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Dedication
Two days before this report was released at COP-25 in Madrid under the Chilean 
COP Presidency, a Chilean Air Force plane on its way to Escudero Station on the 
Antarctic Peninsula lost radio contact over the Drake Passage. It is presumed lost 
with all 38 onboard, consisting of crew, supply, and technical personnel as well as 
researchers from the University of Magallanes, including a 24-year-old graduate 
student. It is the largest research-oriented loss of life in Antarctic history, and a 
reminder that this climate and cryosphere research remains of great risk to those 
conducting and supporting it.

This report is dedicated to all those who have given their lives in service of 
research in these snow-and-ice covered regions of the world.
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Preface
Over the next year, governments face the most 

consequential decision collectively made in the 
history of humanity: whether to take concrete 

steps to keep the planet below 1.5°C warming, or make 
the decision – either explicitly, or de facto through 
inaction – to force the planet’s temperatures higher.

These 2020 NDCs, or Nationally Determined 
Contributions will mostly cover the years up to 2030, 
following the Paris Agreement NDCs in 2015 that 
mostly covered 2020–2025. This decade is what the 
IPCC Special Report on 1.5 Degrees of Warming (SR1.5) 
determined as critical to stay below the 1.5° level. So far, 
not only do combined NDCs to-date risk our reaching 
3°C or more in 80 years: present emission trends have 
us breaching 4°C within the lifetimes of many children 
born today. Emissions have in other words, continued 
unchecked on a “business as usual” scenario despite 
the signing of the Paris Agreement four years ago.

Since Paris, other political and economic forces 
have caused a growing number of decision makers to 
place their attention elsewhere, from populist domes-
tic politics to destructive international conflicts. This 
Report, reviewed by over 30 IPCC and other leading 
scientists, is an attempt to bring attention back to what 
inevitably will result if attention remains so diverted, all 
because of the freezing point of water.

The cryosphere – snow and ice regions – is amaz-
ingly sensitive to small changes in temperature: at 
root, the slight temperature difference between solid 
frozen ice, and liquid water. This principle holds for an 
ice cube taken from the freezer, or a mountain glacier 
or great polar ice sheet: once temperature exceeds 
0°C/32°F, it melts. And in Earth’s past, the difference 
between the 1°C above pre-industrial temperatures 
where we are today, and 2°C has been very different 
planetary states, including the difference between a 
few meters of sea-level rise, to well above 20 meters.

Glaciers, snow, permafrost and sea ice all make up 
the cryosphere: slow to react to warmer temperatures, 

but even slower to return once temperatures fall 
again. A decision to allow temperatures to go above 
1.5°C – let alone 2.0°C or above – inevitably will cause 
a change in cryosphere that will in turn, change the 
Earth to one which has never seen human existence.

The summaries in this Cryosphere1.5 Report, 
taken from the IPCC SR1.5 and Special Report on 
the Oceans and Cryosphere (SROCC) and other 
published research, confirm this physical reality that 
at some point in the gradient above 1.5°C, processes 
will be set in motion that cannot be halted or easily 
reversed, in some cases not even if temperatures 
return to pre-industrial. This is why policy decisions in 
the coming years will determine the future state of the 
Earth for centuries and generations to come. Never 
has a single generation held the future of so many 
coming generations, species and ecosystems in its 
hands. Cryosphere climate change is not like air or 
water pollution, where the impacts remain local and 
from which ecosystems largely can be restored. Cry-
osphere climate change, driven by the physical law of 
water’s response to 0°C, is different. Slow to manifest 
itself, once triggered it inevitably forces the Earth’s cli-
mate system into a new state, one that most scientists 
believe has not existed for 65 million years.

This future however is neither defined, nor hope-
less. Instead, pathways to the needed lower emissions 
levels not only exist, but were very well-defined in the 
SR1.5 as physically, technologically, and economically 
feasible.

This is why decision makers in the span of the 
next year will make the most consequential decision 
in the history of humanity, let alone the planet. As they 
– as you – make these decisions, it is important that 
you know what they will mean. Will the Earth address 
the cryosphere crisis, or let it fail because other, more 
short-term issues took precedence?

The choice is ours. The cryosphere cares about 
nothing but the melting point of water.

Christiana Figueres 
Former UNFCCC Executive Secretary 
Co-founder, Global Optimism Ltd.

Jean-Pascal van Ypersele,  
Former IPCC Vice-chair 
Professor UCLouvain, Belgium
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Executive Summary
AVERTING A MUCH-CHANGED EARTH

Decisionmakers today face with a choice between 
unprecedented but necessary policies and actions 
that will hold the world below 1.5°C, or take a 

slower, seemingly more “prudent” and “realistic” path 
towards 2°C, 3°C or above. The IPCC Special Report on 1.5 
Degrees of Warming (SR1.5) laid out those choices in stark 
and clear terms upon its release in October 2018. Nearly a 
year later, the Special Report on Oceans and Cryosphere 
(SROCC) summarized the current status and future of the 
water and ice parts of the world. In the cryosphere – por-
tions of the globe seasonally or permanently in a frozen 
state – it detailed a world undergoing rapid and in some 
respects, irreversible changes, all tied to the freezing point 
of water; or rather, the melting point of ice.

This Report, authored and reviewed by over 40 IPCC 
and other cryosphere scientists, combines the findings of 
both the SR1.5, and SROCC, plus published studies since. 
Its inevitable, science-based conclusion: failure to choose 
policies keeping the world below 1.5° is neither measured 
nor economically prudent. Instead, it will result in a cas-
cading series of disasters; not only for people living this 
century, but even more so for the generations that follow. 
Warming above 1.5° will have many impacts, but the 
physical realities of changes in cryosphere alone will drive 
much of what follows.

This is because the gradient between today’s 1°C above 
pre-industrial temperatures, to 1.5° and 2°C and above, 
represents a drastic and on human timescales, essentially 
permanent shift in the state of our planet because of the 

cryosphere response. The Report’s main findings:

Ice Sheets and Sea-Level Rise
We see far greater risk of massive irreversible sea-
level rise (SLR) at 2°C, on a scale of 12–20 meters or 
more in the long term. The climate record of the earth 
over the past few million years is quite clear:

•	 At today’s temperature of 1°C over pre-industrial, we 
have locked in about 1–3 meters of sea-level rise over 
the next centuries from loss of mountain glaciers and 
a portion of the polar ice sheets, even if we could hold 
temperatures at 1°C.

•	 Risks rise substantially at 1.5°, with the Earth show-
ing a pattern of 6–9 meters compared to today when 
it was this warm in the past; coming from additional 
loss of Greenland and most of the West Antarctic Ice 
Sheet (WAIS).

•	 2°C however shows a much sharper rise: between 
12–20 meters as the new global sea level, locked in 
over millennia. This is because both the WAIS and 
Greenland melt nearly completely at a sustained 2°C; 
with vulnerable portions of East Antarctica also posing 
a threat; and up to 25 meters occurring between 2° 
and 3°C.

•	 Most seriously, periods of time well in excess of 2°C – 
especially if we reach 3°C, 4°C or more, which is our 
current emissions pathway – increase the risk, speed 
and potential inevitability of the above changes. The 
rate of change can itself become a risk: at the end of 
the last Ice Age, sea levels rose by up to 4 cm per year, 
and 12–14 meters in the space of a few centuries.

The good news: these processes, especially the col-
lapse of the West Antarctic Ice Sheet can be slowed if 
temperatures remain close to 1.5°, allowing far more 
time for communities to adapt to the rising seas. Much 
of the WAIS may have passed a threshold of collapse some-
time between 2010 and 2015, at around 0.8°C; but at lower 
temperatures such as 1.5°C, this collapse can be slowed 
to perhaps thousands of years, rather than (in the worst 
projections) just a few centuries. Even at today’s 1°C, 
Greenland’s ice loss has doubled in the past 20 years; and 
Antarctica’s has tripled.

