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Climate 
reality check

• Limiting global warming to 1.5 ˚C unattainable as 
near/mid-term goal

à Implications for Arctic, Arctic research community & globe?



Rantanen et al. (2022) 
Comm. Earth & Env.

Arctic amplification of 
global warming

• 3-fold warming rate 
for Arctic relative to globe 
(Zhou et al., 2024) 

• Arctic amplification key to 
understanding impacts 
& informing responses



Potential for disruption of
key services & benefits 
Arctic provides for humanity

Hajo Eicken ● International Arctic Research Center

Regulation of, e.g.,:
• Climate
• Sealevel

Support of, e.g.,:
• Marine foodwebs
• Biodiversity

Provision of, e.g.:
• Food 
• Transportation corridor

Cultural services for, e.g.:
• Subsistence activities
• Cultural landscape
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portion of the archipelago (Agnew et al., 2001; Alt et al.,
2006; Howell et al., 2006).

While the Eastern and Western Canadian Arctic regions
are experiencing increases in total accumulated open wa-
ter, a more detailed spatial examination reveals regional
variations in increases or decreases of sea-ice concentra-
tion (Fig. 5). This variability has important implications
for cruise ship operations throughout the Canadian Arctic
because certain routes may be subject to heavier-than-
normal ice conditions as a result of ice movement. This
highlights the major pitfall for ships navigating the North-
west Passage—invasion of the cruise channels of the
Northwest Passage by multi-year ice from the Canadian
Basin or the Queen Elizabeth Islands, or both (Falkingham
et al., 2001; Melling, 2002; Howell and Yackel, 2004;
Howell et al., 2006). Multi-year ice is thicker, stronger,
and takes longer to break up than seasonal first-year ice
and thus presents a serious navigation threat to transiting
ships.

Statistically significant decreases in sea-ice concentra-
tion during the 1968 – 2005 period are apparent in Baffin
Bay (Fig. 5), suggesting that entrance to the Northwest
Passage from Baffin Bay likely would be feasible. How-
ever, difficulties arise in the vicinity of Lancaster Sound,
where there is an observable increase in ice concentration
that is likely multi-year ice from the Canadian Basin being
exported through Nares Strait. Once in the Northwest
Passage, many multi-year ice navigation hazards or “choke
points” are present for each route of the Passage. Choke
points first present themselves at Barrow Strait, southern
Peel Sound, and Franklin Strait, as these regions are
susceptible to multi-year ice invasions from the Queen
Elizabeth Islands (Howell and Yackel, 2004; Howell et al.,
2006). Certain regions within the Queen Elizabeth Islands
exhibited both increases and decreases in sea-ice concen-
tration from 1968 to 2005 (Fig. 5). The more northerly of
the Queen Elizabeth Islands contain very high concentra-
tions of thick multi-year ice. When warming perturbations

reach this region, multi-year ice can flow into the Parry
Channel and subsequently into the lower-latitude regions
of the Canadian Arctic Archipelago, creating more choke
points (Melling, 2002; Howell and Yackel, 2004; Howell
et al., 2006).

The most direct route through the Northwest Passage is
via Viscount Melville Sound into the M’Clure Strait and
around the coast of Banks Island. Unfortunately, this route
is marred by difficult ice, particularly in the M’Clure Strait
and in Viscount Melville Sound, as large quantities of
multi-year ice enter this region from the Canadian Basin
and through the Queen Elizabeth Islands. As Figure 5
illustrates, difficult ice became particularly evident, hence
problematic, as sea-ice concentration within these regions
increased from 1968 to 2005; as well, significant increases
in multi-year ice are present off the western coast of Banks

FIG. 3. The Hanseatic cruise ship visiting Pond Inlet, Nunavut, in August 2006
(photograph by Emma J. Stewart).

FIG. 4. Total accumulated open water in the Queen Elizabeth Islands, Western
Canadian Arctic, and Eastern Canadian Arctic.

E.J. Stewart

A. Mahoney

Eicken et al. (2009) Arctic



Rapid change and “tipping elements”

• External forcing or internal 
variability
à state changes of key 
earth system components 
(tipping elements)

• Relevance for earth 
system:

• Feedbacks
• Path dependency & 

hysteresis 

PàÆÌ�®ÆĭÌà¿��v©©àĭ�ß����ÌĭvÌĭ©�vÆÌĭµ¯�ĭstable state orĭvČÂv�ÌµÂ that 
the system will return to from a set of initial conditions. The quality of 
ŌvČÂv�Ì�µ¯ōĭµÂĭ�à¯v®��v©ĭÆÌv��©�Ìàĭ�ß�ÆÌÆĭ���vÏÆ�ĭµ�ĭvĭ¿Â��µ®�¯v¯��ĭ
µ�ĭ�v®¿�¯�ĭł¯��vÌ�Ù�Ńĭ�����v�§ĭÌ�vÌĭÂ�Æ�ÆÌÆĭ��v¯��įĭ µÂĭ�ßv®¿©�İĭ
��ĭàµÏĭ¿ÏÆ�ĭ�v�§ĭ¥ÏÆÌĭvĭ©�Č©�ĭ��Ìĭµ¯ĭvĭ��v�ÂİĭÌ��ĭÂ�ÆÏ©Ì�¯�ĭ��v¯��ĭ�¯ĭÌ��ĭ
�v©v¯��ĭµ�ĭ�µÂ��Æĭv�ÌÆĭÌµĭ�Â�¯�ĭàµÏĭ�v�§ĭÏ¿Â���ÌįĭV��Æĭ�Æĭv¯ĭ�ßv®¿©�ĭ
of perturbing the system away from a stable state. It will tend to 
Â�ÌÏÂ¯ĭÌµĭÌ�vÌĭÆÌvÌ�ĭĿĭvÌĭ©�vÆÌĭ�µÂĭÆµ®�ĭÂv¯��ĭµ�ĭÆ�å�Æĭµ�ĭ¿�ÂÌÏÂ�vÌ�µ¯įĭ

