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Figure 1. Greenland Ice Mass Changes  The Earth’s polar ice sheets on Greenland and Antarctica

together hold enough ice to raise sea level by 65 meters.
As temperature and rates of warming rise, their risk of
multi-century irreversible melting increase. The Earth’s
climate record makes clear that warming above even 1°C
over pre-industrial levels has resulted in very different
coastlines in Earth’s past, due to extensive melting of the
West Antarctic Ice Sheet (WAIS), Greenland and likely parts
of East Antarctica; even at the 1.5°C mark. At today’s 11°C,
both Greenland and Antarctica are losing ice at rates nearly
unthinkable by researchers just two decades ago.
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The observed human-induced global temperature rise the past 50 years is much
faster however than anything documented in Earth’s past, with CO, increases
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 been observed over the past few decades.

The subject of intense research
over the past ten years, the
WAIS is emerging as especially

Figure 3. Cross-section Figure 4. West Antarctic
through West Antarctica Ice Sheet Collapse
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vulnerable even at relatively E A
low future emissions. This is s . g
because much of its ice does -
not really sit over land, but rather = = = == = = oo

N Distance (km) Today Total WAIS Collapse
a vast archipelago separated by . (SLR 3-6 meters)

extremely deep ocean basins

nearly 3 km deep in places. Much of that ocean bed slopes downwards toward

its center (Figure 3). As warming ocean water melts the 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. In addition, atmospheric

-~ N N " N "
‘0' ‘4, . warming causes cracks in surrounding ice shelves, allowing

water to seep in and destabilize them. Once they collapse,
as has already been seen on the Antarctic Peninsula, their
buttressing effect on the ice sheet ends.

Together, these processes may cause very rapid ice sheet
loss from West Antarctica over just a few centuries (Figure 4).
Some modeling and observations even seem to indicate

3y that sections of the WAIS, especially the massive Thwaites

L -

Georgetown, Guyana Glacier may already have passed a point of no return; but

with very low emissions, its loss can likely be slowed.

-4 Even so, global sea levels will continue to rise for centuries,
";' reaching around 2-3 meters above today’s level in the
2 next few hundred years, with about half a meter occurring
S within the next 50-100 years. One meter is almost certainly

Wiami, Florida inevitable within the next 100 years, given emissions and

warming to-date.
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Even with “optimistic” current NDCs, temperatures will still peak somewhere
above 2°C, a level that puts Greenland well into its risk zone for irreversible melt.
Greenland responds in a more predictable, linear manner than the WAIS to rising
atmospheric temperatures. In contrast to much of Antarctica, the Greenland ice
sheet sits entirely on land, and is over three kilometers thick at its highest point.
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 eventual unstoppable loss of most of the ice sheet.
The median temperature where this point is reached
appears to be around 1.6°C.

There are disturbing indications that these irreversible
surface melt processes are beginning to be set in motion.
The first recorded rain at Summit Station — the highest point
of the Greenland ice sheet — occurred in August 2021 and

Melt Extent 2022

g “ lasted several days. In 2022, Greenland experienced a
f*"y \‘ spike in surface melting in early September for the first time
s e ity in the satellite record, with over one-third of the ice sheet

experiencing melt and conditions above freezing at Summit
Station (Figure 2), and a smaller spike even in late September.
A new study of Greenland based on observed melt conditions
over the past 20 years calculated that nearly 30cm sea-level
rise from Greenland is now inevitable at today’s temperatures,
= well above IPCC ARG estimates (Figure 3)

Rise from Greenland

Primarily because of a relatively accelerated Greenland ice
loss, and slow collapse of portions of the West Antarctic Ice
Sheet (WAIS), as well as loss of nearly all glaciers, global sea levels eventually
would reach 3-6 meters therefore at this “optimistic” temperature level, especially
if sustained over time. Even higher levels cannot be ruled out: the last time
temperatures exceeded the 2°C threshold in Earth’s past, sea-level rise was

6-9 meters. More troublingly, a steady predictable rate of sea-level rise from ice
sheets is less certain at 2°C, and so the rate and amount of sea-level rise could
be greater already by 2100.
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Figure 2. Rapid Sea-Level Rise 14,000 years ago
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Similar conditions to the WAIS have now been found to exist Figure 1.
on parts of East Antarctica through coordinated scientific
efforts over the past five years. Three regions seem markedly
similar to the WAIS, with inward-sloping basins potentially
subject to rapid collapse (map at right). Recent modeling taking
into account these conditions, as well as Antarctica’s behavior
in the past, suggests that although the East Antarctic Ice Sheet
was once considered relatively stable even at relatively high
temperatures of 3-4°C, it could contribute substantially to sea
level rise if temperatures rise above Paris limits.