Mountain Glaciers and Snow
Few glaciers near the Equator, such as the northern Andes 
and East Africa can survive even today’s 1°C. Some of 
these were shrinking anyway after the last ice age; but 
global warming has speeded their disappearance by many 
centuries. Glaciers and snow in the northern Andes pro-
vided a reliable seasonal source of water, and their loss 
especially will impact rural populations in Peru and Chile.
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Mid-latitude glaciers and snow in the Alps, southern 
Andes/Patagonia, Iceland, Scandinavia, New Zealand 
and North American Rockies can survive at 1.5°, but 
these glaciers will disappear almost entirely at 2°C, 
and snow cover decrease. For these glaciers and moun-
tain snowpack, that half a degree spells the difference 
between sufficient seasonal water supply, such as in the 
American West, Tarim and Indus river basins; and water 
scarcity.

The essential watersheds of the Himalayas/Central 
Asia at 1.5°C maintain around half to about two-
thirds of their ice. At 2°C, much more will be lost, with 
regional impacts on water supply and increasing political 
instability, especially as monsoon rains become far more 
unpredictable at 2°C as well.

Permafrost and Carbon Budgets
Limiting warming to 1.5° rather than 2°C saves 2 
million square kilometers of permafrost. Permafrost 
carbon release (as both methane and CO2) is greater 
at 2°, especially in “overshoot” scenarios because once 
thawed, former permafrost irreversibly continues to release 
carbon for centuries:

•	 If we can hold temperatures to 1.5°C, cumulative per-
mafrost emissions by 2100 will be about equivalent 
to those currently from Canada (150–200 Gt CO2-eq).

•	 In contrast, by 2°C scientists expect cumulative per-
mafrost emissions as large as those of the EU (220–300 
Gt CO2-eq).

FIGURE S-1. Cryosphere Dynamics and Temperature

Global Mean Temperature Above Pre-Industrial

1° 2° 3° 4°

450 ppm
CO2-eq

Celsius
5°

Today
1.1º

RCP 4.5
in 2100

2.4º

Arctic Sea Ice
Complete Summer Loss

Mountain Glaciers 
80% Loss

Ice Sheets – West Antarctic Ice Sheet (WAIS) 
3–4m Sea-Level Rise

Polar Ocean Acidification
Serious Species and Ecosystem Impacts

Ice Sheets – Greenland 
6–7m  Committed Sea-Level Rise

Ice Sheets – East Antarctica??
Vulnerable Basins: 4–15m Committed Sea-Level Rise

Permafrost Thaw 
130–160 total additional carbon released by 2100 should temperatures reach 4.5ºC

415 ppm CO2-eq

Current NDC 
Temperature Range 

by 2100

Approximate temperature ranges at which five important cryosphere dynamics or “thresholds” may be triggered, some 
irreversibly on human timescales, based on updated observations and models.
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•	 If temperature exceeds 4°C by the end of the century 
however, permafrost emissions by 2100 will be as large 
as those today from major emitters like the United 
States or China (400–500 Gt CO2-eq), the same scale 
as the remaining 1.5° carbon budget.

These permafrost carbon estimates include emissions 
from the newly-recognized abrupt thaw processes from 
“thermokarst” lakes and hillsides, which expose deeper 
frozen carbon previously considered immune from thaw-
ing for many more centuries.

The “anthropogenic” carbon budget to reach carbon 
neutrality and remain within 1.5° of warming must 
begin to take these “country of Permafrost” emissions 
into account. Only lower emissions pathways that pre-
serve as much permafrost as possible can minimize this 
potentially large contribution to future global warming, 
and the need for future generations to maintain negative 
emissions efforts to compensate for those from thawed 
former permafrost.

Sea Ice and Polar Ocean 
Acidification and Fisheries
At 1.5°C global warming, it is unlikely that Arctic sea 
ice will melt completely in any given summer; and if 
it does melt completely, that ice-free period will be 
brief. In contrast, by 2°C the Arctic Ocean is expected 
to be ice free in summer for several months. This long 
ice-free period will warm the Arctic Ocean, feeding back to 
raise regional air temperatures and accelerating Greenland 
melt and associated sea level rise; increasing permafrost 
thaw and associated carbon emissions; and also leading to 
a decrease in snow cover. All of these will in turn make for 
faster rates and scale of overall global warming, making 
efforts to address the problem that much harder.

Many parts of the Arctic ecosystem depend on the 
existence of thicker, multi-year sea ice. These will 
likely collapse with the complete disappearance of 
multi-year ice cover at 2.0°C global warming. This 
impact is amplified by our observation already today of 
more frequent ocean “heat waves.” Human communities 
are of course also impacted, especially Arctic indigenous 
cultures reliant on the reliable presence of sea ice for many 
thousands of years.

Fish stocks such as cod are much more negatively 
affected by changes in the polar oceans at 2°C global 
warming than at 1.5°C global warming. These changes 
include ocean acidification, warmer and less salty sea 
water from increased river runoff, glacier melt and ice 
sheet melt; as well as greater competition from mid-lati-
tude species moving polewards. In contrast, polar species 
and ecosystems have nowhere further to migrate.

Today’s rates of ocean acidification are greater than 
at any time in 3 million years, and pose an immediate 
and serious threat in cold polar waters, which absorb 
CO2 more quickly. The oceans will need 50–70,000 years 
to return to normal pH levels, a key argument for keeping 
CO2 levels as low as possible and against schemes aiming 
to decrease solar radiation rather than CO2.

Conclusions
Current rates of warming and CO2 increase have 
not occurred in the past 60 million years of Earth’s 
geologic history. Most “uncertainties” trend towards 
greater damage and risk, not less. There is no real geo-
logic precedent for predicting the cryosphere response and 
its risks.

Overshoot is not an option. The risk of triggering these 
dynamics irreversibly grows with each tenth of a degree 
over 1.5°, and especially once we exceed 2°C.

1.5°C remains both possible, and imperative. The 
SR1.5 made clear that pathways to remain below 1.5° glob-
ally remain, but will require immediate and transformative 
action. Many countries and sub-national stakeholders are 
moving to answer this call, taking concrete steps towards 
emissions that if adopted globally, will keep the planet 
below 1.5°. More countries and actors need to join 
their ranks and intensify their 2020–2030 reductions to 
1.5° levels.

The message is clear: 2°C means a completely unac-
ceptable risk of loss and damage to human society, 
from cryosphere dynamics alone. We must aim for 
1.5°C, and to be frank, to the extent possible plan for a 
return to 1°C as soon as possible because of the way the 
cryosphere will respond even at the long-term 1.5° level, 
through negative emissions measures.

This is an issue of generational justice, and the legacy 
we leave behind.
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TABLE S-1. Emissions Pathways, Temperatures and Carbon Budgets 

RCP T in °C, 2100 Peak T in °C Peak Emissions Year Peak PPM Remaining Carbon from 2018 (Gt CO2-eq)

2.6 1.6 1.6 2020 450 420*

4.5 2.4 3.1 2040 650 1170*

8.5 4.3 8–12+ 2100 1250+ N/A

* from SR1.5, Table 2.2. Refers to 1.5°C and 2°C rather than RCP2.6 and 4.5, respectively, both with at least 66% chance with respect 
to uncertainties in the carbon cycle and in the climate system’s response to emissions, but not including the effects of – and 
uncertainty in – permafrost thawing.

1 Climate Analytics, NewClimate Institute and Potsdam Institute for Climate Research

Temperatures, “Nationally Determined Contributions” 
and Carbon Budgets in This Report
To calculate future temperature impacts, scientific studies 
largely use a set of three greenhouse gas pathways (called 
RCPs, for “Representative Concentration Pathways”) 
through 2100 that lead to changes in the planet’s energy 
balance, expressed as watts per square meter (W/m2). So 
RCP 2.6 results in 2.6 W/m2, RCP 4.5 leads to 4.5 W/m2 in 
2100, and so on.

These different levels of “climate forcing” translate 
into certain temperature ranges by 2100. RCP2.6 is used 
by many scientists and policy makers as a proxy for 1.5°C 
pathways, but actually overshoots a 1.5°C limit by a bit 
(see Table below). For the purposes of this report, RCP4.5 
is used as a proxy for 2°C; though in the models, RCP4.5 
actually results in a temperature above 2°C, reaching about 
2.4°C in 2100.

