of this century. Some benefits – such as slight decreases 
in extreme weather – may begin to be felt around 2040.

The issue therefore is not that global leaders do not 
have 1.5°C solutions available. The issue is that those 
leaders, and humanity collectively, must decide to imple-
ment them. The most recent 2023 analysis show that the 
remaining carbon budget, and window to act has become 
very, very small. As of 2023, some of the very lowest emis-
sion pathways from IPCC no longer remain possible. Only 
a strong, emergency scale course-correction towards 1.5°C 
– emissions following the remaining “very low” pathways 
– can avert higher temperatures, to slow and eventually 
halt these cryosphere impacts within adaptable levels.

As the chapters in this Report describe, each tenth of 
a degree above 1.5°C matters. The various parts of the cry-
osphere will respond in future to our decisions today, based 
on the simple physical reality of the melting point of ice.
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Ice Sheets and Sea-level Rise
2°C Risks Triggering Long-term Sea-level Rise and Loss of Coastlines 
on Massive Global Scale

CHAPTER 2
Why 2°C is Too High for Ice Sheets: A compelling number of new studies, taking into 
account ice dynamics, paleo-climate records from Earth’s past, and recent observations 
of ice sheet behavior, all point to a threshold for both Greenland and parts of Antarctica 
well below 2°C, committing the planet to between 12–20 meters sea-level rise if 2°C 
becomes the new constant Earth temperature. The most recent projections show a slow, 
but continuing pattern of sea-level rise (SLR) for many centuries even with “low emissions” 
(SSP1-2.6). This is an emissions pathway that peaks at 1.8°C and returns close to 1.6°C by 
2100; yet the models show SLR continuing at this slow pace, indicating some level of ice 
loss has been irreversibly triggered even by this brief period of overshoot. Many ice sheet 
scientists now believe that by 2°C, nearly all of Greenland, much of West Antarctica, and 
even vulnerable portions of East Antarctica will be triggered to very long-term, inexorable 
sea-level rise, even if air temperatures later decrease. This is due to a warmer ocean that 
will hold heat longer than the atmosphere, plus a number of self-reinforcing feedback 
mechanisms, so that it takes much longer for ice sheets to regrow (tens of thousands of 
years) than to lose their ice.

Preserved at 1.5°C: Latest projections show that only “very low” emissions and the 1.5°C 
Paris limit reliably maintains both ice sheets, preventing massive long-term sea-level rise. 
The “very low” pathway (SSP1-1.9) means fossil fuel emissions decline 40% by 2030, and 
global temperature peaks at 1.6°C. Sea-level rise slows by 2100 because temperatures 
have declined to around 1.4°C, heading towards 1°C. There are clear indications that should 
the planet remain at 1.5°C for too long (several decades), sea-level rise from Greenland, 
West Antarctica and possibly even East Antarctica will continue for several millennia; in 
Earth’s past, a 1.5°C global temperature resulted in sea levels 6–9 meters above today.

Today’s Emissions Aiming Towards 3°C+: If atmospheric CO2 continues to increase 
at today’s pace, which has not paused despite current pledges, global temperatures will 
reach at least 3°C by the end of this century. Once 3°C is passed, ice loss from Greenland 
and West Antarctica may become extremely rapid. Together with extensive ice loss 
from parts of East Antarctica, annual sea-level rise may reach 5 cm per year by 2150. 
Three meters might be passed early in the 2100s, wiping out entire low-lying nations and 
coastlines; with five meters passed by 2200 and up to 15 m sea-level rise possible by 
2300. While in the seeming far future, this massive scale of coastal inundation will have 
been made inevitable by decisions made in the next two decades causing temperatures 
to pass the critical 3°C threshold.

The 2°C Takeaway: 2°C will result in extensive, potentially rapid, irreversible sea-level 
rise from Earth’s ice sheets; 3°C will further speed up this loss to within the next few 
centuries. If global leaders cause temperatures to reach this point through continued 
fossil emissions, they are committing the planet to extensive coastal loss and damage well 
beyond limits of feasible adaptation.
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2023 Updates
• A new integrated model including the complex 

interactions between ice sheets, oceans and 
the atmosphere found that West Antarctica and 
Greenland will cross irreversible thresholds if 
global temperatures reach 1 .8°C even temporarily, 
committing these ice sheets to increased ice loss 
and accelerating sea-level rise for several centuries . 
Only the very low greenhouse gas emissions sce-
nario, with temperatures peaking around 1 .6°C and 
leveling off below 1 .5 °C by the end of this century, 
avoids long-term acceleration of sea-level rise from 
the Earth’s two great ice sheets . With high emis-
sions, by 2150 Greenland is contributing about 1 cm/
year SLR and Antarctica about 2 cm/year (3 cm/year 
total from ice sheets alone) . Even though warming 
begins to slow after 2100 under medium and high 
emissions scenarios, ice sheet melting and related 
sea-level rise continue to accelerate .46

• A state-of-the-art model suggests that extensive 
West Antarctic ice shelf melting, including in regions 
crucial for maintaining ice sheet stability, is now 
inevitable, even with very low emissions . This is 
because water temperatures in the Amundsen 
Sea could be up to 2 °C warmer than pre-industrial 
temperatures by 2100 even if atmospheric warming 
is held near 1 .5°C, causing many buttressing ice 
shelves to melt and collapse . This means that the 
opportunity to preserve much of the West Antarctic 
Ice Sheet, with its potential 5 meters of sea-level 
rise, has probably passed . Its loss can be slowed, 
but not prevented entirely  .41

• Between 1992 and 2022, the Earth’s ice sheets 
lost 7,560 billion tons of ice: enough to cover the 
entire u .S . with a 1 m thick layer of ice . The seven 
worst years of ice loss have all occurred in the last 
decade . If the recent observed acceleration of loss 
in Greenland were to continue, it would track above 
the upper range predicted by the IPCC (2021) for 
this decade .44 

• Thwaites Glacier, the keystone of the West Antarctic 
Ice Sheet, may be more sensitive to warm ocean 
waters than previously estimated . The water driving 
present-day ice loss is actually cooler than expected 
given today’s high retreat rate, demonstrating 
that even moderately warm water can trigger 
instability . 16,55 Thwaites has retreated at twice its 
current rate in the past, highlighting its potential for 
pulses of rapid loss and correspondingly rapid sea 
level rise in future .25 

• Long-term sediment records from Pine Island 
and Thwaites glaciers show that ice loss rates 
observed today are unprecedented within the last 
11,000 years .14 Irreversible collapse in the Amund-
sen Sea Embayment sector of West Antarctica 
appears not yet inevitable, but even current forcing 
may be sufficient to force irreversible retreat if 
today’s temperatures are sustained .31,50

• Increasing meltwater discharge from Antarctica 
could reduce the strength of the Antarctic over-
turning circulation by more than 40% by 2050, 
potentially leading to the collapse of this important 
ocean conveyor system . The resulting subsurface 
warming would lead to further ice shelf collapse, ice 
sheet loss and resulting sea-level rise in a region 
that is already vulnerable .36

• Observations have revealed that mid-depth Circum-
polar deep Water has warmed by up to 2°C over the 
last few decades off parts of East Antarctica, a trend 
which is likely to persist into the 21st Century . 30 
Mass loss in this region, known as Wilkes Land, is 
now ten times higher than it was a decade ago .62 
Furthermore, the third fastest grounding line retreat 
anywhere in Antarctica is currently in Wilkes Land, 
suggesting that the same processes driving mass 
loss in West Antarctica are now also impacting East 
Antarctica .48

continued on next page

Only the very low greenhouse gas emissions scenario, 
with temperatures peaking around 1.6°C and leveling off 
below 1.5 °C by the end of this century, avoids long-term 
acceleration of sea-level rise.
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Background
For the Earth’s polar ice sheets on Greenland and Ant-
arctica, which together hold enough ice to raise sea level 
by 65 meters, risks of non-reversible melting increase 
as temperature and rates of warming rise. The Earth’s 
climate record makes clear that warming above even 
1°C over preindustrial levels has reshaped the Earth’s 
coastlines in the past due to extensive melting of the 
West Antarctic Ice Sheet (WAIS), Greenland4,32 and by 
1.5°C, possibly parts of East Antarctica.61 While some 
of these changes occurred very slowly in the past, over 
thousands of years, there have also been periods where 
extremely rapid sea level rise (around 3.5 to 4 meters per 
century) has occurred due to rapid ice sheet collapse. 
Termed “meltwater pulses,” the last of these events took 
place around 14,500 years ago when vulnerable sectors of 
Antarctica and the ice sheets which used to cover North 
America and Scandinavia collapsed, causing global sea 
levels to rise by 12–18 meters in about 350 years.21,37 

The observed human-induced global temperature 
increase over the past few decades is much faster than 
anything documented in Earth’s past. CO2 increase in the 
last 50 years is 200 times greater than during the end of 
the last Ice Age. This means that future rates of ice sheet 
loss and sea-level rise (SLR) could increase even further 

beyond the acceleration that has already been observed 
over the last few decades, and could potentially be more 
rapid than at any other time in the past 130,000 years.59 
The latest investigations of ice sheet behavior, especially 

2023 upDateS (coNtiNueD)

• new ocean sediment records indicate that parts of 
the East Antarctic Ice Sheet contributed 40 to 80 cm 
(and possibly more) to sea-level rise during the Last 
Interglacial (130,000–115,000 years ago), further high-
lighting the vulnerability of the marine-based sectors 
of this ice sheet at temperatures similar to today  .33

• The occurrence and severity of extreme events in 
Antarctica, such as heatwaves, all-time low sea ice 
conditions, ice shelf collapse, and species population 
crashes, appear to be increasing and will continue 
to do so unless radical action is taken to reduce 
greenhouse gas emissions to net zero by 2050 .58

• The frequency and intensity of extreme events 
is also increasing over Greenland . Rainfall on the 
Greenland Ice Sheet has grown by a third since 
1991, and the frequency of extreme deluges are 
increasing .9 Water quickly drains into the ice sheet 
through vast networks of micro-cracks that may run 
hundreds of meters deep, carrying surface water 
to deeper parts of the ice sheet and melting it from 

within .12 These extreme melt events may increase 
sea level rise projections from Greenland by up 
to 14% over previous worse-case scenarios by the 
year 2300,7 contributing as much as 3 .74 meters to 
global sea-level rise .

• Evidence from ancient soil recovered from beneath 
today’s ice sheet in northwest Greenland shows 
that 400,000 years ago, the ice sheet retreated 
over 200 km inland, causing at least 1 .4 m sea-level 
rise from this section of Greenland alone, when 
CO2 concentrations were only 280 ppm (1 .5 times 
less than today) . This period of moderate warming, 
similar to today, persisted for 30,000 years . More 
likely, however, is that nearly the entire Greenland 
ice sheet melted at that time .13 

• Overall: continued improvements in numerical 
modeling and scientific understanding of ice sheet 
processes shows that the Greenland and Antarctica 
ice sheets are more sensitive to warming than pre-
viously thought, and have the potential to release 
greater and more rapid sea-level rise and at lower 
global mean temperatures than previously estimated .

FIGURE 2-1. Rapid Sea-level Rise 14,500 Years Ago 
(Meltwater Pulse 1A)

Over just ≈350 years, sea levels rose by 18 meters (3.5 to 
4 meters per century). This massive sea-level rise probably 
came mostly from melt of the Laurentide Ice Sheet then cover-
ing Canada; but shows an ice sheet can collapse quite quickly. 

ADAPTED FROM ROBERT A. RODE FROM PUBLISHED DATA
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interactions between the ice and the warming oceans 
that surround them, informs us that ice sheet collapse 
and rapid sea-level rise cannot be ruled out5,15,17,18,57 
especially if peak warming exceeds 2°C. This is especially 
the case for the WAIS: some studies show that the thresh-
old for WAIS collapse may already have been passed at 
around 0.8°C above pre-industrial,34,41,52 although the 
WAIS could hold stable for some centuries prior to col-
lapse unless further warming occurs.50 Even if ice sheet 

loss is inevitable once thresholds are crossed, this can be 
slowed to take place over longer timescales if tempera-
tures remain close to 1.5°C, with an aim to return below 
that level as soon as possible. This would give coastal 
communities greater time to adapt to rising sea levels. 