Yellow circles mark vuinerable
portions of East Antarctica

Better understanding of ice sheet behavior,
especially interactions between the ice and the
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Current Rise in CO, (2-3ppm/year, 2100 range 4-5°C and rising)

Should we continue on our current path of rising CO,
emissions, loss of large portions of both polar ice sheets

* - and all glaciers will occur. WAIS collapse would be inevitable
~ and potentially rapid, with sea-level rise of 2 meters possible

‘ by 2100, and up to 5 meters by 2150. 10 meters sea-level
rise from all sources is likely by 2300 once the 4°C mark is
" passed. Sea-level rise will continue for many centuries even
< with temperature stabilization and slow decline, with the

\'. eventual complete loss of the Greenland ice sheet. Such a

China, Korea, and Japan

rapid rise in atmospheric CO, concentrations and temperature
has no counterpart in Earth’s geologic record, but Antarctica
is known to have had

s st e

Figure 3. Areas of Current Rapid

Meltwater Pulse 1A . “E  warming oceans that surround them, informs us
15-18 m over 350 years. -3 R . .
13 that ice sheet collapse and potentially more rapid
*<  sea-level rise cannot be ruled out. While sea-level
a2 . H
2 rise mostly occurred very slowly in the past, over
'

'
Y

thousands of years, there have also been periods
when extremely rapid rise of around 4 meters per
century occurred due to rapid ice sheet collapse.
Termed “melt-water pulses,” the last took place
relatively recently in Earth’s past, around 14,000 years ago.
Global sea levels then rose between 12—18 meters in just
350 years (Figure 2).
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will push ice sheets in ways not

seen since the end of the last Ice

Age, 20-10,000 years ago. WAIS

collapse is likely to be rapid

once temperatures exceed 3°C, with involvement of

portions of East Antarctica (such as Totten Glacier) '

and greater loss from Greenland. WAIS collapse would Y

be well along by 2300. Sea-level rise will continue

at a relatively rapid pace for many centuries and be

essentially permanent on human timescales, ending at

15-20 meters or more above today’s level based on ice W

sheet behavior at these temperatures in Earth’s past.
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“The rate of future sea-level rise, and associated risks
to security and development, now largely depends on
human decisions on future emissions of greenhouse
gases. To maintain the possibility of staying below
1.5°C, CO, 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
much human settlement along coastlines within the next few centuries, and to
displace hundreds of millions of people.” State of the Cryosphere 2022
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exact thresholds might
be debated, ice sheet
scientists agree that
higher temperatures,
sustained for longer
periods of time, will
result in faster melt; and
more rapid rates of sea-
level rise.

Pre-Industrial

Temperatures above

A key message for global policy makers, businesses and coastal communities is that
as ice sheet melt processes accelerate at these higher temperatures, they cannot
be stopped or reversed for many thousands of years, even once temperatures
stabilize or decrease with the achievement of net-zero emissions or carbon
dioxide removal (CDR). Ice core and sea level records clearly show that it may
take only a few centuries to shrink an ice sheet drastically, but tens of thousands
of years to grow it back. Sea level lowering from these new highs will not occur
until temperatures go well below pre-industrial, initiating slow ice sheet re-growth.
Sea-level rise caused by overshoot of Paris Agreement goals is therefore an
essentially permanent impact, one not reversible on human time scales.
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Glaciers gain mass from snowfall at higher altitudes,
and lose it to rain and meltwater at lower altitudes.
Global warming means that a given glacier will
experience a net loss of ice every year at higher
and higher elevations, so that the annual gain

by snowfall turning to ice decreases, and is
outpaced by increasing loss from melting each
year. A threshold is crossed when the entire glacier,
from bottom to top is losing ice every year: at that
point, the glacier is doomed to eventually disappear
entirely. This is what the majority of glaciers in the

European Alps experienced during the summer of 2022, with major ice bodies
losing more than 5% of their total volume in one single melt season.