“High emissions” scenarios refer to RCP8.5, the high-
est level of human emissions considered. Despite the Paris 
Agreement, emissions today still appear to follow such a 
“business as usual” pathway, which has the world exceed-
ing 4°C by 2100. Although far above what cryosphere 
scientists would define as a lower-risk pathway, this report 
occasionally outlines what scientists project will occur if 
emissions continue on a high emission, RCP8.5 pathway.

Because the cryosphere in the past has responded 
most clearly to temperature, much of this report focuses on 
temperature rather than CO2 emissions, because changes 
in Earth’s temperature in the past sometimes came from 
other shifts such as slow changes in the Earth’s orbit 
around, or orientation towards the sun. For polar as well 
as global ocean acidification, however, CO2 concentrations 
are key; and once this CO2 is absorbed into the ocean and 
acidification occurs, these more “acidic” waters will per-
sist for tens of thousands of years, as outlined in the Polar 
Oceans chapter.

In reality, scientists today are quite certain that today’s 
temperature rise does come from human emissions of CO2; 
so one way to express human decisions to either continue, 

or slow down warming is through carbon budgets: the 
amount of CO2 and other carbon emissions that can 
occur before a certain temperature level is breached. The 
table below lists the remaining range of possible carbon 
emissions as outlined in the SR1.5. The limit amount – or 
budget – of carbon emissions related to a specific tem-
perature boundary is especially important as regards the 
contribution of permafrost emissions due to thaw at higher 
temperatures, a main focus of the Permafrost chapter. Usu-
ally such emissions are not included in carbon budgets, 
and would need to be added in order to accurately guide 
mitigation efforts limiting anthropogenic emissions.

Country commitments, or “Nationally Determined 
Contributions” (NDCs) were first made in connection 
with the Paris Agreement in 2015, and are scheduled to 
be updated by COP-26 in November 2020: in most cases, 
covering the period 2025–2030. Scientists agreed in the 
IPCC Special Report on 1.5 Degrees of Warming (SR1.5) 
that 2030 is the outer boundary for remaining on a 1.5°C 
pathway, which this Report makes clear has become an 
outer boundary for avoiding the most catastrophic future 
impacts from cryosphere dynamics. The SR1.5 identified 
different actions, or “emissions pathways” that will allow 
the Earth’s global mean temperature to remain within 
1.5°C. This Report uses the calculations of the Climate 
Action Tracker (CAT) to evaluate where current NDCs, or 
climate commitments will take the globe in terms of future 
temperatures, whether at the country or global level. The 
CAT is produced by a consortium of European research 
institutions1.

Scientific Reviewers
Joeri Rogelj, Imperial College London/IIASA and Drew 
Shindell, Duke University, IPCC SR1.5 Coordinating Lead 
Authors (Chapter 2, Mitigation Pathways); and Michiel 
Schaeffer, Climate Analytics, IPCC AR5 Contributing Author
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CHAPTER 1
Ice Sheets
SLEEPING GIANTS NO LONGER

Summary  For the Earth’s polar ice sheets on Greenland and Antarctica, holding enough 
combined 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 
between 1°, 1.5° and 2°C has resulted in very different states on Greenland and Antarctica at 
several times in Earth’s past. By 2°C, the Earth has had sea levels between 12–20m above 
today, from extensive melting of the West Antarctic Ice Sheet (WAIS), Greenland and likely 
parts of East Antarctica. These changes occured very slowly in the past, over thousands of 
years, because the processes that caused them also occured slowly. However, the observed 
rise in temperature over the past decades is much faster than anything documented in Earth’s 
past, making the rate of ice sheet loss and sea-level rise (SLR) difficult to predict. It may occur 
more quickly than both the models, and Earth’s past might show. Some studies show the 
WAIS threshold for collapse may have been crossed by 2015, at around 0.8°C global warming. 
	 Regardless, there is strong consensus that the risks of extensive melting from the ice 
sheets increases as both the peak in global temperatures, and the rate of warming rises. 
Today, if we could hold at 1° above pre-industrial temperatures, we are still likely committed 
to a very slow but unavoidable 1–3 meters minimum SLR, yet over thousands of years. 
Risks increase substantially at 1.5°, with the possibility of 6–9 meters SLR compared to 
today, coming from additional loss of Greenland and the West Antarctic Ice Sheet (WAIS), 
though this too would likely take many centuries to occur. 2° however shows an even 
greater risk of devastating sea-level rise, because both the West Antarctic Ice Sheet 
and Greenland have thresholds for near-complete melt somewhere near the 2° level, 
with vulnerable portions of the much larger East Antarctic ice sheet also posing a threat. 
	 The duration and extent of warming above 2° will increase the risk, speed and inevitability 
of the above changes. However, these processes, even WAIS collapse can be slowed, 
potentially by thousands of years if temperatures remain close to 1.5°, with an aim to return 
below that level as soon as possible.

Background
The massive ice sheets of Greenland and Antarctica consist 
of compressed snow that fell, in its oldest sections, up to 
a million or more years ago. In equilibrium, calving of ice-
bergs and outflow of melt water into the ocean balance the 
snowfall adding mass to the ice sheets. Observations now 
confirm that this equilibrium has been lost on Greenland, 
the West Antarctic Ice Sheet (WAIS) and Antarctic Penin-
sula; and key portions of East Antarctica.

Any change in the total mass of land ice bound 
within the land-based ice sheets of our planet has direct 

consequences for global sea level. During ice-age periods, 
when the ice sheets expanded significantly, sea level was 
more than 100 meters lower than today. During periods 
of warming, when the ice sheets lost mass, sea level rose 
accordingly. In addition, the topography of the ice sheets 
strongly influences atmospheric circulation at high latitudes. 
Changes in the height and extent of the ice sheets, together 
with incursion of new cold water into ocean currents from 
ice sheet melt, are reflected by changes in Earth’s weather 
patterns not only near the poles, but at lower latitudes.
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The Greenland ice sheet and parts of the Antarctic ice 
sheet have discrete thresholds where melt becomes inevitable, 
and (in the case of the West Antarctic Ice Sheet) potentially 
relatively rapid. In Earth’s past, several of these thresholds 
(driven by slow Earth’s orbital changes) have occurred some-
where between 1 and 2 degrees: about 1° for the WAIS and 
Antarctic Peninsula (3–5 meters SLR); and between 1.5° and 
2° for Greenland (7 meters SLR). Parts of East Antarctica, 
especially the massive Wilkes Basin (4 meters of potential 
SLR), may also have a threshold around or just beyond 2°. 
This combination likely explains why, in the Earth’s past, 
sea levels peaked at around 12–20 meters higher than today 
during sustained periods when temperatures reached 2°. 
During the height of the Pliocene 3 million years ago, when 
temperatures were between 2–3° higher than pre-industrial, 
sea levels peaked at around 20–25 meters.

Greenland will not reach a so-called tipping point until 
melting lowers its altitude, presumably over several cen-
turies. The Greenland ice sheet is over 3000 m thick and 
above 3000 m altitude in the interior. If the height of this 
ice sheet is lowered through melting, it eventually becomes 
exposed to above-freezing temperatures for longer time 
periods throughout the year, leading to eventual unstoppa-
ble loss of the entire ice sheet. The WAIS is a very different 
story: it does not really sit over land, but a vast archipelago 
of islands similar to Indonesia today (Figure). Much of its 
ice therefore rests on bedrock that is actually below sea 

level, sloping downwards from the coast inland (Figure). 
This allows warming water to eat away at the ice from 
below, and it can rapidly become unstable, collapsing into 
the ocean and raising sea level.

This kind of instability is also true for some sectors of 
East Antarctica, for example the Wilkes Basin noted above; 
which might account for sea levels in the past higher than 
could have been caused by the loss of the WAIS (5 meters), 
Greenland (7 meters) and mountain glaciers (1–2 meters) 
alone.