There is strong consensus that the risk of exten-
sive melting from ice sheets increases as both the peak 
in global temperatures and the rate of warming rise. 
The massive Greenland and Antarctic ice sheets consist 
of compressed snow that fell, in the oldest sections, over a 
million years ago. In equilibrium, the calving of icebergs 
and outflow of meltwater into the ocean are balanced by 
mass gain via snowfall. Observations now confirm that 
this equilibrium has been lost on Greenland, the WAIS, 
and the Antarctic Peninsula; and potentially for portions 
of the tentimes-larger East Antarctic Ice Sheet. 

All changes in the total mass of ‘land ice’ bound 
within the Earth’s ice sheets have direct consequences 
for global sea level. During Ice Age periods, when the 
ice sheets expanded significantly, sea level was around 
130 meters lower than it is today. During periods of 
warming, when the ice sheets lost mass, sea level rose 
accordingly, with clear evidence of meltwater pulses 
(noted above) largely as a result of catastrophic collapse 
of the Laurentide Ice Sheet over North America.28,37 

Antarctic ice shelves also play an important role 
in ice loss because they hold back, or “buttress,” the ice 
upstream. Loss of this buttressing effect through ice shelf 
thinning and break-up can accelerate the rate of ice flow 
from the land into the sea.51 From 1997 to 2021, Antarctic 
ice shelves experienced a net loss of 36,701 ± 1,465 km2, 
equal to the size of the country Guinea-Bissau.27 Ant-
arctic ice shelf thinning has also accelerated over recent 
decades, driven by the intrusion of warmer ocean cur-
rents.45,49 Reduced ice-shelf buttressing driven by such 

FIGURE 2-2.  Ice Sheets and CO2

Current atmospheric CO2 concentrations are unprecedented in over 800,000 years and far beyond any natural variation. 
Even during past warm periods, CO2 never exceeded 300 ppm; in 2023, it reached 424ppm. Data is from gases trapped within 
Antarctic ice cores.

SOURCE: BRITISH ANTARCTIC SURVEY, ICE CORE DATA

FIGURE 2-3. Greenland Surface Melt Extent in 2023

Total 2023 surface melt was the second highest in the 
45-year satellite record, at over 30 million square kilometers. 

SOURCE: NSIDC (2023)

Greenland may contribute 
3.74 meters to global sea-level rise 

by 2300 with high emissions.
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warm ocean incursions accounts for a significant portion 
of Antarctic mass loss29,60 and could drive increasingly 
significant sea-level rise in the future.6,27,41,51

Ice sheets in Greenland and (parts of) Antarctica 
have certain thresholds where irreversible melt becomes 
inevitable and, in the case of the WAIS and Greenland Ice 
Sheet, potentially rapid.17,25,39,54 In Earth’s past, several 
of these thresholds have occurred somewhere between 
1 and 2 degrees of warming: about 1°C for the WAIS and 
Antarctic Peninsula (containing about 5 meters SLR); and 
between 1.5°C and 2°C for Greenland (approximately 7 
meters SLR). (It should be noted that changes around past 
thresholds were driven by slow increases in atmospheric 
greenhouse gases but were paced by slow changes in Earth’s 
orbit - unlike today’s rapid, human-caused rates of change.) 
Parts of East Antarctica, especially the massive Wilkes and 
Aurora Basins (at least 8 meters of potential SLR), may also 
have a threshold around or just beyond 2°C.3,61

Because of the existence of these thresholds, when 
temperatures reached 2°C above pre-industrial in the 
Earth’s past, sea levels peaked at around 12–20 meters 
higher than present-day levels. During the height of the 
Pliocene 3 million years ago, when CO2 levels were com-
parable to today and temperatures stabilized at 2–3°C 
higher than pre-industrial, sea levels may have peaked 
at around 20 meters higher than today’s.19,20,26,40 Such 
extensive sea level rise would be catastrophic for today’s 
coastal communities — yet we are currently on track for 
even higher temperature peaks than those that drove 
these past sea level rises.

Greenland responds in a more linear manner (more 
predictably) to increasing atmospheric temperatures. 
The Greenland Ice Sheet is over 3000 m thick in places 
and above 3000 m altitude in its interior. If the height 
of this ice sheet is lowered through surface melting and 
ice flow into the oceans, it eventually becomes exposed 
to above-freezing temperatures for longer time periods 
throughout the year, leading to the eventual unstoppable 
loss of most of the ice sheet.2,8,11,24,35 The first recorded 
rain at the highest point of Greenland, Summit Station, 
occurred in August 2021 and lasted several days. Rainfall 
on the Greenland Ice Sheet has increased by 33% since 
1991, and the frequency of extreme deluges is increasing.9 
These deluges drain quickly into the ice sheet through 
vast networks of micro-cracks that may run hundreds of 

A compelling number of new studies 
all point to a threshold for both 

Greenland and parts of Antarctica 
well below 2°C.

FIGURE 2-4.  Current Ice Loss Regions – Greenland and Antarctica

Both ice sheets are overall losing mass at record levels.

SOURCE: SMITH ET AL. (2020)
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FIGURE 2-5. Ice Sheets and Sea-level Rise: Our Decisions, Our Children’s Future

Humanity’s continued high emissions have committed Earth to at least 1 meter of sea-level rise, and likely 2–3 meters. 
However, we can still decide how quickly those rising waters will come. Exceeding 1.5°C takes us into the danger zone where 
additional loss of parts of the Antarctic and Greenland ice sheets could become inevitable. This would lead to multiple meters 
of sea-level rise that would be unstoppable for centuries to thousands of years. These maps provide examples of the choice 
before us, and the devastating impact of sea-level rise should today’s high emissions continue, rather than peak and decline in 
this crucial decade. The choice is ours.

SOURCE: CLIMATE CENTRAL. TO USE THIS TOOL WITH OTHER CITIES/REGIONS, SEE: HTTPS://COASTAL.CLIMATECENTRAL.ORG/MAP/
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meters deep, carrying warm surface water to the interior of 
the ice sheet where it heats the ice internally, melting the 
ice sheet from within.12 Evidence from ancient soil recov-
ered from beneath the modern-day northwest Greenland 
shows that the ice sheet retreated over 200 km inland 
of its present position and caused 1.4 m of sea level rise 
when CO2 concentrations of only 280 ppm (1.5 times less 
than today) were sustained for 30,000 years in the past.13

The WAIS is a very different story: much of it does 
not really sit over land, but rather over island archipel-
agoes separated by extremely deep (>2.5 km below sea 
level) and vast basins.1,22 Much of its ice rests on a bed 
that slopes downwards toward its center. As warm water 
melts the marine edges of the WAIS, the ice retreats over 
these ever-deeper ocean basins. This exposes more and 
more of the underside of the ice sheet to warming waters, 
rapidly forcing further melting and eventually causing 
the ice sheet to become unstable. These processes may 
cause very rapid ice-sheet loss and resulting sea-level 
rise over just a few centuries. Indeed, Thwaites Glacier 
has experienced pulses of rapid retreat in the past in 
which the glacier stepped back at rates of over 2.1 km per 
year — twice the fastest rate observed between 2011 and 
2019.25 Comparably fast rates are expected to occur in the 
near future when the glacier migrates off stabilizing high 
points on the seafloor on which it currently sits.25 Simi-
lar conditions exist on parts of East Antarctica and have 
become far better documented on the continent through 
coordinated scientific efforts over the past five years.38 
Recent work also suggests that although the East Antarc-
tic Ice Sheet was once considered relatively stable, parts 
of this vast ice sheet resemble vulnerable West Antarctic 
sectors, and could contribute substantially to sea level 
rise if temperatures rise above 1.8°C.61 

Ice sheets have other global impacts in addition to 
sea-level rise. They influence both atmospheric and ocean 
circulation at high latitudes and globally, which transfer 
heat around the planet. Changes in the height and extent 
of Earth’s ice sheets, together with the incursion of new 
cold and fresh water into ocean currents from ice sheet 
melt, cause changes in weather patterns near the poles 
and at lower latitudes. Additionally, these circulation 
systems affect nutrient supplies in marine ecosystems. 
Recent studies suggest that increasing meltwater dis-
charge from Antarctica could reduce the strength of the 
Antarctic overturning circulation by more than 40% 
by 2050, potentially leading to collapse. The resulting 

subsurface warming would lead to an amplifying feedback 
in West Antarctica, leading to further ice shelf melting 
and sea-level rise in a region that is already vulnerable to 
irreversible retreat.36

The main questions for scientists and policy makers 
are (1) what is the future rate of sea level change? (2) how 
high will sea level go? and (3) at what point do future higher 
sea levels become locked in? In general, scientists agree 
that higher temperatures, sustained for longer periods of 
time, will result in both faster melt and more rapid rates of 
sea-level rise. This could be as much as 5 cm a year from 
Antarctica by 2150 should today’s emissions continue, and 
cause temperature rise to exceed 3–4°C by 2100.18

A key message for policy makers and coastal commu-
nities is that once ice sheet melt accelerates due to higher 
temperatures, it cannot be stopped or reversed for many 
thousands of years, even once temperatures stabilize or 
even decrease with so-called net-zero emissions and/
or carbon dioxide removal (CDR). Ice core and sea level 
records clearly show that it takes tens of thousands of 
years to grow an ice sheet, but two orders of magnitude 
less (100x less) time to shrink one. Sea level lowering 
from these new highs will not occur until temperatures 
go well below pre-industrial, initiating a slow ice sheet 
re-growth.23 Overshooting the Paris Agreement goals 
would therefore cause essentially permanent loss and 
damage to the Earth’s ice sheets, with widespread impacts 
that are not reversible on human time scales.

Regardless of the uncertainties surrounding the 
rates of future melt, we know that Greenland ice loss 
today is three times what it was 20 years ago, and Ant-
arctica’s contribution to sea level rise is six times greater 
than it was 30 years ago.42,52,53,56,58 For a growing number 

Continued fossil emissions are 
committing the planet to extensive 

coastal loss and damage well beyond 
limits of feasible adaptation.

FIGURE 2-6.  Sea-level Rise from Antarctica 
If Today’s Emissions Continue

New models, including potential ice sheet collapse mecha-
nisms, project high and irreversible sea-level rise from 
Antarctica with very high emissions; growing at exponential 
rates past 2°C and especially, past 3°C.

SOURCE: DECONTO ET AL. (2021)
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of ice sheet experts, the true “guardrail” to prevent dan-
gerous levels and rates of sea-level rise is not 2°C or even 
1.5°C, but 1°C above pre-industrial;10,43,47 note that we 
are currently 1.2°C above pre-industrial. A key argument 
therefore in favor of very low emissions is that staying 
close to the 1.5°C limit will allow us to return more quickly 
to the 1°C level, drastically slowing global impacts from 
ice sheet loss and especially WAIS collapse.63 This would 
reduce the risk of locking in significant amounts of long-
term, irreversible sea-level rise. This will help to provide 
low-lying nations and communities more time to adapt 
through sustainable development, although some level of 
managed retreat from coastlines in the long term is trag-
ically inevitable.

The decisions made by policymakers today on future 
emissions of greenhouse gases will determine the rate 
of future sea-level rise and associated risks to security 
and development for centuries to millennia to come. 
To maintain the possibility of staying below 1.5°C, CO2 
emissions must be at least halved by 2030, and reduced 
to zero by mid-century. Otherwise, world leaders are de 
facto making a decision to erase many coastlines, displac-
ing hundreds of millions of people – perhaps much sooner 
than we think. 
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Mountain Glaciers and Snow
Even 1.5°C Is Too High for Some Mountain Glaciers, But with Visible 
Benefits This Century to Preserve Ice

CHAPTER 3

* As used in this chapter for ease of reference, “Himalayas” refers to the massive mountain and high plateau region running across Central, South 
and East Asia, from Afghanistan in the west, to Myanmar in the east; sometimes also referred to as “High Mountain Asia.”

Why 2°C is Too High for Glaciers and Snow: 
Recent and more sophisticated measurements 
now confirm that essentially all mountain glaciers 
worldwide are losing ice: some, such as those in 
the Alps, at distressingly rapid rates over the past 
two summers alone. If 2°C warming is reached, 
projections show that nearly all tropical glaciers 
(north Andes, Africa) and most mid-latitude 
glaciers outside the Himalayas* and polar regions 
will disappear, some as early as 2050. Others are 
large enough to delay complete loss until the next 
century, but have already passed a point of no 
return. Even the Himalayas are projected to lose 
around 50% of today’s ice at 2°C. Reestablishment 
of lost glaciers would require temperatures well 
below those of today, and take centuries to 
millennia. As glaciers melt, risks of catastrophic 
events – landslides, sudden ice shears, and in 
some cases glacial lake outburst floods – will rise, 
affecting entire communities. Winter snowpack 
at 2°C generally will decrease on average, but 
will also become more volatile; with some years 
of hardly any snow, as shown in the southern 
Andes just this past winter season, and others 
with record-breaking amounts that threaten 
infrastructure and lives. Losses in both snowpack 
and glacier ice will have dramatic impacts on 
downstream dry season water availability for 
agriculture, power generation, and drinking. 
Impacts may be extreme in especially vulnerable 
river basins, such as the Tarim in northwest China 
and the Indus.