Many glaciers of the northern Andes, East Africa and Indonesia, especially those
close to the Equator, are disappearing too rapidly to be saved even with very
low future emissions. These glaciers have mostly been shrinking since the end
of the last Ice Age, but global warming has greatly accelerated their melting.
They may not recover until temperatures fall below pre-industrial, or the next

Ice Age. Some of these, especially in the northern Andes, would have provided
a reliable seasonal source of water for many hundreds of years without human-
induced warming. Their loss — which for some glaciers may

occur by mid-century — would impact rural populations

in northern Peru especially, as well as in Bolivia and 100
northern Chile. While they may be small, “tropical” glaciers
are of tremendous cultural importance to many local
communities. In Africa, these include the Rwenzori glaciers |
(from which part of the Nile arises) and the glaciers of W0 200 200 200
Kilimanjaro and Mt. Kenya.

Tropical Glaciers

— Very Low Enissions
— ntermediate Enissons
— VeryHigh Emissions

% of Remaining lce

Year

Severe losses also are occurring today from “mid-latitude” A ‘ZZ Samofhe
glaciers: these include the Alps, southern Andes and i

Patagonia, Iceland, Scandinavia, the North American o

Rockies and New Zealand. These losses will continue HI }

at a steep rate over the next several decades just due w00 A0 20 230

Republic of Congo are among the sources of the Nile. After
many years of extreme loss, 2022 abservations seem to
suggest some stabilzation - for now.
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Year

to current warming, with

smaller glaciers disappearing completely and others
decreasing to only 10-20% of their previous size (see
glacier graphs). With very low emissions however,
these losses will slow and eventually stabilize, with
some remnants remaining. Some projections even
show slow re-growth beginning between 2100 and
2300, but only with very low emissions entailing
50% reductions by 2030, and essentially zero
emission by 2050.

Text from the 2022 State of the Cryosphere Report at:
www.iccinet.org/statecryo22
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Fulfillment of All 2022 Pledges/NDCs (1.9°C in 2100, overshoot >2°C after 2100

Even under this supposedly “optimistic” scenario, by 2300 the only surviving
glaciers of any size will be limited to the polar regions and highest mountains,
such as the Himalayas. Even in these regions, glaciers may shrink to one-half or
one-third of their current size. Snowfall also will become more rare, falling instead
as rain that may at times be extreme in this warmer climate, leading to increased
erosion, flooding and landslides. In regions such as the

western Americas and Himalayas, this loss of glaciers and Glaciers of Western Canada & US

100
snowpack will radically affect seasonal water supplies. Y
K 60-
Glaciers are showing that they can melt, and even w0
disappear completely, over the space of just decades R h
or a century. When Glacier National Park in the U.S. 000 p prr——
was created in 1910, it had around 150 glaciers; today, Year
fewer than 30 remain, and those have shrunk by about " laciersof Hindu Kush Himalayas
wo-thirds. T
two-thirds. "
Glaciers and snowpack have g 0
varying importance to nearby :: ‘
communities as a source of 0,{
water for drinking or irrigation, we e L™
with some contributing only a Yoy Low s
~— Very Low Emissions
few percent over the course of a —_ \ntermediate Emissions
year, but of greater importance — Very High Emissions ey

during dry seasons, heat waves
and droughts. Glaciers in some
regions, such as the Andes,

or the Indus and Tarim

Himalaya region, contribute
a high amount of water to human water supplies;
in the dry Tarim and Aral Sea basins, close to 100%
during the summer months.

AR

Agriculture n the Tarim River basin of northwest China is

While their melting has been clearly rapid, large
glaciers grow back only slowly, especially at
temperatures above pre-industrial. Extensive
adaptation needs to begin immediately to prepare for this future, even as
mitigation to preserve as much of these glaciers as possible is also prioritized.
“Restoration” to sizes present in the 1900’s will be a matter of many centuries

or even millennia: on human timescales therefore, an essentially permanent
change to the mountain landscape. For the billions dependent on mountain
water resources, “optimistic” NDCs will be too late: very low emissions are key to
ensuring as little ice as possible is lost during this current period of rapid decline,
preserving the ecosystem services glaciers provide.

summer growing season
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Implemented NDCs and Policies as of 2022 (2.7-3.1°C and rising in 2100)