The main question for scientists and policy makers 
is the rate of change, and at what point these 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 – as fast as several cm a year should temperatures 
exceed 4°, for example (today, sea level rise is measured 
in mm per year). A key message for policy makers is that 
as the melt process accelerates, for significant sectors of 
the polar ice sheets it cannot be stopped or reversed until 
either temperatures go well below pre-industrial (initiation 
of a new Ice Age), or much of the ice sheet has flowed into 
the ocean. Practically speaking in other words, sea level 
rise is not reversible on human time scales.

Many scientists believe that this point of instability 
was already reached sometime before 2015 for parts of the 
WAIS and Antarctic Peninsula, when temperatures were 

FIGURE 1-1. Committed Sea-level Rise Beyond 2100 at Different CO2 Emissions and Temperatures

Over the long term, sea levels should rise very slowly if temperatures stay below 1.5°C (black bar, RCP2.6); but with high emis-
sions (red bar, RCP8.5) sea levels are projected to rise exponentially for centuries, with 2100 only the beginning.

DECONTO AND POLLARD, 2016
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around 0.8° above pre-industrial. Even if this is the case, 
however, modeling shows that the inevitable collapse can 
be slowed substantially if we remain below 1.5°, allowing 
human communities and ecosystems centuries, rather than 
decades, to adapt to higher sea levels should temperatures 
climb far higher (Figure based on Joughin et al. 2014).

A key uncertainty in this picture involves the degree 
of stability of the ice cliffs that will form as the floating ice 
shelves currently “holding back” the WAIS melt, leaving 
ice cliffs along the edges of the ice sheet that could be hun-
dreds of meters high. Eaten underneath by warmer water 
and broken apart by summer meltwater on the ice sheet 
surface, such ice cliffs would be inherently unstable and 
could collapse rapidly, potentially raising sea levels up to 
an additional meter within a century or two. (Figure, link 
to animation online version). The risk of this more rapid 
sea-level rise occurring becomes greater as temperatures 
pass 2°.

Regardless of the uncertainties surrounding the rate 
of future melt, we know that Greenland melt today is 
twice what it was 20 years ago; and three times higher 
from Antarctica. For a growing number of ice sheet experts 
therefore, the true “guardrail” to prevent dangerous levels 
and rates of sea-level rise is not 2° or even 1.5°, but 1° 
above pre-industrial. For these scientists, a key argument 
in favor of a 1.5° limit is that it will allow us to return more 
quickly to the 1° level, drastically slowing global impacts 
from WAIS collapse especially, preserving the ability of 
low-lying communities to adapt through sustainable devel-
opment, though sea levels will continue to rise for many 
centuries even after a return to lower temperatures.

Conversely, sea-level rise at rates of centimeters per 
year allows for neither adaption, nor development. The 
rate of future sea-level rise and associated risks to security 

and development depends entirely on future human emis-
sions of greenhouse gases. To maintain the possibility of 
staying below 1.5°, such steps must be determined by 2020 
and taken by 2030, in accordance with the IPCC SR1.5. 
Our human emissions will determine whether sea-level 
continues to rise on scales of millimeters, or centimeters 
per year and several meters in the long run; and thereby 
ruling whether impacts will be technically and economi-
cally manageable, or devastating and catastrophic.
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CHAPTER 2
Mountain Glaciers and Snow
PRESERVING GREATER REMNANTS AND WATER SUPPLIES 
AT 1.5°

Summary  The tropical glaciers of the northern Andes, East Africa and Indonesia 
are disappearing too rapidly to be saved, even at today’s temperature of 1°C above pre-
industrial. Many glaciers close to the equator are small and marginal in any case, and would 
have slowly disappeared after the last Ice Age; but global warming has accelerated this loss. 
Some of these highly symbolic tropical glaciers, especially in the northern Andes still likely 
would have provided a reliable seasonal source of water for many hundreds of years without 
current warming. Their early loss will impact rural populations in Peru, Bolivia and northern 
Chile. Severe losses also are occurring today from mid-latitude glaciers: the Alps, southern 
Andes and Patagonia, Iceland, Scandinavia, New Zealand and the North American Rockies. 
The good news is that these glacier regions can still preserve small but significant amounts 
of their ice if global temperatures remain at or below 1.5°C. With 2°C of sustained warming 
however, most of these mid-latitude glaciers will disappear entirely within a few centuries. 
At higher temperatures, their loss becomes even more rapid. In the essential watersheds of 
the Hindu Kush Himalaya and Central Asia, 1.5°C maintains around half to about two-thirds of 
their ice. At 2°C, much more will be lost, with regional impacts on water supply and potential 
for increasing political conflict, especially since projections show monsoon rains becoming 
far more unpredictable at 2°C as well. The very large glaciers in the Arctic and Antarctic 
Peninsula are also losing ice mass at today’s 1°C above pre-industrial, but like the Himalayas 
will lose much more at higher temperatures. While populations near these glaciers are 
small, their increased loss, together with loss of mid-latitude glaciers will affect large global 
populations due to higher sea-level rise, especially for the rest of this century. In addition to 
glaciers, mountains actually hold far more seasonal water in the form of snow. Snowfall has 
however become more unreliable in many mountain watersheds, with extremes of snow 
drought alternating with high amounts that increase risk of avalanche and flood. In many 
mountain snow systems, it now appears that snow generally is following the same trends as 
the glaciers: smaller amounts, with more snow today instead falling as rain; with economic 
impacts on farming, tourism, and sufficient water supplies for large urban populations even 
greater than impacts of retreating glaciers. Staying below 1.5°C will lessen all these impacts.

Background
Receding mountain glaciers in the European Alps, Ameri-
can Rockies, Andes, East Africa and elsewhere were among 
the first identified, visible impacts of climate change. 
Most of this observed retreat however arose from ongoing 
warming from the end of the Little Ice Age, with rising 
greenhouse gases only slightly speeding that retreat. Some-
time in the past 50 years however, anthropogenic climate 

change became the main driver of retreat for most glacier 
systems.

Glaciers and alpine snowpack have varying impor-
tance to nearby communities as a source of water for 
drinking or irrigation, with some contributing only a 
few percent over the course of a year, but of enhanced 
importance during dry seasons, heat waves and droughts. 
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Glaciers in the Andes, and those in the Indus and Tarim 
basins in the Greater Himalaya region, contribute most 
strongly to human water supply. While the increased 
melting of glaciers temporarily increases water supply, 
eventually the decrease and ultimate loss of glacial water 
resources may make current economic activities, including 
agriculture impossible in some regions, as well as decreas-
ing supplies for drinking water and basic household needs. 
This makes extensive adaptation or even leaving retreat as 
the only option, including by many indigenous mountain 
communities.

Glacier melt is accelerating, and expected to reach its 
peak in most regions sometime around 2050, after which 
(if temperatures rise to 2°C and beyond) eventually little 
or no ice remains to melt, as occurred with the Icelandic 
glacier Ok sometime around 2015 (Picture). Many glaciers 
however are disappearing every year, and with far less 
fanfare: in the U.S.’s Glacier National Park, only 26 of the 

original 150 glaciers present in 1900 still remained in 2017. 
Glaciers “work” by gaining snow at higher altitude, and 
losing it as meltwater at lower altitude. Warming means 
a rise in the altitude that separates net annual gain by 
snowfall turning to ice, from net annual loss by melting. A 
threshold is crossed when that altitude rises above the gla-
cier’s highest point. It then suffers net loss over its entire 
surface every year, and is doomed to eventually disappear 
entirely.

Many glacier systems have little resilience to rising 
temperatures. This is true especially in regions where cli-
mate change also leads to long-term drought such as the 
Tarim Basin of Northwestern China. Glaciers such as the 
tropical glaciers in East Africa and the northern and central 
Andes are not expected to survive at even 1.5°C of warm-
ing above pre-industrial. Those in western North America, 
the Alps, Iceland, Scandinavia, Svalbard and New Zea-
land similarly are unlikely to survive at 2°C of warming. 
However, modeling taken out to 2300 shows that 1.5°C 
pathways preserve at least some remnant of ice (between 
10–30%) of these mid-latitude glacier systems. (Figure).