Preserved at 1.5°C: Today’s climate is already 
too warm to preserve some mountain glaciers, 
which will be lost even with no additional 
warming than that of today’s 1.2°C. Continued 
warming, even through the brief 1.6°C peak of 
very low emissions (SSP1-1.9) still means that 
today’s very fast ice loss in glaciers globally 

will continue through at least the 2050s. 
However, latest projections show that with very 
low emissions, this loss will begin to slow in at 
least some regions around 2060, and stabilize 
towards the end of this century. Some may even 
show slow glacier re-growth starting in the 
2100s, though this would occur extremely slowly 
(many decades to centuries). Annual snowpack 
would stabilize at 1.5°C levels, e.g. still a lower 
average amount than today, but respond quite 
quickly to decreases in CO2 in the atmosphere 
and resulting lower temperatures. This visible 
snow and ice preservation, and its benefits for 
freshwater resources, may be one of the earliest 
and visible signs to humanity that steps towards 
low emissions have meaningful results.

Today’s Emissions Heading Towards 3°C+: 
If CO2 continues to accumulate in the atmosphere 
at today’s pace, which has not paused despite 
current pledges, global temperatures will reach 
at least 3°C by end of century. Once 3°C is 
passed, even most large polar glaciers, and the 
very high-altitude glaciers in the Himalayas and 
southern Andes, are unlikely to survive. Complete 
loss may not occur for one or two centuries, but 
will become inevitable should mitigation remain 
inadequate in the next few decades.

The 2°C Takeaway: 2°C will result in extensive, 
long-term, essentially irreversible ice loss from 
many of the world’s glaciers in many major river 
basins, with some disappearing entirely. Snow 
cover also will greatly diminish. A rise of 3°C will 
spread and greatly speed up this loss. If global 
leaders cause temperatures to reach this point 
through continued fossil emissions, they are 
committing the planet to extensive loss and 
damage of water resources and ecosystems well 
beyond limits of feasible adaptation.
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Background
Many glaciers of the northern Andes, East Africa and 
Indonesia, especially those close to the Equator, are 
disappearing too rapidly to be saved even in the pres-
ent 1.2°C climate.19 These glaciers have mostly been 
shrinking since the end of the Little Ice Age, but global 
warming greatly accelerated their melting. Some of these, 

2023 Updates
• Improved projections forecast greater glacier loss 

by 2100, including total or near-total glacier loss in 
mid and low latitudes by 2100 under a high emission 
scenario,25 as well as up to 80% glacier loss in the 
Hindu Kush Himalaya .2,13

• new research suggests that glaciers can now pro-
duce floods even at the highest elevations, which 
were previously stabilized by snowfall and cooler 
temperatures .33

• One study found that an estimated fifteen million 
people worldwide are now at risk from glacier lake 
outburst floods, with most residing in High Mountain 
Asia and Peru .30

• new research highlights growing threats to hydro-
power in High Mountain Asia due to declining 
mountain glaciers and thawing mountain permafrost . 17

• numerous new studies have identified increasing 
decline of mountain snowpack,3,10 with significant 
impacts on hazard risk, water supplies,35 and food 
security, including via global trade .24

• Snowpack across the Arctic and near-Arctic, especially 
in northern Canada and Alaska, melted far earlier than 
normal, leaving ground bare for longer . Meteorologists 
attribute some of the record north American summer 
2023 heatwaves to this record melt .

• Glaciers in the Swiss Alps lost 10% of their ice in 
the two years 2022–23, reported the Swiss glacier 
monitoring agency GLAMOS . These losses were 
attributed especially to heat waves, which are 
expected to intensify as time goes on .6

• What may have been the most extreme heatwave on 
the planet in 2023 occurred in the Andes during the 
southern hemisphere winter, with temperatures up 
to 20°C above normal for several weeks, leading to 
concerns for water shortages due to decreased snow-
pack, especially in Chile, Argentina and Paraguay .22

• new research underscores that threats to eco-
systems are dramatically growing with loss of the 
mountain cryosphere, with decline and extinction 
already observed today .2,13,36

• The IPCC AR6 Synthesis Report reiterates the urgency 
of keeping global average temperature rise below 
1 .5°C to avoid the most serious consequences and 
hard adaptation limits for many generations in high 
mountain and downstream areas .15

FIGURE 3-1. New Work on Glacier Projections

Glacier graphs in this chapter represent innovative new 
work from Schuster et al. (2023), using projections from the 
glacier models described in Rounce et al. (2023), Huss and 
Hock (2015), and Maussion et al. (2019), updating previous 
projections used in past SoC Reports (Marzeion et al., 
2012) with much greater detail for individual glaciers. The 
most striking and positive difference is for tropical glaciers, 
showing that these need not be totally lost at even 1.5°C as 
projected in Marzeion (2012). 

However, the reality is that as of 2023, these tiny glaciers 
near the equator (in Africa, South America and Indonesia) 
have already lost most of their ice. Those glaciers that  
remain are already quite small, and at very high altitudes 
that help protect them from warming. According to the new 
projections, at least some of these small patches of remain-
ing ice likely will be preserved at 1.5°C, of high symbolic 
importance to local communities. 

TOP: BASED ON MARZEION ET AL. (2012), BOTTOM: SCHUSTER ET AL. (2023)
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especially in parts of the northern Andes, would have 
provided a reliable seasonal source of water for hundreds 
or thousands of years without human-induced warm-
ing. Their loss – which for some glaciers may occur by 
mid-century – would impact rural populations in north-
ern Peru especially, as well as in Bolivia and northern 
Chile, while also impacting major cities such as La Paz.16

Severe losses also are occurring today from mid-latitude 
glaciers and others outside the polar regions: these include 
glaciers in the European Alps, southern Andes and Pata-
gonia, Iceland, Scandinavia, the North American Rockies 
and much of Alaska, and New Zealand. These losses will 
continue at a steep rate over the next several decades just 
from current warming, with smaller glaciers continuing 
to disappear completely and others decreasing to only 
10–20% of their 2010 size. With very low emissions how-
ever, up to 40% of glacier ice in these regions could be 
preserved. 25 Projections in a few glacier regions even 
show slow re-growth beginning between 2100 and 2300, 
but only with very low emissions and essentially carbon 
neutrality by 2050.20

Any other emissions path will eventually result in 
almost complete loss of all land glaciers on Earth outside 
High Mountain Asia and high-latitude polar regions, 
which include northern Canada / Alaska and southern 
Patagonia. With high emissions, and global mean tem-
perature rise exceeding 4°C by 2100, any substantial 
seasonal snowpack also will become rare outside the 
polar regions and very high mountains.19

FIGURE 3-3. The Future of Great Aletsch Glacier

Great Aletsch today (top); and in 2060 (middle) and 2100 
(bottom) with low and high emissions. With a great deal of 
ice loss already in-train with today’s warming, the glacier 
will continue to lose ice through about 2060 even with low 
emissions; but by 2100, the difference is clear.

COURTESY OF MATTHIAS HUSS

Losses in both snowpack and 
glacier ice will have dramatic 

impacts on downstream dry season 
water availability.

FIGURE 3-2. Glaciers Globally

Colors Show Global Temperature Change in 2100,  
Without Overshoot, by Tenths of a Degree 1.4°–4.5°C

Glaciers worldwide are losing ice at today’s 1.2°C. Should 
current emissions continue, meaning global temperatures 
reach 4.5°C by 2100, this loss will become quite rapid even 
for the largest glaciers near the poles that make up most of 
this all-glacier graph; reaching 50% worldwide glacier loss 
by 2100 and no glaciers globally by 2200.
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In those “high altitude and high latitude” regions, 
only 35–75% of glacier volume will remain by the end of 
this century under high emissions scenarios.19 However, 
if we follow a very low emissions pathway, the glaciers 
and snowpack of High Mountain Asia – important for 
seasonal water resources – will stabilize and eventually 
begin to return. Glaciers in Central Asia and the southern 
Andes also would preserve twice as much ice with rapid 
emissions reductions consistent with the 1.5°C limit. 25 
At higher emissions levels resulting in peak tempera-
tures above 2°C, losses in high altitude and high latitude 
regions will continue. With very high emissions, similar 
to today’s year-on-year rise in CO2 concentrations, this 
loss would be ever more rapid.19 In the Hindu Kush Hima-
laya, 70–80% of current glacier volume will disappear by 
2100 under such a high emission scenario; whereas a low 
emissions scenario could limit glacier loss to 30%.13

Glaciers generally gain mass via snow deposition in 
winter, and lose mass as meltwater in summer over the 
course of a year. Global warming means that a given gla-
cier will experience a net loss of ice every year at higher 
and higher elevations, because the annual gain by snow-
fall turning to ice decreases, and an increasing loss from 

FIGURE 3-5. Two Record Years of Ice Loss

Height of glacier ice loss at Konkordiaplatz, Switzerland, during record melt years 2022 and 2023 compared to the average 
yearly ice loss between 1950–1980. The Swiss Alps as a whole lost 10% of their remaining ice in just two summers.

PHOTO: MATTHIAS HUSS. 

FIGURE 3-4. Glaciers of the Alps

Colors Show Global Temperature Change in 2100, 
Without Overshoot, by Tenths of a Degree 1.4°–3.0°C

At 1.5°C, not only do models show the Alps preserving more 
ice, but even showing slow re-growth by 2300.

CREDIT: SCHUSTER ET AL. (2023)
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melting especially at low elevation significantly outpaces 
the gain each year. A threshold is crossed when the entire 
glacier, from bottom to top, is losing ice each year: at that 
point, the glacier is doomed. The majority of glaciers in 
the European Alps experienced this during the summer 
of 2022,34 with an overall loss of 6% of the total volume of 
Swiss glaciers alone in one single melt season.29

Glaciers can shrink and even disappear completely 
over the space of just decades or a century. When Gla-
cier National Park in the U.S. was created in 1910, it had 
around 150 glaciers; today, fewer than 30 remain, and 
those have shrunk by about two-thirds. Half of the gla-
ciers in World Heritage sites globally will likely disappear 
by 2100 if emissions continue under a “business-as-
usual” scenario.32 From 1901 to 2018, glaciers outside 
Antarctica contributed nearly 7 cm to global sea-level 
rise.8 While such melt has been rapid, large glaciers 
grow back only slowly, especially at temperatures above 
pre-industrial. Limited modeling seems to indicate that 
“re-growth” of large mountain glaciers, to scales present 
in the mid-1900’s or even today, would take many cen-
turies; and perhaps even millennia in some regions (see 
glacier graphs figures).

Therefore, on human timescales, the disappearance 
of today’s glaciers is an essentially permanent change to 
the mountain landscape. Very low emissions are key to 
ensuring as little ice as possible is lost during this current 
period of rapid decline. A very low emissions pathway is 
essential to preserving the ecosystem services glaciers 

Flood damage in Rangpo caused by the Sikkim flood, when the Teesta III dam was swept away by a GLOF in October 2023.
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FIGURE 3-6. Glaciers of High Mountain Asia

Colors Show Global Temperature Change in 2100, 
Without Overshoot, by Tenths of a Degree 1.4°–3.0°C

High Mountain Asia includes the highest mountains of the 
world, in the Hindu Kush Himalaya. Even these extremely 
high altitude glaciers, which provide seasonal water to at 
least 2 billion people, will lose most of their ice by 3°C; 1.5°C 
preserves much more.