In addition to glaciers, mountains also hold water in the
form of snow. In fact, far more seasonal freshwater is
stored in snowpack as opposed to glaciers. Snowfall

has however become more unreliable in many mountain
watersheds, with extremes of “snow drought” alternating
with high amounts of snow that increase the risks of
avalanche and flood. In many mountain snow systems,
we now see that snow is following the same downward
trajectory as the glaciers: smaller amounts as temperatures
rise above freezing at higher and higher altitudes, with
precipitation that would have fallen as snow in past
decades increasingly coming down as rain. With these
higher temperatures, snow will fall less often or not at all
at lower elevations and latitudes. The winter season will
shorten. Seasonal snowpack will not form, resulting in
loss of stored water in the snow itself and in underground
aquifers, as rainfall tends to run off more quickly.

This carries economic harm for farming and tourism, and
threatens the availability of sufficient water supplies for
downstream populations. Mountain snow sustains water
supplies for people far beyond mountain regions, traveling
great distances to densely populated regions. People

in cities such as Los Angeles, Delhi and Marrakech, for
example, are seasonally dependent on water from snow.

% of Remaining Ice % of Remaining Ice

9% of Remaining Ice.

Glaciers of Patagonia & Southern Andes.

2000 200 2200
Year

Glaciers of Scandinavia

2300

| —— |

2000 200 200
Year

Glaciers of New Zealand

2300

2000 200 2200
Year

—— Very Low Emissions
~— Intermediate Emissions

—— Very High Emissions.

In the western U.S,, rising temperatures have paired with snowpack loss,

leading to ever more severe seasonal shortages of water. At the other extreme,
precipitation in spring and fall months coming as rainfall rather than snow can
lead to extreme flooding downstream, as occurred in Bangladesh and Pakistan

in summer 2022. Lack of mountain snow cover also increases the risk of wildfires,
as well as catastrophic events such as mudslides in the wake of wildfires.

Above: Khyber Pakhtunkhwa (KPK), Pakistan, 2022.

In addition to snow loss at this emissions
scenario, rapid losses will continue in nearly
all glacier regions for the next two centuries.
By 2300, virtually no glaciers will remain
anywhere on the globe outside the polar
regions, Patagonia and Himalayas, where
only 20-35% of ice will remain. With such very
high glacier loss, meaningful glacier re-growth
(even with temperatures returning to those of
today) will likely take many centuries or even

millennia, though snowpack could return as
soon as temperatures decline.

Text from the 2022 State of the Cryosphere Report at:
www.iccinet.org/statecryo22
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Should the current CO, rise in the atmosphere continue,
very few glaciers will remain anywhere on the globe by
2200. Mid-latitude glaciers such as those of Scandinavia
and the Alps will be 90% gone already by 2100. We

saw a presaging of such rapid loss during the extremely
warm summer of 2022,
ice of Switzerland was lost in a single season;
Germany now has only four small glaciers remaining.
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“A sharp strengthening

towards 1.5°C, including stronger commitments in
the near-term 2030-2040 timeframe, could make
the difference between rapid and disruptive loss
of regionally-important snow and glacier systems,
and significant slowing of glacier loss that allows
local communities time to adapt, even in those
equatorial and mid-latitude regions where glaciers
are destined to disappear completely at 1.5°C.”

Great Aletsch Glacier

when 6% of the remaining

In “high altitude and high
latitude” regions — such as

the Himalayas, very high
southern Andean peaks,
Alaska and Iceland — only 35-75% of glacier volume

will remain by 2200 under high emissions. Even these
glaciers, many of them nearly as massive as those
forming parts of the Greenland and Antarctic ice sheets,
will begin showing more rapid loss shortly thereafter.
Also with high emissions, and global mean temperature
rise exceeding 4°C by 2100, any substantial seasonal
snowpack will become a rarity outside the poles and very
highest mountains even in winter.

ier in 2017 (top), i ith high emis
(lower left), and in 2100 with low emissions (lower right).