In regions at higher latitude or altitude – the High 
Mountain Asia and high Arctic glaciers – about 50–60% 
of glacier ice will survive even 2°C degrees of warming, 
with losses potentially higher in the Hindu Kush Himala-
yas. However, a 1.5°C goal preserves far greater amounts; 
especially for key regions of India, Pakistan, northwestern 
China and Nepal that rely on seasonal meltwater from 
these high altitude glacier systems.

Snowpack, an even greater source of seasonal water 
supplies than the glaciers, now appears to be following a 
similar path of loss as mountain glaciers: with more swings 
and extremes of high snowfall and snow drought, but 
overall loss as temperatures rise above freezing at higher 
altitudes. This means that precipitation that would have 
fallen as snow in past decades, increasingly comes down 

FIGURE 2-1. Tropical Glaciers

Few tropical glaciers will survive even today’s 1°C, aside from remnants at altitudes above 6000 m.

FIGURES BASED ON MARZEION ET AL. (2012)
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Mountain Glaciers and Snow
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as rain. At lower elevations and latitudes, snow will fall 
less often or not at all; and seasonal snowpack will not 
form, resulting in loss of stored water in the snow itself 
and underground aquifers. Mountain snow sustains water 
supplies for people far beyond mountain regions, travelling 
great distances across grasslands and deserts to densely 
populated coastal regions. People in cities such as Los 
Angeles, Marrakech and in the Ebro-Duero basin of north-
ern Spain and Portugal are especially dependent on the 
water from snow.

This decreasing high-altitude snowfall has a counter-
part in the very well-documented decrease in snow cover 
and amounts in the Arctic since 1990. In both the Arctic 

and mountain regions, the well-being of people and many 
species depends on seasonal snow cover. In addition to 
threatening water supplies, decreases in snow cover neg-
atively impact snow tourism, especially in the U.S. West, 
New England and central Europe. Lack of mountain snow 
cover also appears to be increasing risk of wildfires, as well 
as catastrophic events such as mudslides in the wake of 
such wildfires.

A sharp strengthening of NDCs in 2020 towards 
1.5°C, including preferably stronger commitments in the 
near-term 2030–40 time frame, could make the difference 
between rapid and disruptive loss of regionally-important 
snow and glacier systems, and significant slowing of glacier 

FIGURE 2-2. Mid-Latitude Glaciers

Glaciers at the mid-latitudes are especially sensitive to the gradient between 1.5° and 2°C, with many disappearing by 2300 at 
2°C, but preserving some percentage of ice mass at 1.5°C.

FIGURES BASED ON MARZEION ET AL. (2012)
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loss that allows local communities time to adapt, even in 
those regions where glaciers are doomed to disappear com-
pletely at 1° or 1.5°C. This will have greatest benefit for 
communities in the Andes and Central Asia that are most 
dependent on glaciers as a seasonal source of water for 
drinking and irrigation, and on economies dependent on 
glaciers and associated snowpack for revenue from tour-
ism, such as the Alps and North American West.

Scientific Editors
Heidi Sevestre, University of Svalbard

Heidi Steltzer, Fort Lewis College and SROCC Lead Author

Scientific Reviewers
Guðfinna Aðalgeirsdóttir, University of Iceland, AR6 
Lead Author

Regine Hock, University of Alaska, SROCC and AR6 
Lead Author

Georg Kaser, University of Innsbruck, AR5 WG1 Lead Author

Ben Orlove, Columbia University, SROCC Lead Author and 
AR5 WG1 Contributing Author

Ben Marzeion, University of Bremen, SROCC Lead Author 
and AR5 WG1 Contributing Author

Philippus Wester, ICIMOD, AR6 Lead Author

Literature
Bliss A, Hock R, Radić V (2014) Global response of glacier runoff 

to twenty-first century climate change. Journal of Geophys-
ical Research: Earth Surface, 119:717-730, doi http://dx.doi.
org/10.1002/2013JF002931

Church JA, Clark PU, Cazenave A, Gregory JM, Jevrejeva S, 
Levermann A, Merrifield MA, Milne GA, Nerem RS, Nunn PD, 
Payne AJ, Pfeffer WT, Stammer D, Unnikrishnan AS (2013) 
Sea Level Change. In Stocker TF, Qin D, Plattner GK, Tignor 
M, Allen SK, Boschung J, Nauels A, Xia Y, Bex V, Midgley PM 
(eds.), Climate Change 2013: The Physical Science Basis. 
Contribution of Working Group I to the Fifth Assessment 
Report of the Intergovernmental Panel on Climate Change. 
Cambridge, United Kingdom and New York, NY, USA: Cam-
bridge University Press, doi:10.1017/CBO9781107415324

Gregory JM, White NJ, Church JA, Bierkens MFP, Box JE, van 
den Broeke MR, Cogley JG, Fettweis X, Hanna E, Huybre-
chts P, Konikow LF, Leclercq PW, Marzeion B, Oerlemans 
J, Tamisiea ME, Wada Y, Wake LM, van de Wal RSW (2013) 
Twentieth-century global-mean sea-level rise: is the whole 
greater than the sum of the parts? Journal of Climate, 26: 
4476-4499, doi: 10.1175/JCLI-D-12-00319.1

Huss M (2001) Present and future contribution of glacier 
storage change to runoff from macroscale drainage 
basins in Europe. Water Resources Research, 47:W07511. 
doi:10.1029/2010WR010299

FIGURE 2-3. Himalayan and Polar Glaciers

The water towers of the Himalayas preserve far more ice at 2°C compared to 1.5°C, as do the glaciers on the margins of 
Greenland and Antarctica that contribute greatly to global sea-level rise from glacier melt.

FIGURES BASED ON MARZEION ET AL. (2012)
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CHAPTER 3
Permafrost
IRREVERSIBLE EMISSIONS CUT CARBON BUDGETS:  
PEAK TEMPERATURES DETERMINE BY HOW MUCH

Summary  About one quarter of Northern Hemisphere land area contains permafrost – 
ground that remains frozen throughout the year and holds vast amounts of ancient organic 
carbon. Observations confirm that it is rapidly warming, and releasing that thawed carbon 
into the atmosphere as both CO2 and methane. Permafrost thaw is projected to add as 
much greenhouse gas forcing as a large country, depending on just how much the planet 
warms. In addition, new observations since the SROCC confirm that abrupt thaw processes, 
often triggered by extreme weather, can almost double emissions compared to earlier 
projections; and once thawed, former permafrost continues emitting carbon for centuries. 
Urgent human emission reductions, without temperature overshoot can therefore drastically 
lower permafrost carbon emissions. If we can hold temperatures to 1.5°C, cumulative 
permafrost emissions by 2100 will be about equivalent to those of Canada (150–200 Gt 
CO2-eq). In contrast, by 2°C scientists expect cumulative permafrost emissions as large as 
those of the EU (220–300 Gt CO2-eq). If global temperature exceeds 4°C by the end of the 
century however, permafrost emissions will be as large as those anticipated by 2100 from 
major emitters like the United States or China (400–500 Gt CO2-eq). These permafrost 
carbon estimates include emissions from the newly-recognized abrupt thaw processes from 
“thermokarst” lakes and hillsides, which expose deeper frozen carbon previously considered 
immune from thawing for many more centuries. As a result, the “anthropogenic” carbon 
budget to reach carbon neutrality and remain within 1.5° of warming must begin to take these 
“country of Permafrost” emissions into account. Only lower temperature emissions pathways 
that preserve as much permafrost as possible can minimize this potentially large contribution 
to future global warming.

Background
Permafrost is ground that remains frozen for at least two 
consecutive years, and covers nearly 25% of the Northern 
Hemisphere land area. It stretches across vast regions of 
the Arctic, especially Siberia, sometimes to a depth of over 
a thousand meters, and also occurs in mountain regions 
globally. Permafrost is a frozen mixture of soil, rocks, ice 
and organic material holding about twice as much carbon 
as currently exists in earth’s atmosphere. Cold tempera-
tures have protected this organic matter from thawing, 
decomposing and releasing its stored carbon to the atmos-
phere for many thousands of years.