CREDIT: SCHUSTER ET AL. (2023)
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provide, and to minimizing the risk of severe hazards 
such as glacial lake outburst floods that accompany loss 
of mountain glaciers.27,28,30,37

Glaciers and snowpack have varying importance to 
nearby communities and those further downstream as a 
source of water for drinking and/or irrigation, with some 
contributing only a few percent over the course of a year, 
but of greater importance during dry seasons, heat waves 
and droughts.4,23,31 Glaciers in some regions, such as the 
tropical Andes, or the Indus and Tarim basins in High 
Mountain Asia, contribute a high percentage of seasonal 
water supplies; in the dry Tarim and Aral Sea basins, close 

to 100% during the summer months.13 While the rapid 
melting of glaciers temporarily increases water availa-
bility, as the glaciers continue shrinking that seasonal 
availability will begin to decrease (referred to as passing 
“peak water”). This may make certain economic activities 
– and even continued human habitation – impossible. 
Indeed, most glacier-covered regions outside high lati-
tude polar regions and the Himalaya have already passed 
this period of “peak water”.11,12 Extensive adaptation 
therefore needs to begin immediately to prepare for this 
future, even as mitigation to preserve glaciers as much as 
possible is also prioritized. 

FIGURE 3-8.  Glaciers of the Americas

Colors Show Global Temperature Change in 2100, Without Overshoot, by Tenths of a Degree 1.4°–3.0°C

The glaciers of western Canada and the U.S. are steeply losing ice today; but remaining within 1.5°C can preserve 50% more ice 
in 2100. The glaciers of Patagonia are among the fastest receding in the world; but these models show that loss slowing and 
preserving about 50% of their current ice by 2300; with much greater losses at 3°C.

CREDIT: SCHUSTER ET AL. (2023)
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FIGURE 3-7.  Large Arctic Glaciers of North America

Colors Show Global Temperature Change in 2100, Without Overshoot, by Tenths of a Degree 1.4°–3.0°C

Very large glaciers, such as those in Alaska and Arctic Canada behave somewhat like ice sheets: slow to melt in the beginning, 
but then accelerating and continuing for centuries. So unlike smaller glaciers, their melt continues to accelerate through 2300, 
depending on global temperature in 2100. 

CREDIT: SCHUSTER ET AL. (2023)
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In addition to glaciers, mountains also store water 
in the form of snow. In fact, seasonal freshwater in many 
mountain and lowland regions is dependent on annual 
snowfall, and meltwater from snow is of greater important 
than meltwater from glaciers in many areas. However, 
snowfall has become less consistent in many mountain 
watersheds, with extremes of “snow drought” alternating 
with high amounts of snow, or wet snow, that increase 
the risks of avalanche and flood,14 such as in California, 
USA in winter 2023. In many mountains, it now appears 
that snow generally is following the same downward tra-
jectory as glaciers: snowfall is reducing as temperatures 
rise above freezing at higher and higher altitudes, with 
precipitation that would have fallen as snow in past dec-
ades, increasingly coming down as rain,8 and often in the 
form of hazardous extreme rainfall.21 At lower elevations 
and latitudes, snow will fall less often or not at all, and 
the winter season will shorten.26 Seasonal snowpack will 
not form, resulting in loss of stored water in the snow 
itself and in underground aquifers. A decreasing extent 
and duration of snowpack has already been observed in 
many mountain areas.3,10 Continued declines in annual 
snowpack will result in negative economic impacts for 
many sectors, especially agriculture, hydropower, and 
tourism,9 with global ramifications; and threatens the 
availability of sufficient water supplies for downstream 
populations.18

Mountain snow sustains water supplies for eco-
systems and people far beyond mountain regions, as 
meltwater travels great distances across grasslands and 
deserts to densely populated and cultivated coastal 
regions. For example, people in cities as diverse as Los 
Angeles, Delhi, and Marrakech are to some degree depend-
ent on meltwater from snow. In the western U.S., rising 
temperatures have caused a general decrease in annual 
snowpack, leading to ever more severe water shortages.7 
In both the Arctic and mountain regions, the well-being 
of people and many species depend on seasonal snow 
cover. For reindeer-based Arctic Indigenous cultures, 
increasing numbers of animals are lost to starvation 
when more unseasonal rains falls on snow, forming thick 
layers of ice that makes it impossible for reindeer to access 
grazing through the ice cover. Decreases in snow cover 
negatively impact snow-dependent tourism, especially in 
the United States, Japan, and Europe.9,11 Lack of moun-
tain snow cover also increases the risk of wildfires, as 
well as natural hazards that can materialize as disasters 

FIGURE 3-9.  Mid-Latitude Glaciers

Colors Show Global Temperature Change in 2100, 
Without Overshoot, by Tenths of a Degree 1.4°–3.0°C 

Smaller mid-latitude glaciers show surprising uncertainties 
in these new projections, especially Iceland and Scandina-
via, where some models assume shutdown of the AMOC, 
causing that region to cool and glaciers actually to grow.  
However, most models show these glaciers preserving 
much more ice at 1.5°C. In the case of Scandinavia, only low 
emissions preserve amounts reliably above zero.

CREDIT: SCHUSTER ET AL. (2023)
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such as mudslides in the wake of such wildfires. In some 
areas, the impacts of glacier melt and snowmelt on fresh-
water availability have already contributed to increasing 
tensions and/or conflicts related to water resources.1

A strengthening of climate pledges will have espe-
cially significant benefits for those communities in the 
Andes and Central Asia that are most dependent on gla-
cier runoff as a seasonal source of water for drinking and 
irrigation. Stronger pledges also will significantly benefit 
economies dependent on meltwater from glaciers and 
seasonal snowpack for power generation, agriculture and 
revenue from snow tourism, such as in the European Alps 
and North American West. Low emissions also allow local 
communities more time to adapt, even in those equato-
rial and mid-latitude regions where smaller glaciers are 
doomed to disappear completely even at 1.5°C.

Every fraction of a degree of global temperature 
rise substantially impacts the loss of the mountain cry-
osphere.5,25 To preserve as much glacier ice and ecosystem 
services as possible, a sharp strengthening of climate 
action is needed towards the 1.5°C limit. This requires a 
general 50% reduction in human-induced GHG emissions 
by 2030, and stronger commitments and implementation 
of actions in the near-term 2030–2040 timeframe. These 
low emissions pathways, minimizing overshoot, could 
make the difference between rapid and disruptive loss of 
regionally important glaciers and snowpack, and signifi-
cant steps towards their preservation.
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FIGURE 3-10. Decline in Northern Hemisphere Snowpack

Under a high emissions scenario, snow cover in the Northern Hemisphere will decline by nearly 50% by 2100.
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Permafrost
Exceeding 1.5°C Means Higher Permafrost Emissions for Centuries

CHAPTER 4

*  Permafrost emission in CO2 equivalents (CO2eq) include both CO2 and methane emissions from permafrost, but are referred to as “carbon 
emissions” through most of this text for ease of reference.

Why 2°C is Too High for Permafrost: 2°C global mean temperature means 4–6°C in 
the Arctic where most permafrost is located, since recent observations show parts of the 
Arctic warming 2–3 times faster than the rest of the planet. In addition, up to half of recent 
permafrost thaw has occurred during extreme heat events of up to 12°C above average, 
as a result of “abrupt thaw” processes where coastlines or hillsides collapse, or lakes 
form; exposing much deeper and greater amounts of permafrost to thaw. Once thawed, 
permafrost begins emitting CO2 or methane, even if temperatures later drop below 
freezing. These emissions are irreversibly set in motion and will not slow for 1–2 centuries, 
meaning that future generations must offset them (draw down carbon) at scales the size of 
a major emitter. At 2°C, annual total permafrost emissions (both CO2 and methane)* would 
probably total the size of the entire European Union’s emissions from 2019 (≈200Gt total 
by 2100 and about twice that by 2300).57 Permafrost thaw at 2°C might also be accelerated 
further by loss of Arctic sea ice in summer for several months, as the open water absorbs 
more heat; and by increased wildfires in Siberia and North America.

Preserved at 1.5°C: Even at 1.5°C, studies indicate significant permafrost thaw and 
related emissions due to the dynamics outlined above, but these will be less in scale 
since temperatures will “only” average 3–4°C higher than today in the Arctic. “Very low” 
emissions (SSP1-1.9 also result in temperatures declining to below 1.4°C by the end of 
this century, preventing most additional new thaw. Summer Arctic sea ice also is mostly 
restored by this “very low” emissions level, helping to stabilize or decrease summer Arctic 
temperatures and extreme heat. Annual permafrost emissions will still need to be offset by 
future generations, but should be 30–50% less, more on the scale of India in 2019 (150Gt 
by 2100).57

Today’s Emissions Aiming Towards 3°C+: If CO2 continues to grow in the atmosphere 
at today’s pace, which has not paused despite current pledges, global temperatures will 
reach 3°C or more by the end of this century. At such high temperatures, much of the Arctic, 
and nearly all mountain, permafrost will reach the thawed state, producing annual carbon 
emissions on the scale of the U.S. plus EU in 2019 for centuries,57 greatly accelerating 
global heating. 

The 2°C Takeaway: 2°C – and even 1.5°C – is too high to prevent extensive permafrost 
thaw and resulting CO2 and methane emissions that will cause temperatures to continue to 
rise, even once human emissions reach zero, unless offset by extensive negative emissions/
carbon drawdown; but 1.5°C will decrease the size of such emissions significantly.
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Background
Permafrost is ground that remains frozen through at 
least two years. The permafrost region covers 22% of the 
Northern Hemisphere land area and holds vast amounts 
of ancient organic carbon.57 Observations confirm that 
permafrost is rapidly warming and releasing part of that 
thawed carbon into the atmosphere as both carbon dioxide 
(CO2) and methane. Permafrost thaw is projected to add as 
much greenhouse gas forcing as a large country, depend-
ing on just how much the planet warms. Today, at 1.2°C of 
warming above pre-industrial, annual permafrost emis-
sions are about the same as Japan’s, currently about the 
seventh largest global contributor of human emissions.56

Permafrost stretches across Arctic tundra and taiga 
forest, especially in Siberia, and also occurs in high 
mountain regions globally. Of greatest concern to cli-
mate is near-surface permafrost (i.e. the first few meters 
below the surface), but permafrost sometimes extends to 
depths of over a thousand meters 22,32,43. Permafrost is 

a frozen mixture of soil, rock, ice and organic material, 
holding about three times as much carbon as currently 
exists in the Earth’s atmosphere with Tibetan Plateau and 
near-coastal subsea permafrost included.19,55,57 Cold tem-
peratures in stable permafrost have protected this organic 
matter from decomposing for many thousands of years.

2023 Updates
• Over the past several decades, the Tibetan Plateau 

has warmed two times faster than the global aver-
age, increasing the vulnerability of its permafrost 
to thawing, sinking, and collapse . Limiting warming 
below 1 .5°C instead of 2°C could reduce the costs of 
infrastructure damage from permafrost thaw in the 
Tibetan Plateau by $1 .32 billion before the end of 
the century .20

• under even “moderate” emissions, nearly two-thirds 
of the permafrost area in the Tibetan Plateau will 
become a “high-hazard” zone by 2100 .41

• Global impacts of permafrost thaw will have cas-
cading effects on health, infrastructure, and a wide 
range of socioeconomic variables .4,24

• In the Arctic, climate warming decreases the 
duration of winter snow cover while increasing the 
amount of snowfall . deeper snow can rapidly thaw 
permafrost; over several decades, it can lead to a 
four-fold increase in the amount of thawed perma-
frost and related carbon emissions .40

• during a warm period roughly three million years 
ago, more than 90% of the permafrost then existing 
(which was nearly as large as today’s permafrost 
extent) disappeared under climate conditions 
similar to those projected under high emissions . 

near-surface permafrost remained only in a few 
pockets of the eastern Siberian uplands, Cana-
dian high Arctic archipelago and northernmost 
Greenland .16

• Methane released from sub-Arctic north American 
wetlands could triple by the end of the century if 
temperatures exceed 3–4°C, but these emissions 
could be nearly halved by following a low emis-
sions pathway . As temperatures increase across 
the sub-Arctic, frozen soils thaw earlier, allowing 
microbes to release more methane gas for longer 
periods, in a positive feedback loop between 
global temperature rise and carbon emissions from 
wetlands, along with those from permafrost and 
peatlands .3

• Ponds formed by rapidly retreating glaciers on Sval-
bard are releasing high levels of methane; similar 
conditions may exist in the path of glacier loss in 
Alaska and on Greenland, where glaciers are far 
larger .28

• nineteen years of radiocarbon dating of emissions 
from permafrost indicate more “old” carbon is being 
emitted, confirming that emissions from permafrost 
soils are indeed “old” carbon sequestered in the soil 
for centuries to millennia, and that these emissions 
are growing .54

FIGURE 4-1. Permafrost Emissions at 1.1°C

Committed annual permafrost emissions to 2100 will be 
about the scale of Japan’s annual emissions today, about 
0.5Gt/year, even with no further rise in temperature.