In contrast, if we follow a very low emissions pathway, the
glaciers and snowpack of especially High Mountain Asia
— so very important for seasonal water resources needed
by billions in the region — will stabilize and begin to return.
At all higher emissions levels resulting in temperature rise
above 2°C, losses will continue for centuries, in addition
to the losses already “locked in” at today’s temperatures.
With very high emissions similar to our growth rate today,
this loss would be quite rapid.

of climate pledges in 2022
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Permafrost

Very Low Emissions
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-6 C peak temperature
Declining below 1.5°C post-2100

Very Low and Low Emissions (Peak 1.6-1.8° and declining by 2100)

Permafrost is ground that remains frozen through at least two years. It covers
22% of the Northern Hemisphere, and holds vast amounts of ancient organic
carbon. Observations confirm that permafrost is rapidly warming and releasing
part of that thawed carbon into the atmosphere as both carbon dioxide (CO,) and

methane.
Permafrost Emissions Today at 11 Permafrost thaw is projected to add as much greenhouse gas
With Emissions forcing as a large country, depending on just how much the
fobate planet warms. Today, at 11°C of warming above pre-industrial,
Comitted annual permafrost emissions annual permafrost emissions are about the same as Japan’s,
to. zmu‘ will be. abn‘l\ﬁjgvessg:!: 3’5’2:)/32; N
e o currently about the seventh largest global contributor of human
[ —— emissions.
Even with low emissions, thawed permafrost will add Permafrost Decreases Our Carbon Budget

carbon dioxide and methane to the atmosphere at a rate
on par with human emissions from India today, totaling
around 150-200 Gt CO, by 2100 (figure at right).

1200 With Low
® Emissions
1000 { = (16°C Peak
I ereraure)
800 |
Committed annual

Once permafrost thaw has occurred 600 | permafrostemisons 0
Emissions Continue for Centuries however, its emissions continue for a0 | annual emissions today,

after Initial Thaw

61C0:¢ Remaining Carbon Budget

centuries; perhaps doubling that

about 256tlyear, total
0 - 250200600
0

1000 amount by 2300 (figure at left), even i5%

80 as atmospheric temperatures begin N——
2 to decline sometime between 2060-
i - 2080. Future generations will need
g to deploy and continue carbon dioxide removal strategies to

o - l balance these long-term emissions until they cease, simply

0 [Er—— to hold temperatures steady. Surface permafrost will largely
- disappear below the Arctic Circle, and from nearly all mountain

regions globally, with extensive infrastructure damage. Even
in this low emissions scenario, such local impacts will force a
number of Arctic communities to relocate entirely.

“The only means available to minimize these growing risks is to keep as much
permafrost as possible in its current 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.” State of the Cryosphere 2022

Text from the 2022 State of the Cryosphere Report at:
“ard  wwwiccinet.org/statecryo22
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Permafrost

Fulfillment of All 2022
Formal/Informal Pledges

.9OC in 2100

Overshoot >2°C post-2100

Fulfillment of All 2022 Pledges/NDCs (1.9°C in 2100, overshoot >2°C after 2100

Permafrost Emissions at 2°C Even with “optimistic” NDCs, permafrost
Lo will add carbon dioxide and methane to the
£ oo | 1 atmosphere at a rate on par with human
5 o emissions from the European Union today,
% ] totaling around 220-300 Gt CO, by 2100.
T w0 These permafrost emissions will continue for
2 Comitted annual centuries after peak temperature is reached
g permafrost emissions A
© 102100 onscale of the between 2120-2140. Future generations

we 7 o ot v ill d to depl d conti b

s S, e, L Ty 2 20 Ma\;ZZUVS\)UGICE{z ' will nee! o ep Oy and continue carbon

dioxide removal strategies equal to

these long-term permafrost emissions
until they cease, simply to hold temperatures steady. Near-surface permafrost
will disappear in extensive regions below as well as above the Arctic Circle.
Most existing infrastructure built on vulnerable permafrost i §

Multi-generational Permafrost

will require replacement. Once triggered, permafrost carbon Emissions at 2°C
loss is essentially permanent on human timescales, because
drawdown of carbon into refrozen new permafrost soils takes
centuries to thousands of years.

800

GHCOse Emitted

600
In June, nearly three dozen leading permafrost researchers “ I
and policy experts published a consensus paper (Abbott - —
et al., 2022) which identified 0
several key messages: 1) It is
not too late to prevent future
permafrost loss by reducing
fossil fuel emissions, but continued high emissions
- will accelerate permafrost thaw and related CO, and
methane emissions; 2) Urgent action is required to
reduce intergenerational consequences; 3) Permafrost
carries deep ecological and cultural significance for
Arctic communities; and perhaps most important: 4)
There are no “miracle cures” to protect the global
climate system from generations of unstoppable
permafrost emissions without urgent and deep
emissions cuts consistent with the 1.5°C goal of the
Paris Agreement.