Models project that the area covered by near-surface 
permafrost (in the first few meters of soils) will decline 

across large regions as temperatures rise. Today, at about 
1°C; the area of near-surface permafrost already has 
declined by about 25%. Scientists anticipate that 40% of 
permafrost area will be lost by 2100 even if we hold tem-
peratures close to 1.5°C globally. Over 70% of near-surface 
permafrost will disappear by 2100 should temperatures 
exceed 4°C, however.

As temperatures have risen however, permafrost not 
only has declined in area, but thawed to deeper depth and 
greater volume; beginning to release its stored carbon. 
Most of this released carbon comes as CO2. However, if 
permafrost thaws under wet conditions, such as under wet-
lands or lakes, some of that carbon enters the atmosphere 
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as methane. While not lasting as long in the atmosphere as 
CO2, methane warms 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.

Permafrost thaw occurs gradually over large areas, but 
is also vulnerable to abrupt thaw events that can result 
in large-scale erosion, ground collapse along hillsides and 
cliffs, and rapid building of new lakes or wetlands (called 
“thermokarst” processes). The collapsed ground rapidly 
exposes deeper carbon pools previously thought immune 
to warming over the near-term. The number of these rapid 
thaw events has increased as the Arctic warms, and might 
increase permafrost carbon emissions by as much as 50% 
as the planet warms to 1.5°C or more. Increasing wildfires 
in the Arctic due to warmer and drier conditions also cause 
deeper and more rapid thawing post-fire. Both gradual, and 
abrupt thermokarst thaw processes and their emissions are 
irreversible on human timescales, because new permafrost 
carbon will take many thousands of years to form. While 
new vegetation growing on thawed former permafrost 
soils might take up some portion of these emissions, that 
amount is dwarfed by the sheer scale of permafrost emis-
sions expected at warmer temperatures. In addition, some 
“permafrost” is actually located beneath the near-coast 
waters of the Arctic Ocean, on lands flooded at the end of 
the last Ice Age when sea-levels rose. Its current and future 

contribution to carbon emissions remains uncertain, but 
could be significant.

Permafrost emissions today and in the future are 
on the same scale as large industrial countries, 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 Canada (around 

FIGURE 3-2. Additional Near-Surface Permafrost Lost at 1.5°C v 3°C

Much more permafrost thaws and releases its stored carbon at 3°C as compared to 1.5°C. (Left) Loss of permafrost between 
now and 1.5ºC, and (right) loss of permafrost between now and 3ºC.

DATA: COMMUNITY LAND MODEL, CMIP6 DATA ARCHIVE

  

Maps of loss at 1.5 vs 3 degrees 

Data: Community land model, CMIP6 data archive

  

Maps of loss at 1.5 vs 3 degrees 

Data: Community land model, CMIP6 data archive

FIGURE 3-1. Proportion of Permafrost Emissions

Bars show total carbon budgets to stay below 1.5° and 2°. 
Light pink portion shows projected emissions from perma-
frost at these temperature levels.

SARAH CHADBURN
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150–200  Gt  CO2-eq). Should we instead reach 2°C, 
permafrost emissions will about equal those of the entire 
European Union, about 220–300 Gt CO2-eq by 2100. Even 
higher temperatures, exceeding 4° by 2100 if it maintains 
current emissions levels, will however result in up to 
400–500 Gt CO2-eq additional carbon release, adding the 
equivalent of another United States or China to the global 
carbon budget, the same scale as that for the current 
carbon budget to remain within 1.5°C.

Calculations of the remaining planetary carbon budget 
must take these indirect human-caused emissions from 
permafrost thaw into account to accurately determine 
when and how emissions reach “carbon neutrality”; and 
not just through 2100. Once thawed, former permafrost will 
continue to emit carbon for many hundreds of years, com-
mitting future generations to continually offset permafrost 
carbon emissions through negative emissions for some 
time, even after temperatures stabilize. To remain valid, 
future studies must begin to count permafrost emissions 
as another “NDC-P” or the Naturally Determined Contri-
bution of Permafrost.

Additional Risks
Thawing permafrost also can damage infrastructure, like 
roads, pipelines and houses, as the ground sinks unevenly 
beneath them. Coastal permafrost erosion has already 
required some communities in Alaska to abandon their 
homes. Russia faces the most extensive risk, with recent 
studies estimating infrastructure loss and damage of up to 
$100 billion by 2050 if current warming continues.

The greatest global risk however arises from the addi-
tional carbon released, which will decrease the carbon 
budget available to countries to prevent temperatures from 
rising above 1.5°, 2°C or more. Warming in the Arctic 
already is occurring more than two times faster than the 
rest of the planet, due in part to the loss of snowpack, gla-
ciers and sea ice. The exposed bare ground and sea water 
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Abrupt thaw (“thermokarst”) cliff showing newly-exposed ice and permafrost.

FIGURE 3-3. Abrupt Thaw of Permafrost

Abrupt thaw of permafrost causes large and sudden 
releases of carbon, with a greater percentage of fast-
warming methane.

GUSTAF HUGELIUS/BOLIN CENTRE
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absorb far more heat, further accelerating Arctic warming 
and additional loss of snow and ice. A 2°C higher annual 
temperature globally translates into 4–6°C higher annual 
temperatures in the Arctic, including increasing heat waves 
where temperatures exceed 20°C sometimes for weeks on 
end, leading to much greater permafrost loss in a continu-
ing feedback loop.

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 to also minimize negative emissions efforts by future 
generations. This will greatly decrease the amount of new 
carbon entering the atmosphere from permafrost thaw, 
and minimize the long-term burden of negative emissions 
efforts by future generations.
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CHAPTER 4
Arctic Sea Ice
INCREASING ICE-FREE CONDITIONS EMERGE BETWEEN 
1.5  AND 2 DEGREES,  WITH GLOBAL CONSEQUENCES

Summary  At 1.5°C global warming, Arctic sea ice remains unlikely to melt completely in 
any given summer. Even if it does, that ice-free period will be brief, with occasional ice-free 
summers (in September, at the annual minimum). As temperatures move just a bit higher 
however, to around 1.7°C, ice-free Septembers are expected to occur in most years. By 
2°C global warming, the Arctic Ocean will usually be ice free in summer for several months. 
This longer ice-free period will cause increased Arctic ocean warming, feeding back on air 
temperatures that in turn accelerate Greenland melt and associated sea level rise; accelerate 
permafrost thaw and associated carbon emissions; and also lead to a decrease in snow 
cover. All of these will make for faster rates, and greater scale, of overall global warming, 
making efforts to address the problem that much harder. Many parts of the Arctic ecosystem 
also depend on the existence of thicker, multi-year sea ice. These habitats might collapse 
with the complete disappearance of multi-year ice cover at 2°C global warming, an impact 
amplified by observations already today of more frequent ocean “heat waves.” Human 
communities also suffer direct consequnces, especially Arctic indigenous cultures reliant 
on the reliable presence of sea ice for many thousands of years. If we allow temperatures to 
reach and exceed 2°C above pre-industrial, which will occur at current NDCs, ice cover will 
become entirely seasonal: with the Arctic Ocean losing all ice in summer and regaining a 
new cover in winter that melts rapidly each spring.

Background
Arctic sea ice serves as an important regulator of tem-
perature in the northern hemisphere, acting as a “global 
refrigerator” because 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. It has served this 
role in the climate system almost continuously for over 
200,000 years.

The extent of Arctic sea ice that survives the entire 
summer has however declined by at least 35% since 1972, 
when reliable satellite measurements became available. In 
contrast to reflective ice, the darker ocean water absorbs 
heat, amplifying Arctic and overall global warming. In 
addition, whereas until quite recently most of the sea ice 
in the Arctic was very thick multi-year ice, with an average 
lifetime of several years and wide-spread winter sea-ice 
thickness of 3 meters or more, today’s ice is mostly formed 

the previous winter, and thinner than 2 meters. The total 
volume of Arctic sea ice has therefore declined by nearly 
two-thirds, far more than its area.