DATA SOURCES: IPCC SR15, GASSER ET AL. (2018), TURETSKY ET AL. 
(2019)

With Emissions 
Through 2019
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Permafrost also occurs in shallow near-coastal sea-
beds especially off Eastern Siberia, in areas not covered 
by sea water at the end of the last Ice Age, but flooded as 
temperatures rose to today’s. This subsea permafrost is 
rapidly thawing, as it has been “prewarmed” by overlying 
seawater throughout the past 10–15,000 years, with ele-
vated methane concentrations measured in these shallow 
coastal waters.45

The Arctic however is now warming at 2–4 times 
the global average,42 making these ancient permafrost 
stores of carbon highly vulnerable to thaw; followed by 
subsequent release of that stored carbon as both CO2 and 
methane through the action of soil microbes over many 
years after that initial thaw.

Models project that the land area covered by surface 
permafrost (in the first few meters of soils) will decline 
across large regions as temperatures rise.55 Model esti-
mations show that there has already been about a 7% 
decrease in near-surface permafrost extent over the past 
five decades,33 and at the global average temperature 
increase of 1.2°C, we are already committed to losing 
about 25% of surface permafrost. Scientists anticipate 
that 40% of near-surface permafrost area will be lost by 

2100, even if we hold temperatures close to 1.5°C globally. 
Over 70% of pre-industrial surface permafrost will thaw 
by 2100 should temperatures exceed 4°C.6

As temperatures have risen, permafrost has not 
only declined in area, but thawed to greater depth and 
is beginning to release its stored carbon, potentially at 
levels equal to that of Japan today (0.3–0.6 Pg carbon).56 
Most of this released carbon comes as CO2. However, if 
permafrost thaws under wet conditions, such as under 
wetlands, lakes or coastal waters; some of that carbon 
enters the atmosphere as methane. While not lasting as 
long in the atmosphere as CO2, methane warms the cli-
mate far more potently during its lifetime: about 30 times 
more than carbon dioxide over a 100-year period, and 
nearly 100 times more over 20 years, leading to faster and 
more intense warming globally.14

Permafrost thaw occurs gradually over its entire 
region but is also vulnerable to abrupt thaw events that 
can result in collapse and erosion, which can further 
accelerate thaw by exposing additional permafrost to 
warmer air temperatures and rain.52 Such rapid collapse 
can also result in the formation of new lakes or wetlands, 
where additional and deeper thaw may occur. In north-
western Alaska, lake drainage rates are now ten times 
higher than their historical average in the 1980s, with 
100–250 lakes rapidly lost each year.31

Coastal permafrost is especially vulnerable to these 
factors, with the additional erosion from wind and waves 
by warmer and more storm-prone Arctic seas. As coastal 
permafrost thaws, it can contribute to increased erosion 
of thousands of kilometers along the coasts of Alaska, 

FIGURE 4-2.  Permafrost Emissions Decrease Our 
Carbon Budget at 1.5°C…

Committed annual permafrost emissions to 2100 on scale 
of India’s annual emissions today, about 2.5Gt/year,  
total ≈150–200GtCO2e

DATA SOURCES: IPCC SR15, GASSER ET AL. (2018), TURETSKY ET AL. 
(2019)

Permafrost Decreases our Carbon Budget

Carbon budget estimate (2100)

Reduced carbon budget to
account for permafrost

Data sources: IPCC SR15, Gasser et al (2018), Turetsky et al (2019)

Scale of emissions depends 
on peak temperature:
1.5°C ~= India (2.5 Gt/yr)
2.0°C ~= EU  (3.5Gt/yr)
3-4°C ~= China or US (5-10 
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Global impacts of permafrost thaw 
will have cascading effects on health, 
infrastructure, and a wide range of 
socioeconomic variables.

FIGURE 4-3. …But Decrease It More at 2°C

Committed annual permafrost emissions to 2100 on scale 
of the EU’s annual emissions today, about 3–4Gt/year, total 
≈220–300GtCO2e

DATA SOURCES: IPCC SR15, GASSER ET AL. (2018), TURETSKY ET AL. 
(2019)
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Canada and Russia, and across the Arctic.25,50,60,61 Rising 
global temperatures have even accelerated permafrost 
thaw in Greenland, increasing the vulnerability of 
coastal mountain regions to unpredictable landslides and 
collapse.58

More incidents of extreme summer rainfall may 
increase the depth of permafrost thaw by more than 
30%. Under a high emissions scenario, precipitation in 
the Arctic is projected to increase by 60% by 2100 and 
increasingly shift from snow to rain due to rising air 
temperatures.35

Current global climate models have not included such 
abrupt thaw processes, which expose deeper frozen carbon 
previously considered immune from thawing for many 
more centuries.50,60 The number of these rapid thaw events 
has increased as the Arctic warms and might increase per-
mafrost carbon emissions by as much as 40% as the planet 
warms to 1.5°C or more.61 Increasing wildfires in the Arctic 
due to warmer and drier conditions also cause deeper and 
more rapid post-fire permafrost thawing.36 At high lat-
itudes, where much of the permafrost domain is located, 
most emissions from wildfire originate from below-ground 
combustion – rather than the combustion of above-
ground biomass. Like emissions from other abrupt thaw 
events, these fire-related emissions – either from direct 

combustion, or from the effects of fire on permafrost – are 
typically excluded from global-scale models.38,59

Once triggered, emissions from permafrost thaw 
processes are most often permanent on human times-
cales, because re-building of new permafrost soils takes 
centuries to thousands of years.10 While new vegetation 
growing on thawed permafrost soils might take up some 
portion of these emissions, the sheer scale of permafrost 
emissions at warmer temperatures would dwarf such 
uptake. New research actually shows that Arctic greening 
stimulated by higher temperatures and rising CO2 may 
cause even larger losses of permafrost carbon, because 
the roots of these new plants stimulate emissions from 
microbes in the soil.

Subsea permafrost beneath the shallow coastal waters 
of the Arctic Ocean may also release greenhouse gases. 
These are permafrost soils that were flooded as sea levels 
rose at the end of the last ice age. Their current and future 
contribution to carbon emissions remains uncertain but 
could be significant. Estimates of total amounts, which 
are highly uncertain range from 170–740 Gt carbon, with 
14–110 Gt carbon potentially released under high emissions 
by 2100, and up to 45–590 vulnerable to release by 2300 as 
the Arctic Ocean continues to warm on a multi-century 
level once atmospheric temperatures pass 4°C.45

Noatak National Preserve, Alaska, 2004, when an exceptionally warm summer in 2004 triggered this 300 meter shear that 
exposed even more permafrost to abrupt thaw. 
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This near-coastal subsea permafrost is sometimes 
confused with deep seabed methane clathrates (methane 
deposits). These represent an additional potential source 
of methane emissions, with the most vulnerable part at 
around 300–400m depth along the upper continental 
slope off Eastern Siberia. Such clathrates may have con-
tributed to rapid warming events in Earth’s deep past, 
around 85 million years ago or more, though this remains 
controversial. Some of the extensive methane releases 
observed both on the East Siberian Shelf Seas, and in 
sinkholes on the Yamal peninsula is hypothesized to 
come from collapsing methane hydrates. 

Permafrost emissions today and in the future are on 
the same scale as large industrial countries44,54 but can 
be minimized if the planet remains at lower tempera-
tures. If we limit warming to 1.5°C, emissions through 
2100 will be about as large as those of India today, 2.5Gt/
year, totaling around 150Gt CO2 by 2100. Should we 
instead reach 2°C, permafrost emissions will about equal 
those of the almost the entire European Union** today 
on an annual basis, 3–4Gt/year, for about 200 Gt CO2-eq 
by 2100. Even higher temperatures, exceeding 3–4°C by 
2100, will however likely result in up to 400Gt CO2-eq 
additional carbon release from permafrost, adding the 
equivalent of adding another United States or China (cur-
rently 5–10Gt/year) annually to the global carbon budget 
through 2100.6,15,18,27,38,60

Calculations of the remaining planetary carbon 
budget must take these indirect human-caused emissions 
from permafrost thaw into account to accurately deter-
mine when and how emissions reach “carbon neutrality”; 

and not just through 2100, but well into the future.1,9,15 
This is because the thawing of permafrost is a slow pro-
cess and because once thawed, permafrost soils continue 
to emit carbon for at least 100 years, and possibly several 
centuries. The actions of decision makers today to delay 
actions to decrease CO2 emissions will thereby commit 
future generations to offset permafrost carbon emissions 
through negative emissions (carbon dioxide removal), 
even after all human emissions cease and temperatures 
stabilize.10

In addition to the impacts of permafrost thaw on 
global climate, the direct physical effects of permafrost 
thaw (i.e., ground slumping, lake drainage, increased 
erosion and flooding) have been having severe impacts 
on Arctic people, lands, and economies for decades. 
Thawing permafrost is causing the loss of Arctic lands, 
threatening cultural and subsistence resources, and dam-
aging infrastructure, like roads, pipelines and houses, 
as the ground sinks unevenly beneath them.51 Accord-
ing to AMAP’s latest Climate Update, more than 66% of 
Arctic settlements are located on permafrost. In Alaska, 
for example, permafrost thaw will increase cumulative 

** technically “OECD Europe”

Once thaw occurs, permafrost 
emissions are irreversibly set 
in motion…for 1-2 centuries, 

meaning that future generations 
must offset them.

FIGURE 4-4. Committed Permafrost Emissions

Permafrost thaw (left) is followed by centuries of emissions (right), meaning future generations must offset these. 

CREDIT: S. CHADBURN, ADAPTED FROM SCHENIDER VON DIEMLING ET AL (2015) ADAPATED FROM GASSER, ET AL. (2018)
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maintenance costs of public infrastructure by an esti-
mated US$5.5 billion by 2100.2 Some Alaskan permafrost 
is now in a thawed state year-round. With high emissions, 
three-quarters of Alaska’s permafrost zone may reach 
this permanently unfrozen state within the next decade, 
with the thawed layer reaching depths of 10 m or more by 
2100.12

Coastal and riverine permafrost erosion has already 
required some communities in Alaska to relocate homes 
and entire communities. Russia (with 60% of its total land 
area on permafrost) faces the most extensive risk, with 
recent studies estimating infrastructure loss and damage 
of tens of billions of dollars by 2050 if current warming 
continues.17

If global mean temperature rises above 2°C, more 
than 75% of permafrost peatland regions in northern 
Europe and western Siberia will become too warm and 
wet to maintain permafrost by the 2060s. Even with 
low emissions however, models do not project a return 
to conditions suitable to maintain peatland permafrost 
in Norway, Sweden, Finland, and parts of Russia – sug-
gesting that these permafrost peatlands are close or have 
already passed a tipping point.13

The greatest global risk, however, arises from the 
additional carbon released, which will decrease the 
carbon budget available to countries to prevent temper-
atures from rising above 1.5°, 2°C or more.9,15 Warming 
in the Arctic already is occurring three to four times 
faster than the rest of the planet, due in part to the loss 
of snowpack, glaciers and sea ice.42 The darker exposed 
bare ground and seawater absorb far more heat, further 
accelerating Arctic warming and additional thaw and loss 

of permafrost. A 2°C higher annual temperature globally 
translates into 4–6°C higher annual temperatures in the 
Arctic, including longer and more intense fire seasons and 
increasing heat waves where temperatures exceed 20°C 
sometimes for weeks on end, leading to much greater per-
mafrost loss in a continuing feedback loop.

There are no local, on-the-ground solutions for 
keeping permafrost frozen, with its carbon locked in the 
soil. The only means available to minimize these growing 
risks is to keep as much permafrost as possible in its cur-
rent frozen state, holding global temperature increases to 
1.5°C. This will greatly decrease the amount of additional 
carbon entering the atmosphere from permafrost thaw 
for the next one-two centuries, and thereby minimize the 
long-term burden of negative emissions laid on future 
generations.
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FIGURE 4-6.  Multi-generational Permafrost 
Emissions at 2°C

ADAPATED FROM GASSER, ET AL. (2018)
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Sea Ice*
At Both Poles, 2°C Is Too High

CHAPTER 5

*   In previous State of the Cryosphere reports, this chapter was actually titled “Arctic sea ice” and touched only briefly on Antarctic sea ice, because 
there was little to report: Antarctic sea ice extent had not fluctuated much despite global warming. However, the past two-three years – and 2023 
in particular – has shown a striking shift also in the Antarctic sea ice response to warming; so this chapter is now re-titled “Sea Ice” and covers both.