15C 2C 15T 2T
Loss of Permafrost Since Pre-industrial By 2100 By 2300
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Permafrost Emissions at 3°C

Permafrost

Implemented NDCs and
Policies in 2022

.7OC in 2100

Overshoot >3°C post-2100

Implemented NDCs and Policies as of 2022 (2.7-3.1°C and rising in 2100)

Already today, permafrost is vulnerable to abrupt thaw
events that can result in collapse and erosion (Figure).
This can further accelerate thaw by exposing additional
permafrost to warmer air temperatures and rain. Current
global climate models have not included such abrupt thaw
processes, which expose deeper frozen carbon previously

| = Committed amual permafiost—— considered immune from thawing for many more centuries.

emissions to 2100 on scale

e e e, The Number of these rapid thaw events has increased as

post-fire permafrost thawing. At high latitudes, where
much permafrost is located, most emissions from
wildfire originate from slow-burning underground
combustion of peat — rather than the combustion of
above-ground biomass.

[ty r——

If current implemented NDCs do not improve, memwmm“mm‘mmmmmg
permafrost thaw will add carbon dioxide and methane  because of erosion caused by ciimate change.
to the atmosphere at a rate on par with human

emissions from the United States today, totaling around 350-400 Gt CO, by
2100. These emissions will continue for centuries, even after peak temperature is
reached between 2150-70. Future generations will need to deploy and continue
carbon dioxide removal strategies equal to these
long-term emissions until they cease well past
2300, simply to hold temperatures steady. Over
70% of original pre-industrial surface permafrost
globally will have disappeared. Extensive erosion,
due to permafrost thaw, ice-free conditions in
northern seas, and more violent storms will require
extensive replacement or relocation of coastal and
riverside Arctic infrastructure in Russia, Canada
and Alaska. In September 2022, the remnants of
Typhoon Merbok caused severe devastation and

Oblast, June 2020

erosion of coastal permafrost in western Alaska.
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Permafrost Emissions at 4°-5°C

Permafrost

Current Rise in CO,
(2-3ppm/year)

.50C in 2100

Overshoot >6°C post-2100

Current Rise in CO, (2-3ppm/year, 2100 range 4-5°C and rising)

Should we continue on our current path of rising CO,
emissions, by 2100 permafrost thaw will have added carbon
dioxide and methane to the atmosphere at a rate on par
with human emissions from the China today (5-10 Gt/year).
While China’s current NDC plans a drop in emissions to net
zero in 2060, those from permafrost will continue at that

10 Gt annual average level throughout, thus totaling around
400-500 Gt CO, by 2100.

total =350-400GCO;e the Arctic warms and might increase permafrost carbon * Conmitedsnuapermatos These high permafrost emissions will continue for some
e e 9 G 1 2, v .. L 1o 21
emissions by as much as 40% as the planet warms. Cinss snnil emisions ody, A _ -
. o i about 10 Guyear, but niie centuries after peak temperature is reached, which may
Increasing wildfires in the Arctic due to warmer and Chind's panned reduction . .
. . ) SIS, tonetzero by 2060 those not occur until well after 2200, such that future generations
drier conditions also cause deeper and more rapid gf;;‘m"“i"&vqg'g:;"w will need to deploy and
400-50061C0,e by 2100 p y Permafrost thaw (left) is followed

continue carbon dioxide
removal strategies equal to these long-term
emissions until they cease well past 2400,
simply to hold temperatures steady.

by centuries of emissions (right)

Surface permafrost will largely disappear globally
with massive impacts on infrastructure and
population in the permafrost region. Subsea permafrost beneath the shallow
coastal waters of the Arctic Ocean may also release greenhouse gases. These
are permafrost soils flooded as sea levels rose at the end of the last Ice Age
(figure below left). Their current and future contribution to carbon emissions
remains uncertain, but could be significant.
Estimates of total amounts vulnerable

to release are highly uncertain, but

range from 14-110 Gt carbon 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.

Map of Permafrost Domain,
including Coastal (Subsea) Permafrost (blue)
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Increasing CO, concentration leads not only to climate
change, but also increasing rates of acidification of the
world’s oceans. Oceans provide a vital service to the
global climate system by absorbing CO,; limiting global
warming. However, such ocean carbon absorption
comes with a price: when dissolved into seawater, CO,
forms carbonic acid. This phenomenon is known as
ocean acidification; and makes it more difficult for shell-building animals to build
and maintain their structures. Rates of acidification today are faster than at any
point in the past 300 million years.