This extreme recent loss of summer sea ice is one of 
the causes of “Arctic amplification”, which refers to the 
greater rise in temperature that has been observed in the 
high latitudes of the northern hemisphere compared to 
the rest of the globe. It also carries significant weather, 
ecological, and economic consequences. These include 
loss of livelihood for indigenous cultures dependent on 
stable sea ice for hunting and fishing. It also has been sug-
gested to include influences on the jet stream, which has 
changed mid-latitude weather systems, as exemplified by 
the extreme cold or warm periods in recent years that can 
be related to a more “wobbly” jet stream and less stable 
polar front zones. Sea ice loss relates to ecosystem loss, 
especially for marine species that have evolved with an ice 
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“ceiling” much of the year, and those that depend on these 
in the food chain.

Sea ice around the continent of Antarctica has been 
comparatively stable over the past few decades of satellite 
observation, growing in some regions and decreasing in 
others. However, recent observations document very sharp 
declines beginning in 2014, equal to or exceeding those in 
the Arctic but occurring over the space of only a few years, 
rather than decades. If this trend holds, sea ice-dependent 

habitats along Antarctica’s coast and in the Southern 
Ocean would begin to show similar negative impacts as 
those in the Arctic.

Summer Arctic sea ice extent has often been seen as 
a bellwether of climate change, with great attention paid 
to the September minimum each year. In reality however, 
sea ice thickness and extent has declined for all months; 
and the consensus of sea ice scientists is that the nature 
of Arctic Ocean ice cover already has fundamentally 
changed and crossed a threshold to a new state. Thinner 
and younger ice has replaced much of the multi-year ice 
that circulated several years around the North Pole, before 
being discharged south along Greenland through the Fram 
Strait. This “ecosystem of ice” no longer exists. Instead, 
more than half of Arctic sea ice now consists of first-year 
ice that largely melts each summer, and with the “older” 
ice existing on average for only 2–3 years.

Despite this fundamental change already at today’s 
temperatures, public focus remains on when the first 
ice-free summer will occur: something which the Arctic 
likely has not experienced since at least the Holocene 
spike in warming after the last Ice Age 8,000 years ago; 
and possibly not since the warm Eemian period 125,000 
years ago, which today’s temperatures almost equal (and 
when sea-level was 4–6 meters (13–20 feet) higher than 
today). Like many climate change impacts, Arctic sea ice 
loss over the past three decades has not occurred gradually, 
but sometimes in abrupt loss events when combinations 
of wind, as well as warmer temperatures pressed extent 
lower. It is likely that near-complete loss of summer sea ice 

FIGURE 4-1. Ice-free Conditions by Month and 
Temperature

Latest research projects ice-free conditions ranging from 
briefer periods in September around 1.7°, to several months 
by 2°C.

BASED ON NOTZ AND STROEVE, 2018
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Thick, multi-year ice provides a rich ecosystem not visible from above.
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(defined  as dipping below 15% of the Arctic Ocean, or 
1 million square kilometers) will occur with such a sudden 
event, then perhaps not occur again for several years; until 
total-loss summers become more frequent and (if temper-
atures continue to rise) by the end of this century, become 
the norm for some portion of each summer.

The occurrence of the first ice-free summer is therefore 
very unpredictable, but most scientists are fairly confident 
one could occur before 2040 given current temperature 
pathways. In making their projections, the SROCC and 
SR1.5 relied on the more numerous global studies, since 
fewer focus on the Arctic region or take into account recent 

observations of sea ice decline. Global models however, 
especially in the past but even those currently used, under-
estimate the actual sea ice loss that has been observed 
since about 1990. In contrast, studies that incorporate more 
regional models, together with observations (even if these are 
fewer in number) track current sea ice much better, though 
still underestimating current losses slightly. These predict 
ice-free summers starting somewhere around 1.7 degrees, 
with longer ice-free periods each summer by 2°C.

Both regional and global models however agree that 
ice-free summers will become the norm in the Arctic 
should temperatures rise much above 2°C, with ice-free 
summers far more rare at 1.5°C. This in turn will minimize 
the impacts noted above in terms of lower ice sheet and 
glacier loss; lower levels of permafrost thaw and carbon 
release; and less disruption to Arctic marine ecosystems.

Additional Risks
The global impact of complete Arctic summer sea ice loss is 
likely to further accelerate global warming and its impacts. 
Given the greater absorption of solar heat from open water, 
it will lead to higher fall and winter temperatures in the 
Arctic, as well as potentially affecting the weather pat-
terns of the middle latitudes of the northern hemisphere 
with unusual weather patterns that remain difficult to 
predict, but likely involve incidences of persistent weather 
(drought or rainy periods) such as the extreme drought 
seen in Scandinavia in the summer of 2018, which led to 
crop and livestock losses as well as extensive wildfires. 

FIGURE 4-3. Sea Ice and CO2 Emissions

Arctic sea ice has declined in close correlation to the rise in 
CO2 emissions.
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FIGURE 4-2. Multi-year Arctic Sea Ice Loss 2000–2019

Thicker multi-year sea ice, which used to dominate the Arctic environment has nearly vanished today.
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Additional permafrost loss and especially melting on the 
margins of Greenland and from Arctic land glaciers would 
lead to greater release of greenhouse gases from perma-
frost, and higher sea-level rise. The scale of such impacts is 
highly unpredictable, as the Arctic has never been ice-free 
in modern human existence.

Finally, while some Arctic governments declare that 
an ice-free summer Arctic will bring economic opportu-
nity, it is important to balance such statements with the 
global impacts elsewhere. In other words, the 2°C above 
pre-industrial that creates the summer ice-free conditions 
that will allow exploitation of Arctic resources, will also 
lead to the risks and societal disruptions noted elsewhere 
in this report, such as 4–10 (or more) meters committed 
long-term sea-level rise, and potential fisheries/ecosystem 
damage from acidification. Such adverse impacts almost 
certainly will eclipse temporary economic benefits brought 
by an ice-free summer Arctic, even among Arctic states and 
those moving to invest there.
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CHAPTER 5
Polar Ocean Acidification, 
Warming and Freshening
STRESSORS ON POLAR ECOSYSTEMS AND FISHERIES:  
NO FURTHER PLACE TO SWIM

Summary  The Arctic Ocean and Southern Oceans contain some of the world’s richest 
fisheries and most diverse marine ecosystems. Their cold waters absorb carbon dioxide 
(CO2) from the atmosphere much faster than those at lower, warmer latitudes. This makes 
them an important carbon sink, drawing CO2 from the atmosphere and helping to hold down 
global heating. This “sink” comes at a cost for polar marine environments, however, because 
it also results in higher rates of acidification than anywhere else on Earth; and at a time when 
they face extreme stress from other climate change impacts as well, especially in the Arctic. 
Warming there has caused a decrease in sea ice coverage throughout the year. As important, 
at today’s 1°C above pre-industrial it has caused the near-total disappearance of the thick 
multi-year ice that used to be many meters thick and persist for 7–10 years. This older and 
thicker ice can be thought of as the “coral reefs” of polar oceans, where many species at 
the base of the Arctic food chain live. With all multi-year ice projected to disappear by 2°C, 
so too may the species that rely on them. Polar waters are also warming, with more extreme 
heat events, and temperatures beyond which polar species evolved to survive. At the same 
time, these warming waters bring competition from new invasive species moving further 
polewards: but polar ocean species eventually cannot move any further north (or south) 
to survive. Other changes include freshening of polar waters from glacier and ice sheet 
melting, adding additional stress on high-latitude species and ecosystems, with effects that 
we already are seeing today. 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 ecosystems, and the fisheries and aquaculture that depend on them, 
beyond our recognition. A world at 1.5°C or lower can limit these irreversible effects on polar 
ocean ecosystems and fisheries.