Why 2°C is Too High for Sea Ice: By 2°C, the Arctic Ocean will be sea ice-free in 
summer not occasionally, but almost every year; and for periods of up to four months 
(July-October). The most recent projections show frequent ice-free conditions by 2050 
even with “low emissions” (SSP1-2.6), a carbon pathway that peaks at 1.8°C (graph b, 
Figure 1, below). Open water in the Arctic for several months will absorb more heat from 
polar 24-hour sunlight conditions. A warmer Arctic will increase coastal permafrost thaw 
– adding more carbon to the atmosphere – and speed Greenland Ice Sheet melt and 
resulting sea-level rise. It also means that any Arctic sea ice recovery may take many 
decades, even with a subsequent return to lower atmospheric temperatures, because the 
water will hold that heat far longer. More open water, for longer periods may also absorb 
more carbon dioxide (CO2), increasing Arctic Ocean acidification rates (see Polar Oceans 
chapter). In the Antarctic, complete loss of sea ice every summer seems plausible at 2°C 
if current trends continue, and would almost certainly speed up loss from the Antarctic ice 
sheet and resulting sea-level rise.

Preserved at 1.5°C: Studies consistently indicate that Arctic sea ice will still melt almost 
completely some summers even at 1.5°C, but not each year and only for a brief period 
(days to a few weeks) when it does. Only “very low” emissions (SSP1-1.9, which peaks at 
1.6°C) can maintain Arctic sea ice in this state, and lead to some recovery by 2100, when 
temperatures begin to decline below 1.4°C (graph a, Figure 1). Negative impacts on sea 
ice-dependent Indigenous communities and ecosystems will still be significant, however, 
since at least one ice-free summer is now inevitable before 2050 even with “very low” 
emissions, according to the IPCC. Projections of sea ice in the Southern Ocean around 
Antarctica are considerably less certain, but record-low conditions in 2023 around much 
of Antarctica indicate that its threshold for complete summer sea ice loss might be even 
lower than for the Arctic.

Today’s Emissions Aiming Towards 3°C+: If CO2 concentrations continue to grow in 
the atmosphere at today’s pace, which has not paused despite current pledges, global 
temperatures will reach at least 3°C by the end of this century. At such high temperatures, 
the Arctic Ocean may be ice-free not only in summer, but also well into the fall and melting 
much earlier in spring (graphs c,d; Figure 1). Based on recent developments, the ring of 
sea ice protecting Antarctic ice shelves and the ice sheet may also disappear for greater 
periods each summer. Feedbacks to further warming, Greenland and Antarctic ice sheet 
loss, and weather extremes would be intense and volatile.

The 2°C Takeaway: Perhaps more so than for any other part of the cryosphere, 2°C is far 
too high to prevent extensive sea ice loss at both poles, with severe feedbacks to global 
weather and climate.
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2023 Updates 
• Arctic sea ice is more sensitive to greenhouse gas 

emissions than predicted by the IPCC AR6 report; 
and 90% of Arctic sea ice loss can be directly 
attributed to anthropogenic emissions . A threshold 
has now been crossed in which ice-free conditions 
in the month of September will occur at times even 
with very low emissions, and with much slower and 
later surface freeze-up . This study showed that 
anything above “very low” emissions (SSP1-1 .9) 
results in complete loss of summer sea ice each 
year, with longer periods of ice-free conditions as 
emissions rise . under current policies, the Arctic will 
experience ice-free summers in the 2030s, and the 
length of time that the Arctic is ice-free will expand 
into August and October by 2080 .10,23

• Changes to Arctic sea ice go beyond its reduced 
coverage . decades of measurements from the Fram 
Strait (where most multi-year ice is expelled into 
the north Atlantic, where it quickly breaks apart) 
show that Arctic sea ice crossed a threshold in 
2005–2007, when half of the Arctic’s thick multi-year 
ice disappeared; it has never recovered . Today, 
less than 10% of Arctic sea ice passing through the 
Fram Strait is over 4 meters thick . This more mobile, 
thinner, weaker ice is more prone to being pushed 
by strong Arctic winds towards the Atlantic, where 
warmer waters cause faster rates of melting . A typ-
ical sea ice floe now spends one-third less time in 
the Arctic Ocean compared to two decades ago .40

• Global warming has slowed the re-growth of Arctic 
sea ice in fall and winter following the melt season . 
The frequency of atmospheric rivers – narrow 
corridors of warmer, moist air – has increased over 
the central Arctic, causing slower refreezing of the 
fragile ice attempting to recover after the summer 
melt season .47

• Studies of plankton micro-fossils in sediment cores 
gathered from beneath the Arctic Ocean indicate 
that it was at least seasonally completely ice-free 

during the Last Inter-Glacial (LIG) period, or Eemian, 
125,000 years ago, when global temperatures were 
between 1 .5°–2°C above pre-industrial .45

• Continued Arctic warming has particularly reduced 
the number of days in which sea ice is produced 
in the Kara and Laptev seas — regions often called 
the “ice factories of the Arctic” due to their essen-
tial role in forming winter sea ice . The amount of 
new sea ice produced is expected to decrease 
dramatically if emissions are not reduced rapidly, 
accelerating the pace of Arctic sea ice loss .9

• Antarctic sea ice in 2023 experienced its greatest 
loss since records began; with each month setting 
a new record low . A record summer minimum of 
1 .79 million km2 was set on February 21, 2023 . 
during the Southern Hemisphere winter, its extent 
remained far below average; and a new record-low 
maximum (when the sea ice reaches its greatest 
area) was set on September 10, 2023, at 1 million 
km2 less than the previous record . In July 2023, 
2 .77 million square km2 of ice were ‘missing’ com-
pared to average — a reduction equivalent to an 
area the size of Argentina .

• The unprecedented reduction in Antarctic sea ice 
extent since 2016 represents a regime shift to a 
new state of inevitable decline caused by ocean 
warming, and attribution techniques show that 
the primary cause is anthropogenic fossil fuel 
emissions .33,35

• One example of how the recent reductions in Ant-
arctic sea ice have had catastrophic impacts is the 
effect on Emperor penguins, which rely on stable sea 
ice platforms between April and december to suc-
cessfully breed . If sea ice breaks up early, the chicks 
fall into the water and drown . The low spring sea ice 
extent in 2022 led to the highest rates of breeding 
failure ever recorded . In some regions, 80% of pen-
guin colonies suffered total breeding failure .17

The unprecedented reduction in Antarctic sea ice 
extent since 2016 represents a regime shift to a new 
state of inevitable decline caused by ocean warming.
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Sea ice has served a cooling role 
in the climate system almost 

continuously for at least the past 
125,000 years.

Background
arctic Sea ice
Arctic sea ice serves as a “global refrigerator” and is an 
important regulator of the Earth’s temperature. This large 
area of ice-covered ocean — the size of the U.S. and Russia 
combined — reflects most of the sun’s rays back into space 
during the entire 6-month polar summer “day,” cooling 
the planet. In contrast to reflective sea ice and snow, the 
darker open ocean water absorbs heat, amplifying Arctic 
and overall global warming. Sea ice has served this cool-
ing role in the climate system almost continuously for at 
least the past 125,000 years.

The area of Arctic sea ice that survives the summer, 
however, has declined by at least 40% since 1979, when 
reliable satellite measurements first became available.12,30 
Estimates based on eyewitness accounts from ships and 
polar explorers place the decline since 1900 at around 
60%.46 In addition, the Arctic ocean has become dom-
inated by a thinner, faster moving covering of seasonal 
ice which typically doesn’t survive the summer.38 This 
is in contrast to the coverage of thick, rough “multiyear 
ice” which stands to go extinct entirely with the advent of 
ice-free summers.13,27,38,40 The total volume of Arctic sea 
ice since the 1970s has therefore declined by nearly two-
thirds: a much faster and greater decline than its area.

This rapid loss of summer sea ice is a significant cause 
of “Arctic amplification,” which refers to the greater rise in 
temperature observed in the high latitudes of the north-
ern hemisphere compared to the rest of the globe.20,34,38 
It also carries wide-ranging weather, ecological, and eco-
nomic consequences. These include the loss of traditional 
livelihoods for Arctic Indigenous people dependent on 
stable sea ice platforms for hunting, fishing and travel. 

Less summer sea ice also influences mid-latitude weather 
systems, as exemplified by the persistent and abnormal 
cold, warm, wet, and dry conditions in recent years that 
can be related to a more “wobbly” jet stream.2,7,11,16,41,42

Continued sea ice loss will cause significant harm 
to Arctic Ocean ecosystems. Many marine species there 
evolved with an ice “ceiling” for much of the year, and 
populations of these keystone species are expected to 
crash, except in small pockets with persistent ice during 
the first ice-free summer event.36,38 Even with low emis-
sions, ice-free summer conditions are projected to occur at 
least once before 2050.13,23,27,29,30 This will have a lasting 
effect on the entire Arctic food chain, and perhaps beyond.

Summer Arctic sea ice extent has often been consid-
ered a bellwether of climate change, with great attention 
paid to the September minimum extent each year. In real-
ity, however, sea ice thickness and extent have declined 
in all months since the 1980s; and the consensus of sea 
ice scientists is that the ice cover has already fundamen-
tally changed, crossing a threshold to a new state.1,31,38,40 
Amplified Arctic warming has reduced how effectively 
sea ice can recover in winter.9,49 As a result, thinner 
and younger ice has replaced much of the multi-year 
ice that used to circulate around the North Pole before 
being discharged into the North Atlantic Ocean.22,24,38 
This thinner, weaker ice is more prone to being pushed 
towards the Atlantic by winds where warmer waters 

FIGURE 5-1. Latest Modeling: “Very Low” Emissions Path Preserves Arctic Summer Ice

Updated projections of September Arctic sea ice area for different emissions scenarios using state-of-the-art modeling. 
Only very low emissions (SSP1-1.9) results in sea ice recovery above ice-free conditions. 

SOURCE: KIM ET AL. (2023)
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The former “ecosystem of ice” 
no longer exists. 

result in faster rates of melting; consequently, sea ice now 
spends one-third less time in the Arctic Ocean compared 
to two decades ago.40

This former “ecosystem of ice” no longer exists. 
Instead, more than three-quarters of Arctic sea ice now 
consists of first-year ice that largely melts each summer; 
the “older” ice now exists for only 1–3 years on average.38

Despite this fundamental change already observed 
at today’s heightened temperatures, the first ice-free 
summer will be an event that the Arctic likely has not 
experienced since at least the spike in warming that 
occurred at the end of the last ice age 8,000 years ago, and 
possibly not since the warm Eemian period 125,000 years 
ago.45 Today’s temperatures now almost equal those of 
the Eemian, when much of Greenland may have been ice-
free in part due to feedbacks from this seasonally open 
and warmer Arctic Ocean, with sea levels 5–10 meters 
(16–32 feet) higher than today.3,14 This is the current 
trajectory of the Earth’s climate; CO2 levels from human 
emissions today are higher than at any point in the last 
3 million years.

Like many impacts of climate change, Arctic sea 
ice loss over the past three decades has not occurred 
gradually, but rather in abrupt loss events when combi-
nations of wind and warmer temperatures drove lower 
ice extents.4,5,12,25,26 It is likely that a near-complete loss 
of summer sea ice (defined as dipping below 15% of the 
Arctic Ocean’s area, or 1 million km2) will occur with one 
of these sudden events, but perhaps not occur again for 
several years. Eventually total-loss summers will become 
more frequent, and if temperatures continue to rise past 
a threshold of about 1.7°C, they will become the norm for 

some portion of each summer, with ice-free conditions 
ultimately extending into spring and autumn.10,23,27,28

The occurrence of the first sea ice-free Arctic summer 
is therefore unpredictable, but scientists now believe it is 
inevitable, and likely to occur at least once before 2050 
even under a “very low” emissions scenario.13,27,28,30 
However, under both very low and low emissions scenar-
ios, summer sea ice extent would likely stabilize, with 
occasional ice-free years, but remain generally above 
the threshold for ice-free conditions. Greater amounts of 
sea ice may then form, slowly increasing as atmospheric 
temperatures decline below 1.5°C, but with multi-year 
ice nevertheless taking many decades to re-form due to a 
warmer Arctic Ocean.4

In contrast, continuing on the current emissions 
trajectory may lead to the Arctic becoming ice free in the 
summer as soon as the 2030s.23 Even moderate emissions 
will lead to ice-free conditions most summers once global 
mean temperature rise reaches about 1.7°C. The length of 
this ice-free state would increase in lock-step with emis-
sions and temperature,10,28,29,39 eventually stretching 
from July–October at 2°C.21,29 The effects of amplifying 
feedbacks will be widespread, ranging from accelerated 
loss of ice and associated sea-level rise from Greenland; 
to losses of ice-dependent species; to greater permafrost 
thaw, leading to even larger carbon emissions and infra-
structure damage.10,38

FIGURE 5-2. Loss of Thick Multi-year Ice

The previous ecosystem of thick multi-year ice (red) is essentially gone today. Left: 1983, Right: 2023. 