The Arctic and Southern Oceans have absorbed the lion’s
share of this dissolved CO,, mostly because colder and
fresher waters can hold more carbon. By some estimates,
polar waters have absorbed up to 60% of the carbon taken
up by the world’s oceans thus far. They have higher rates of
acidification than anywhere else on Earth. Observations of
shell damage once only seen in the laboratory are now being
seen in the wild, already at today’s 420ppm (Pictures, left).

Even emissions reductions in line with the Paris agreement
— at least 50% remissions by 2030 — still will raise CO, levels
to a peak of between 440-480 ppm, depending on the
scale of permafrost emission feedbacks. In some portions of
the Arctic and Southern Oceans, this will lead to prolonged
ocean acidification (Figure, above right).

e e

Even should CO, levels in the atmosphere return to pre-industrial levels, it will
take 30-50,000 years for these more “acidic” (low pH) conditions to return to
the levels found today. This is because the buffering process — a return to more
normal pH levels — is incredibly slow, including by thousand-year processes
such as the weathering of rocks. These corrosive conditions stress all marine
organisms, especially those with shells (made of calcium carbonate), which may
be pushed out permanently from the most affected regions.

In addition, isolated marine heatwaves and related marine die-off events are
likely to occur each year, until water temperatures decrease to at least today’s
levels sometime after 2200. Freshening from polar glacier and ice sheet melt may
decrease the availability of needed nutrients in surface waters, causing changes
in the food web.

In the Arctic Ocean, although at least one ice-free summer will occur before
2050, sea ice levels should stabilize at new low levels before the end of the
century, beginning to limit additional warming of polar waters.
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With the disappearance of sea ice for several months each summer, Arctic

and near-Arctic waters will warm significantly faster, and hold heat longer.

CO, concentrations will be greater than 500ppm, resulting in harmful long-
term acidification levels spreading throughout much of the Arctic and Southern
Oceans, as well as impacting important fisheries in the Barents, Bering, Beaufort
and Amundsen Seas. Such conditions, which will persist for several thousand
years, may also begin to appear seasonally in other “hot spots” further from the
poles, such as the North Sea and waters off western Canada, Iceland and the
Canadian Maritimes.

The impact of multiple stressors — increased
acidification, marine heat waves, and greater
freshening from meltwater off both polar ice
sheets — on food webs and fisheries in these
regions could be significant. Impacts on the
Atlantic Meridional Overturning Current (AMOC)
and other ocean currents will be greater than at
lower emissions.

Mutli-year ice, the rich “coral reef” of the Arctic ecosystem, is almost
gone already today.

Exposure to new stressors such as nanoplastics
could worsen the effects of acidification for
polar marine species. Increasing permafrost
melt from rising temperatures will provide another source of acidification, as
organic carbon is released into Arctic waterways especially.

In the Arctic Ocean, summer sea ice will disappear nearly every September
starting at ¥1.7°C global warming, and the autumn freeze-up process will begin
later. By the 2.2°C peak, ice-free conditions will occur as early as June and persist
well into November. This will greatly accelerate sea-level rise from melting of the
Greenland ice sheet and Arctic glaciers, as well as
carbon emissions from thawing permafrost.

Today’s Arctic ecosystem essentially will be lost,
with some Arctic species replaced by those invading
from the south as the Arctic Ocean becomes more
like its southern counterparts. In the Southern
Ocean, Antarctic species such as krill will face similar
pressures and competition from more northerly
latitudes.

Killis an important component n the Southern Ocean
ecosystem, as well s a protein-rich commercialproduct,
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With CO, concentrations above 550ppm, ocean acidification and multiple
stressors will spread southward and persist for longer periods each year.
Significant extinctions of cold-water polar species will become more likely, as
Figure 1 Male Snow Crab Abundance, waters both warm and become more corrosive for
Eastern Bering Sea (Alaska) tens of thousands of years. Species are struggling
to survive even with conditions from climate change
present today: in October 2022, Alaska halted the
snow crab harvest in the Bering Sea for the first

Thousand Metric Tons

50 time, after a population crash that leaves the future
S e mw  me  mw  Of the species uncertain (Figure 1), dealing a harsh
O ———————— economic blow to local fishing.