Background
Increasing CO2 concentrations lead not only to climate 
change, but also to increasing rates of acidification of the 
world’s oceans. In addition to providing valuable food 
and other resources, the ocean provides a vital but less 
visible service to the global climate system by absorbing 
CO2 and limiting global warming, despite sharp increases 
in human carbon emissions. However, this carbon absorp-
tion comes with a price: when dissolved into seawater, CO2 
forms carbonic acid. This phenomenon is known as ocean 

acidification; and its levels today are higher than at any 
point in the past three million years.

Ocean acidification is more severe in cold-water 
ocean environments, which absorb CO2 more quickly. The 
Southern Ocean (around Antarctica), the Arctic Ocean, and 
associated high-latitude seas are home to important fish-
eries; and are acidifying far more quickly than any other 
oceans on the planet.
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Since pre-industrial times, as human emissions of 
CO2 have grown, global average acidification levels have 
increased by 30%; with atmospheric CO2 now above 400 
ppm and temperatures about 1°C above pre-industrial. In 
some parts of the polar oceans however, acidification has 
increased by 40% or more, fundamentally changing polar 
ocean chemistry.

Global temperatures peaking at 1.5°C will occur at 
atmospheric CO2 levels of around 450 ppm, which scien-
tists of the Inter-academy Panel (a consortium of national 
Academies of Sciences) identified in 2009 as an upper 
boundary for global ocean acidification. This represents 
an additional 30% increase in acidification globally, with 
higher levels again projected in polar waters. However, by 
2°C CO2 levels will have reached around 550 ppm; acidity 
will have increased by nearly 100% globally from pre-in-
dustrial times, and more than doubled in polar oceans.

Ocean acidification dissolves the minerals that marine 
animals need to make their shells and structures, such as 
a coral’s skeleton. As the seawater becomes “corrosive” 
due to CO2, these shell-building minerals break down. In 
this way, ocean acidification harms the ability of organ-
isms such as snails, urchins, clams, and crabs to build and 
maintain their shells. Acidification also challenges non-
shell-building organisms, preventing them from growing 
and reproducing normally.

Atmospheric CO2 levels above 510 ppm, which will be 
passed sometime between 1.5°C and 2°C, are projected to 
cause widespread areas of corrosive waters in the Southern 
Ocean for these shell-building species. The Arctic Ocean 
appears to be even more sensitive: it likely has large regions 
of corrosive waters already seasonally at atmospheric CO2 
levels between 400 and 450 ppm, well within even the 
1.5°C boundary. Indeed, the world is at 410 ppm today, 
and shell damage has been observed for several years now 
in some regions of the polar oceans where acidification 
thresholds have been exceeded already due to local condi-
tions. These corrosive areas began expanding in the Arctic 
Ocean in the 1990s.

In other words, because of their greater sensitivity, 
polar oceans already appear to be nearing a critical ocean 
acidification chemical threshold. There is high likelihood 
that these changes are a harbinger of much worse to 
come, due to CO2 already in the atmosphere continuing 
to be absorbed in coming years and decades, until, and 
unless, CO2 levels begin to fall sharply. In the Southern 
Ocean, the ability of some vulnerable organisms to build 
shells declined by around 4% between 1998 and 2014. 
Pteropods – tiny marine snails known as “sea butterflies” 
– are particularly susceptible to ocean acidification and 
these expanding corrosive waters, with some shell damage 
observed today in portions of the Gulf of Alaska, Bering 
and Beaufort seas; as well as in portions of the Southern 
Ocean. Pteropods are hugely important in the polar food 

web, serving as an important source of food for young 
salmon, cod and other species.

Global ocean acidity has been relatively stable over 
the past several million years. Almost all marine life today, 
including that of the polar oceans evolved to live in this 
relatively narrow band of ocean chemistry. Although some 
older marine organisms, such as horseshoe crabs managed 
to survive changes equivalent to those occurring today in 
the geologic past, those changes always took place over 
many thousands of years. Today’s rate of change is unprec-
edented however in at least the past 65 million years, when 
severe oceans changes, including acidification occurred, 
resulting in the mass extinction of many shelled organisms. 
The speed of today’s acidification is therefore a key part 
of its threat: it is simply occurring far too quickly to allow 
many species to evolve and survive.

The chemical process of ocean acidification is well 
understood. The difficult reality for polar ecosystems is 
that the exact threshold for serious impacts from higher 

FIGURE 5-1. Corrosive Shell-Building Conditions 
at Higher Emissions

Difference between acidification conditions in a 1.5° world 
(RCP2.6) (lower map), and a 4° world (RCP8.5) (upper 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).
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CO2 concentrations on marine organisms and ecosystems, 
as compared to these laboratory studies, will not really be 
known until they actually occur: first in isolated regions 
and with early-warning vulnerable species, such as the 
sea butterflies of some Arctic and Antarctic waters noted 
above; but then spreading to more regions and species.

At that point however, there is no known way for 
humans to reverse this damage, because these more acidic 
conditions will then persist for many thousands of years. 
This is because processes that buffer (remove) the acidity 
from the ocean occur very slowly, over nearly geologic 
time scales. Although CO2 “only” lasts for 800–1000 years 
in the atmosphere, it will take several thousands of years 
before ocean acidification levels begin to decline. Indeed, 
tens to hundreds of thousands of years will be necessary 
to bring acidification and its impacts back to pre-industrial 
levels, following the weathering of rocks on land into the 
ocean. This very long lifetime of acidification in the oceans 
is one reason why mitigation efforts focused on “solar-radi-
ation management,” as opposed to decreasing atmospheric 
CO2 represent a special threat to the health of the world’s 
oceans, especially those at the poles.

The impacts of acidification come as both the polar 
oceans are warming at increasing rates, with marine “heat 
waves” occurring further polewards, with greater intensity 
and more frequently. The Southern Ocean has warmed 
more than many other ocean regions, and seems increas-
ingly important in overall global ocean heat increase. Over 
large areas of the seasonally ice-free Arctic, summer sur-
face water temperatures have increased by around 0.5°C 
per decade since 1982, primarily due to sea ice loss and 
an inflow of ocean heat from lower latitudes beginning in 
the 2000s. Future projected Arctic warming will result in 
continued loss of sea ice, increased river run-off into the 
oceans and freshening of seawater. Warming waters result 
in a poleward movement of other species, decreasing the 
ranges of polar species as they face increased competition 
for food resources. 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 in summer 2019 seem to be associated with 
these marine heatwaves.

The freshening of polar oceans represents an additional 
stress for polar species. Polar oceans already have a lower 
salinityfrom freshwater coming off melting sea and land 
ice, but this incursion of freshwater will increase as the ice 
sheets, local glaciers and permafrost melt as temperature 
rises. Ice-associated algae (plants) and animals also are 
being lost as sea ice declines due to warming. Therefore 
the loss of Arctic sea ice, especially thicker multi-year ice, 
which served as a kind of “polar ice reef” on which many 
species built their existence, further stresses the polar food 
chain. The projected effects of climate-induced stressors on 

Top: Healthy living pteropod. Middle: Observed moderate 
shell damage (Arctic). Bottom: Observed severe shell 
damage (Arctic).
Images courtesy Dr. Nina Bednaršek
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polar marine ecosystems present risks for commercial and 
subsistence fisheries, with implications for regional econ-
omies, cultures and the global supply of fish and shellfish.

The bottom line is that ocean acidification will have 
earlier and greater impacts on polar ecosystems and 
organisms; with even more, some potentially irreversible, 
occurring at higher temperatures and atmospheric CO2 
concentrations. This increased acidification also comes at 
the same time that polar species face other threats from 
climate change such as warming waters, ice-loss and fresh-
ening due to increased river run-off and ice melt. There is 
no doubt that intense acidification in the gradient between 
CO2 levels today, through 1.5°C and beyond 2°C risks 
severe negative impacts for a range of polar marine organ-
isms, from the smallest plankton to the largest fish, with 
severe consequences for polar ecosystems, fisheries and 
aquaculture. The only known way to slow the process of 
polar ocean acidification is through cutting the amount of 
CO2 entering the atmosphere, aiming to hold levels within 
the 450 ppm range associated with warming of 1.5°C.
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