SOURCE: NSIDC
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The global impact of complete Arctic summer sea 
ice loss will therefore include accelerated global warming 
and its cascading impacts. Given the greater absorption 
of solar heat into open water, it will lead to higher autumn 
and winter temperatures in the Arctic that are expected 
to affect weather patterns around the Northern Hemi-
sphere.2,8,11,16,41,42,44,48,50 Unusual weather patterns likely 
will involve persistent conditions (drought, heatwaves, 
cold spells, or stormy periods), such as the extreme cur-
rent multi-year drought in the U.S. Southwest; extreme 
heatwaves in northwestern North America in June 2021 
and much of Europe in 2022 and 2023;41 the summer 2018 
drought in Scandinavia that contributed to extensive 
wildfires and agricultural losses, and the severe freeze in 
the central U.S. during February 2021.7 Accelerating per-
mafrost thaw and melting of land ice on Greenland and 
Arctic glaciers would lead to greater emissions of green-
house gases and faster sea-level rise.

Finally, while some Arctic governments declare 
that an ice-free summer Arctic will bring near-term 
economic opportunity, it is important to balance such 
statements with the global impacts elsewhere. The 2°C 
of global warming above pre-industrial levels that will 
cause summer ice-free conditions and allow exploitation 
of Arctic resources will also amplify the risks and soci-
etal disruptions noted elsewhere in this report, such as 
6–20 meters committed long-term sea-level rise, fisheries 
loss from acidification, and extensive coastal damage 
from more intense storms and coastal permafrost thaw, 
including in the coastal Russian High North.2,7,10,37,42 
Such profound adverse impacts almost certainly will 
eclipse any temporary economic benefits brought by an 
ice-free summer Arctic.

The Arctic Ocean has never been ice-free in modern 
human existence. With the determination by the IPCC 
that at least one ice-free summer is now inevitable due 
to human CO2 emissions, the first cryosphere ‘threshold’ 
of collapse has essentially been breached. This collapse 
will worsen rapidly unless emissions are curtailed to keep 
temperatures close to 1.5°C.

aNtarctic Sea ice
Although the extent of sea ice around Antarctica had 
been stable or even increased slightly over the last sev-
eral decades, recent observations document a very sharp 
decline beginning in 2016, equal to or exceeding those 
in the Arctic but occurring over the space of only a few 
years, rather than decades.32 This sharp decline was 
highlighted in the summers of 2022 and 2023, when Ant-
arctic sea ice extent fell below 2 million square kilometers 
for the first time,43 reaching a record-breaking minimum 
extent of 1.79 million km2 on February 21, 2023. This 
trend of unusually low sea ice extent has continued into 
the Southern Hemisphere winter of 2023 when sea ice is 
normally expected to recover; by July 2023, 2.77 million 
km2 of ice were ‘missing’ compared to average conditions 
between 1981–2010 — a reduction equivalent to losing 
an area of ice the size of Argentina. The final maximum, 
reached on September 10, 2023, was fully 1 million km2 
below the previous record.

The recent behavior of Antarctic sea ice is unprece-
dented since records began. It signals that Antarctic sea 
ice may have shifted into a new regime of decline because 
of ocean warming caused by anthropogenic fossil fuel 
emissions.33,35

These reductions in Antarctic sea ice extent in 
recent years have negatively impacted ice sheet stability, 
ocean circulation, and ecosystems in a similar manner to 
ongoing changes in the Arctic. The continued loss of Ant-
arctic sea ice will expose ice shelves to greater ocean swell 
which may trigger their rapid disintegration.6 Ice shelves 
that weaken or even collapse can ‘open the floodgates’ to 
significant sea level rise, due to their role in restraining 
the flow of land-based ice into the ocean.18 Sea ice losses 
around some regions of Antarctica are also predicted to 
modify ocean circulation patterns to bring warmer water 
masses closer to the main ice sheet, accelerating the 
melting of Antarctic glaciers.19

Antarctic sea ice also plays an essential role in pro-
ducing Antarctic Bottom Water — the densest water mass 
on the planet — which drives the entire global ocean 

FIGURE 5-3. Arctic v. Antarctic Sea Ice Loss

With the rapid decline in Antarctic sea ice over the past six 
years – especially in 2023 – Antarctica sea ice loss now 
nearly equals that in the Arctic. 

SOURCE DATA: NSIDC.

The recent behavior of Antarctic 
sea ice is unprecedented since 

records began. 
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“conveyor belt,” transporting carbon and heat deep into 
the ocean, where it is stored for centuries to millennia. 
A 40% decline in sea ice in the Weddell Sea has reduced 
the production of Antarctic Bottom Water in this region 
by almost a third in the last three decades.49 A slowdown 
in Antarctic sea ice production could therefore harm the 
Southern Ocean’s ability to take CO2 out of the atmos-
phere, accelerating the pace of global temperature rise. 
Dramatic reductions in Antarctic sea ice extent have also 
had a catastrophic impact on Emperor penguins, which 

rely on stable sea ice platforms between April and Decem-
ber to successfully breed.17

For decades, Antarctic sea ice seemed almost immune 
to global warming, showing changes of at most 1–2% while 
Arctic sea ice declined precipitously by 40–60% during the 
same period. This apparent immunity to global warming 
may no longer hold. Given the long-term impacts on 
Antarctic ice sheet stability and global sea-level rise, the 
human consequences of Antarctic sea ice loss may ulti-
mately prove far greater than that of its Arctic cousin.

FIGURE 5-5. Loss of Penguin Colonies

Loss of the Smyley Island emperor penguin colony in 2022 due to early Antarctic sea ice breakup

CREDIT: J. AMOS.

FIGURE 5-4. Antarctic Sea Ice Since 1979

A record low summer sea ice extent was reached in February 2023; and then the 2023 “maximum” in September was a record-
blowing 1 million km2 below the previous record.

SOURCE DATA: NSIDC/UNIVERSITY OF COLORADO BOULDER. GRAPHIC: Z. LABE.
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Polar Ocean Acidification, 
Warming and Freshening
Very Low Emissions – The Only Means to Save Many Polar Species 
and Fisheries

CHAPTER 6

Why 2°C is Too High for Polar Oceans: All 2°C emissions pathways lead to CO2 
levels in the atmosphere well above 450 ppm, the critical level for polar oceans identified 
decades ago by marine scientists. The Arctic and Southern Oceans are bearing the brunt 
of acidification impacts because they absorb CO2 faster. At these CO2 levels, peaking near 
500 ppm in the atmosphere, the near-polar oceans, especially the Barents, North and 
Baltic seas, also would have acidification levels rivaling that of the poles. Shell-building 
animals, and commercial fisheries that rely on them in the food chain – valuable species 
such as krill, cod, salmon, lobsters, king crab, to name just a few – may not survive in the 
wild or even in fish farms. Given warmer waters and lack of protective sea ice for several 
months each summer, marine heat waves and extreme acidification events will cause 
additional losses. These “overshoot” corrosive conditions, set by peak atmospheric CO2 
levels, are essentially irreversible, lasting tens of thousands of years.

Preserved at 1.5°C: The “very low” emissions pathways resulting in temperatures close 
to the 1.5°C Paris limit reliably maintain atmospheric CO2 well below 450 ppm; the most 
ambitious (SSP1-1.9) sees CO2 levels peak at 430 ppm. This will limit corrosive stressing 
conditions to mostly seasonal damage in smaller sections of the Arctic and Southern 
Oceans, spreading marginally from what is already seen as shell damage today. This 
430 ppm threshold is very close however: the May 2023 monthly average CO2 level at 
Mauna Loa Observatory was 424 ppm. Destructive compound events combining marine 
heatwaves and extreme acidification have already caused population crashes even at 
today’s 1.2°C. Worse can be expected by 1.5°C, but very low emissions pathways would 
see temperatures dropping below 1.4° C by 2100, as CO2 levels in the atmosphere trend 
downwards.

Today’s Emissions Aim Towards 3°C+: If CO2 continues to accumulate in the 
atmosphere at today’s pace, which has not paused despite current pledges, CO2 levels 
will reach at least 600 ppm by the end of this century, with global mean temperature 
exceeding 3°C and continuing to increase thereafter. Acidification will occur throughout 
the Arctic and Southern Oceans as well as many near-polar regions, and these corrosive 
conditions will persist for tens of thousands of years. In the polar oceans, this will almost 
certainly results in mass extinctions of species, given the 30–70,000 year persistence of 
ocean acidification, as well as the very long period these oceans will hold heat.

The 2°C Takeaway: 2°C will result in year-round, essentially permanent corrosive 
conditions in extensive regions of Earth’s polar and some near-polar seas; with widespread 
negative impacts on key fisheries and species.
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Background
Increasing CO2 concentration leads not only to climate 
change, but also to increasing rates of acidification of 
the world’s oceans. Oceans provide a vital service to the 
global climate system by absorbing CO2; limiting global 
warming, despite sharp increases in human carbon emis-
sions. However, such ocean carbon absorption comes 
with a price: when dissolved into seawater, CO2 forms 
carbonic acid, fundamentally changing the chemistry of 
the ocean. This phenomenon is known as ocean acidifica-
tion; and rates of acidification today are faster than at any 
point in the past 300 million years.27

The Arctic and Southern Oceans have absorbed the 
lion’s share of this dissolved CO2, mostly because colder 
and fresher waters can hold more carbon, which gets 
transferred to deep waters allowing more CO2 to be taken 
up at the surface. By some estimates, polar waters have 
absorbed up to 60% of the carbon taken up by the world’s 

oceans thus far.6 This makes them an important carbon 
sink, helping to hold down global heating. However, this 
“sink” comes at a cost for polar marine environments, 
because it also results in higher rates of acidification than 
anywhere else on Earth.

Ocean acidification makes it more difficult for 
shell-building animals to reproduce, as well as to build 
and maintain their structures. In all water-dwelling 
organisms, ocean acidification also increases the energy 
costs to maintain pH in the cells and tissues.54 In this 
way, ocean acidification harms key organisms such as 
marine gastropods and pteropods, sea urchins, clams, 

2023 Updates
• CO2 levels topped 424 ppm several times in 2023, 

with 424 .00 the monthly average at Mauna Loa 
Observatory . With that 424 measurement, levels of 
CO2 in the atmosphere have now officially increased 
50% over pre-industrial . (nOAA Mauna Loa, 2023) .

• Marine heatwaves occurred worldwide in 2023 . In 
polar and near-polar regions, perhaps the greatest 
high temperature anomaly took place in the north 
Atlantic and north Sea in May-July, when water 
temperatures reached record high levels . West of 
Ireland, temperatures peaked at 4–5°C above aver-
age, a “Category 5” occurrence classified “Beyond 
Extreme” with temperatures as high for nearly as 
high about average in several areas of the Arctic, 
including near Svalbard in July, and the Barents Sea 
in early August (nOAA Marine Heatwave Watch, 
2023) . unusually warm winter water of 2°C above 
normal also was measured in July near ice-free con-
ditions off Antarctica .

• The net oceanic uptake rate of CO2 will likely 
decrease in the future owing to several converging 
trends: reduced storage capacity due to acidification 
to-date; increased outgassing of natural CO2 due to 
ocean warming ; and changes in ocean circulation 
and biology .24 While this may slow acidification, it 
means that CO2 levels in the atmosphere will rise 
more quickly unless emissions are reduced .