With acceleration of Greenland melt, severe slowing and even shutdown of
the AMOC cannot be ruled out. This would lead to severe and unpredictable
disturbances to global weather patterns, which at this temperature level would
already be more extreme from a warmer and wetter atmosphere.

The 1.7°C Arctic summer sea ice threshold of loss could be reached already by
~2040. Ice-free conditions during summer, as well as much of spring and fall,
will further accelerate Greenland melt and related sea-level rise and permafrost
emissions, with additional acidification from permafrost run-off.

Ecosystem disruption will become more pervasive,
reaching also into near-Arctic waters such as the
Barents, Bering, and North seas, in concert with
lower salinity due to extensive meltwater and
worsening ocean acidification. These changes will
disrupt plankton and algae growth in summer, with
cascading effects up the marine food web. With
greater ocean warming from the 3.1°C temperature Salmon fingerings
peak, recovery of Arctic sea ice would take centuries.

“Both 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; until, and unless, human-caused CO, levels
begin to fall sharply.” State of the Cryosphere 2022

Tmillion Common Murres died during this 2016
event,the largest known die-offof a sngle bird
pecies ever, from starvation after a marine
heat wave in the Bering Sea.

[
b Text from the 2022 State of the Cryosphere Report at:
[= www.iccinet.org/statecryo22

Scientific Reviewers
Nina Bednarsek, Southern California Coastal Sam Dupont, University of Gothenburg Peter Thor, Swedish Meteorological and
Water Research Project Hydrological Institute (SMHI)

Richard Bellerby, East China Normal University/
Norwegian Institute for Water Research

Helen Findlay, Plymouth Marine Laboratory
Paul Wassmann, UIT — The Arctic University of
N

Humberto E. Gonzalez, University Austral of Chile/
jorway.

Fondap IDEAL

Polar Oceans

Acidification,
Warming and Freshening

Current Rise in CO,
(2-3ppm/year)
~ 650-1000ppm peak CO,

l5°C in 2100

Overshoot >6°C post-2100
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In 2008, a gathering of ocean scientists identified 450ppm as a critical acidification
threshold for the polar oceans especially. At our current rate of CO, growth in the
atmosphere, we will reach that level in just 12 years.

Should we continue further on our current emissions pathway, CO, levels would
reach 650ppm well before 2100 and potentially rise much higher with permafrost
emissions feedbacks and reduced uptake of CO, by natural systems. Essentially
permanent corrosive conditions would occur throughout the entirety of the Arctic
and Southern Oceans (Figure 1), and last for 50-70,000 years (Figure 2).

Figure 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 showe. itions,"a ¢ h

have difficulty building or maintaining their leadi il decli i i fish,
with Ioﬁa! biodiversity towards simplified food webs.

Few of today’s polar species, especially shell-building species and those
associated with sea ice, are likely to survive such a radical change in environment
on multiple fronts. In addition to acidification and sea ice loss, this would include
much warmer water from atmospheric warming, as well as from incursion of warm
water from the mid latitudes; and much fresher waters from accelerating ice sheet
melt, with potentially rapid collapse of the West Antarctic Ice Sheet.

Ocean current disturbances and related weather impacts from this rapid incursion
of ice sheet meltwater would likely be extreme and unpredictable.

In the Arctic, conditions of ecosystem Figure 2. For ocean species, acidification is essentally permanent.
collapse noted above will be apparent by Feeovery e rom seication $0.000-70,000 years
2030, spreading throughout the Arctic )
Ocean far more rapidly than with lower
emissions. Depending on peak global A N
mean temperatures, recovery of Arctic —
sea ice to even today’s conditions (if '%mumr';) g
temperatures return to around 1°C) would

likely take over 1000 years, as the Arctic Ocean will hold this heat for so long.
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g
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Mass extinction of many polar and near-polar species will be the result. Mounting
research indicates that a high emissions scenario would lead to catastrophic
polar marine species loss already by 2100. The scale of loss would be on par
with the five mass ocean extinction events in Earth’s past, with polar and near-
polar oceans particularly vulnerable. Economically important species such as cod,
herring and salmon are extremely unlikely to survive in the wild, especially as
food webs are likely to be less diverse and resilient.
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