• Parts of the Arctic Ocean seafloor will be exposed 
to corrosive waters by mid to late century, with 27% 
of the Atlantic Arctic exposed even with low emis-
sions . under high emissions, 45% of this seafloor 
will face such exposure .42 nearly 1 .3 million km2 of 
the Arctic continental shelf and slope is predicted 
to become submerged within a mid-depth, acidified 
water mass that will be corrosive to by the end of 
the 21st century .25

• With continued high emissions, weakening of the 
Atlantic Meridional Oceanic Circulation (AMOC) 
ranges from 29% to 61% by 2100 .2 Another method 
of modeling indicated that a high emissions sce-
nario might lead to a complete halt of the AMOC, 
potentially as early as 2025 .12

• The Southern Ocean has changed rapidly in the 
past three to six decades . Large and deep warm-
ing has overcome inter-annual variability in many 
regions, due to a combination of ice shelf melt, loss 
of sea ice and increasing precipitation . Stratification 
– stark differences in temperature and salinity at 
different water depths – is increasing much faster 
than previously thought . This may decrease the 
influx of cold water from the surface and warm the 
deep Southern Ocean; with great impacts on global 
ocean circulation and ocean CO2 uptake, as well as 
nutrient availability for Southern Ocean species .63

The Arctic and Southern 
Oceans are bearing the brunt of 

acidification impacts because they 
absorb CO2 faster.
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and crabs.18,35 Some polar organisms are adapted to 
stable pH conditions that have existed for several million 
years. When pre-exposed to stable conditions, organisms 
are sensitive to even small changes in seawater chemis-
try, and will be strongly and quickly impacted by the more 
rapid and greater ocean acidification of polar waters.36,65

Such impacts have already been observed.4,5,19 These 
harmful impacts at the lower end of the marine food 
chain will cascade towards higher ends of the food chain, 
such as whales and humans. 

There is currently no practical way for humans to 
reverse ocean acidification. The only way to slow and 
eventually halt the acidification process is through rapid 
CO2 emissions reductions and future carbon dioxide 
removal (CDR). If emissions continue to rise, these more 
acidic conditions will persist for tens of thousands of 
years. This is because processes that buffer (decrease) the 
acidity in the ocean occur very slowly, over nearly geologic 
time scales. Although CO2 only” lasts for 800–1000 years 
in the atmosphere, ocean processes are much slower. It 
will take some 30–70,000 years to bring acidification and 
its impacts back to pre-industrial levels, following the 
weathering of rocks on land into the ocean.27 This very 
long lifetime of acidification in the oceans is a crucial 
reason why mitigation efforts focused on “solar-radiation 
management,” as opposed to decreasing atmospheric 
CO2 represent a special threat to the health of the world’s 
oceans, especially those at the poles. 

Global temperatures peaking at 1.5°C will occur 
at atmospheric CO2 levels of around 450 ppm, which 
scientists of the Inter-academy Panel (a consortium of 
national Academies of Sciences) identified in 2008 as 
an important threshold for serious global ocean acidifi-
cation.43 This represents an additional 30% increase in 

acidification globally, with higher levels again projected 
in polar waters. However, current pledges (even if com-
pletely fulfilled) will result in CO2 levels above 500 ppm, 
and temperatures of around 2.1°C. At that point, acidity 
will have more than doubled in polar oceans.

Atmospheric CO2 levels above 500 ppm are projected 
to cause widespread areas of corrosive waters in both polar 
oceans. The Arctic Ocean appears to be most sensitive: 
already today, it has large regions of persistent corro-
sive waters. These corrosive areas in the Arctic Ocean 
began expanding in the 1990s. Indeed, shell damage 
and reduced shell building has been observed for over a 

FIGURE 6-1. Acidification with Low Emissions (left) and Very High Emissions (right)

Difference between acidification levels in a 1.5° world (RCP2.6) (left map), and a 3–4° world (RCP8.5) (right map) by 2100. 
Red shows “undersaturated aragonite conditions,” a measure of ocean acidification meaning that shelled organisms will have 
difficulty building or maintaining their shells, leading to potential decline of populations and dietary sources for fish, with loss 
of biodiversity towards simplified food webs. 

IMAGE SOURCE: IPCC SROCC (2019).

FIGURE 6-2.  Arctic Ocean Acidification with 
Different Emissions Pathways

Only the very low emissions pathway (blue line, SSP1-1.9) 
keeps Arctic Ocean waters above year-round corrosive levels.

SOURCE: AMENDED FROM TERHAAR ET AL (2021).

“Very low” emissions pathways will 
limit corrosive stressing conditions to 

mostly seasonal damage. 
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decade now in some regions of the polar oceans where 
acidification thresholds have been exceeded already, due 
to local conditions.1 In the Southern Ocean, the ability 
of some vulnerable organisms to build shells declined by 
around 4% between 1998 and 2014.19 Pteropods – tiny 
marine snails known as “sea butterflies” – are particu-
larly susceptible to these expanding corrosive waters, 
with shell damage documented in portions of the Gulf of 
Alaska, Bering and Beaufort seas; as well as regions in the 
Southern Ocean.4 Pteropods are hugely important in the 
polar food web, serving as an important source of food for 
young salmon, Arctic cod, char and other economically 
important species. 

Over the past several million years, global ocean 
acidity has been relatively stable. Today’s rate of change 
is unprecedented however in at least the past 300 mil-
lion years, when severe changes in ocean conditions, 
including high rates of acidification, resulted in the mass 
extinction of many organisms.52 While polar and global 
oceans have undergone changes in Earth’s past, these 
occurred more slowly. The speed of today’s acidification 
is therefore a key part of its threat: it is occurring far too 
quickly to allow many species of today to adapt, evolve 
and survive.

This rapid acidification is occurring at a time when 
polar species face extreme stress from other climate 
change impacts as well.

The compounding effects of multiple stressors is 
especially the case in the Arctic, where in addition to 
rising acidification, warming has been unusually rapid. 
Summer surface water temperatures have increased by 
around 2°C since 1982, primarily due to sea ice loss (caus-
ing more heat to be absorbed from the sun’s rays) and the 
inflow of warmer waters from lower latitudes. At today’s 
global warming of 1.2°C above pre-industrial, Arctic sea 
ice cover and thickness has decreased throughout the 
year. Current warming also has caused the near-total 

FIGURE 6-3. Shell Damage from Acidification

Pteropods are an important part of the polar ocean food 
chain, with damage from acidification already observed in 
the wild. Top: Healthy pteropod. Bottom: pteropod shell 
damage from corrosive waters.

SOURCES: TOP: N.BEDNARSEK; BOTTOM: NIEMI ET AL. (2020)

FIGURE 6-4. Over Ten Thousand Years for Recovery from Ocean Acidification

Ocean acidification recovery time, ranging from very high emissions (red) to very low emissions (blue). Note logarithmic scale: 
for ocean species, acidification is essentially permanent, with full recovery taking 50,000–70,000 years. 

ADAPTED FROM HONISCH ET AL (2012)
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disappearance of the thick multi-year ice that previously 
covered much of the Arctic Ocean year-round.47 Many 
meters thick and persisting for 7–10 years, this older 
and thicker ice can be thought of as the “coral reefs” of 
polar oceans, providing habitat and a food source for 
many polar species, including ice-associated algae. With 
all multi-year ice projected to disappear, even with very 
low emissions that will still result in 1.5–1.7°C of global 
warming, so too may disappear the species that rely on 
this thicker ice.

The Southern Ocean around Antarctica also has 
warmed more than other ocean regions, in particular 
along the western Antarctic Peninsula, where virtually all 
sea ice disappeared in the 2023 austral summer. Chilean 
scientists have found an increase in marine heatwaves 
each decade since 1981 in regions north of the Peninsula; 
and in the Amundsen-Bellingshausen, Ross and Davis 
Seas.72 This Southern Ocean warming seems increasingly 
important in overall global ocean heat increase. 

Warming of polar waters have resulted in more 
frequent extreme heat events, with temperatures that 
go beyond levels that polar species evolved to survive, 

FIGURE 6-5. Sea Surface Temperature Trends (1993–2021)

Near-polar waters, such as the Barents Sea have warmed extensively over the past two decades. The one exception is the 
colder “blue blob” south of Greenland, due in part to cold freshwater pouring from the Greenland Ice Sheet. Note that white 
coloring at higher polar latitudes is not due to lack of warming, but incomplete data for this period.

CREDIT: E.U. COPERNICUS MARINE SERVICE INFORMATION

FIGURE 6-6.  How Antarctic Bottom Water (AABW) 
Forms

AABW formation can be said to drive the entire ocean 
circulation system, and is threatened by the combination of 
warming and freshening of Antarctic waters. It originates in 
the “polynyas” (stretches of open water surrounded by ice) 
as Antarctic sea ice forms each winter.

SOURCE: MOROZOV ET AL (2021)

Compound events combining marine 
heatwaves and extreme acidification 

have already caused population 
crashes even at today’s 1.2°C.
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essentially trapping polar endemic species with nowhere 
else to migrate. Warming waters also cause the poleward 
movement of other species, increasing competition for 
food resources.1,12 In some instances, especially where 
extreme heatwaves occur in the ocean, polar species 
have apparently even experienced lethal temperatures. 
Large die-offs of seabirds and gray whales in regions of 
the Bering Sea have occurred several times over the past 
decade, and seem to be associated with these marine 
heatwaves. Ice-associated algae and animals also are 
being lost as sea ice declines due to warming. Ocean 
pollution adds another layer of stress to polar species.40 
The projected effects of climate-induced stressors on 
polar marine ecosystems present risks for commercial 
and subsistence fisheries, with implications for regional 
economies, cultures and the global supply of fish and 
shellfish.4,68

Increased run-off from glaciers, ice sheets, and – in 
the case of the Arctic Ocean – rivers, is affecting global 
ocean circulation by freshening polar ocean surface 
waters. Colder, fresher water sits like a lid on top of the 
deeper, warmer and saltier water below, reducing vertical 
transport of water upwards. This can stall ocean currents, 
especially the AMOC – the system of ocean currents car-
rying warm water from the tropics to the North Atlantic. 
The AMOC acts as a motor for currents in the North 
Atlantic, and thereby drives ocean currents worldwide. 
The phenomenon of a “lid” isolating the surface and deep 
ocean also prevents nutrients from reaching the surface 
where most species live,17,51 carbon sequestration in 
deeper waters , and heat transport. Freshening itself can 
have negative physiological impacts, or impair species 
movements.16,11

Another major driver of global ocean circulation, 
carbon sequestration, and nutrient distribution is the 
Antarctic Bottom Water (AABW) formed during annual 
sea ice formation along the margins of Antarctica.63 
Recently, the IPCC assessed that AABW formation will 
decline in a warming world due to increased freshwater 
input from the melting Antarctic Ice Sheet and a decline 
in sea ice. The Weddell Sea Bottom Water contributes 
nearly half of the AABW, and its volume has reduced by 
30% since 1992. This reduction is probably associated 
with an over 40% decline in sea ice formation rates. Fur-
ther reduction in AABW formation, and thus nutrient, 
heat, and carbon circulation, will likely depend on future 
carbon emissions.71

Polar waters contain some of the world’s richest 
fisheries and most diverse marine ecosystems. At 2°C or 
higher, the combination of sea ice loss for several months 

of the year, no multi-year sea ice at all, ocean warming, 
acidification and freshening will alter polar marine eco-
systems beyond recognition, as well as the fisheries and 
aquaculture that depend on them. The impacts above 2°C 
are essentially irreversible, and will occur with all but the 
very lowest emissions pathways. A world kept close to 
1.5°C or lower can limit the severe and irreversible effects 
on polar ocean ecosystems and fisheries, though some 
losses unfortunately are now inevitable. 

A future in which polar ocean impacts can still 
be kept under control requires a 50% reduction in CO2 
emissions by 2030, motivated by high ambition and com-
mitment toward global decarbonization; with essentially 
zero emissions by 2050, and negative emissions (remov-
ing carbon from the atmosphere) thereafter.

Both polar oceans already appear to be nearing 
critical acidification, warming and freshening thresh-
olds. There is high likelihood that these changes are 
a harbinger of much worse to come; until, and unless, 
human-caused CO2 levels begin to fall sharply.

FIGURE 6-7.  Global Ocean Currents

The massive movement of ocean currents, including transfer 
of heat and nutrients, comes largely from conditions in both 
polar oceans.

SOURCE: MAROTZKE (2012)

2°C will result in year-round, essentially permanent corrosive conditions 
in extensive regions of Earth’s polar and some near-polar seas.
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