ÏÌĭ��ĭàµÏĭ¿ÏÆ�ĭ�v�§ĭÌµµĭ�vÂĭµ¯ĭvĭ��v�ÂĭàµÏĭ®vàĭĄ¯�ĭàµÏÂÆ�©�ĭÂv¿��©àĭ
ÌÂv¯Æ�Ì�µ¯�¯�ĭ�¯Ìµĭv¯ĭv©Ì�Â¯vÌ�Ù�ĭÆÌv�©�ĭÆÌvÌ�ĭĿĭÆ¿ÂvÚ©��ĭµ¯ĭàµÏÂĭ�v�§ĭ
µ¯ĭÌ��ĭąµµÂįĭ

V��Æĭ�Æĭv¯ĭ�ßv®¿©�ĭµ�ĭ��ľÆÌv��©�ÌàĭĿĭàµÏĭv¯�ĭÌ��ĭ��v�ÂĭvÂ�ĭvĭÆàÆÌ�®ĭ
with two alternative stable states. In between there is a balance point, 
which is an unstable state, because a small nudge either way will 
Æ�¯�ĭàµÏĭ�v�§ĭÏ¿Â���ÌĭµÂĭµ¯ĭÌµĭÌ��ĭąµµÂįĭV��Â�ĭv©Æµĭ�ß�ÆÌĭÆàÆÌ�®ÆĭÚ�Ì�ĭ
®Ï©Ì�ľÆÌv��©�Ìàĭł®µÂ�ĭÌ�v¯ĭÌÚµĭv©Ì�Â¯vÌ�Ù�ĭÆÌv�©�ĭÆÌvÌ�ÆŃįĭ µÂĭvĭÆàÆÌ�®ĭ
with alternative stable states, there are three main ways that a tipping 
¿µ�¯Ìĭ�v¯ĭµ��ÏÂĭł ��ÏÂ�ĭđŃį
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STATE

TIPPING TO
NEW STATE

Bifurcation-induced Noise-induced Rate-induced

Figure 2: V�Â��ĭÌà¿�Æĭµ�ĭÌ�¿¿�¯�ĭ¿µ�¯ÌįĭP���®vÌ��ĭÂ�¿Â�Æ�¯ÌvÌ�µ¯Æĭµ�ıĭł©��ÌŃĭ���ÏÂ�vÌ�µ¯ľ�¯�Ï���ĭÌ�¿¿�¯�ĭł ��ÏÂ�ĭĐŃĲĭł®���©�Ńĭ¯µ�Æ�ľ�¯�Ï���ĭÌ�¿¿�¯�İĭ
v¯�ĲĭłÂ���ÌŃĭÂvÌ�ľ�¯�Ï���ĭÌ�¿¿�¯�įĮ

Pµ®�Ì�®�ÆĭÚ��¯ĭvĭÆàÆÌ�®ĭ�Æĭ�µÂ���ĭ�àĭ��v¯��¯�ĭ�ßÌ�Â¯v©ĭŌ�µÏ¯�vÂàōĭ
�µ¯��Ì�µ¯ÆĭĿĭÆÏ��ĭvÆĭ�©µ�v©ĭÚvÂ®�¯�ĭµ�ĭv¯ĭ���ĭÆ���ÌĭĿĭÌ��ĭÆÌvÌ�ĭÌ�vÌĭ
it is in can lose stability. It may reach a bifurcation point where the 
current stable state disappears and the system moves to another 
łÆÌv�©�ŃĭÆÌvÌ�ĭµÂĭvČÂv�ÌµÂİĭÚ�Ì�ĭvĭ�µÂÂ�Æ¿µ¯��¯�ĭÁÏv©�ÌvÌ�Ù�ĭ��v¯��ĭ
�¯ĭ���vÙ�µÏÂįĭPÏ��ĭÆ���ÌÆĭ�v¯ĭ��ĭÆ®µµÌ�ĭĿĭÆÏ��ĭvÆĭÚ��¯ĭvĭ¿Â�Ù�µÏÆ©àĭ
ÆÌv�©�ĭÆàÆÌ�®ĭ����¯ÆĭÌµĭµÆ��©©vÌ�įĭ?ÂĭÌ��ĭÆàÆÌ�®ĭ®vàĭÏ¯��Â�µĭvĭ
catastrophic bifurcation where it moves discontinuously to a 
��ā�Â�¯ÌĭÆÌvÌ�ļvČÂv�ÌµÂįĭV��Æĭ�ÆĭÌ��ĭ®µÆÌĭÚ���©àĭ��Æ�ÏÆÆ��ĭÌà¿�ĭµ�ĭ
tipping point in the literature and is referred to as bifurcation tipping 
ł ��ÏÂ�ĭđİĭ©��ÌŃįĭ�¯ĭ�ßv®¿©�ĭ�ÆĭÌ��ĭ©µÆÆĭµ�ĭÌ��ĭ!Â��¯©v¯�ĭ'��ĭP���ÌĭĿĭvÆĭ
Ì��ĭÆÏÂ�v��ĭ®�©ÌÆĭ�Ìĭ���©�¯�Æĭ�¯ĭv©Ì�ÌÏ��İĭ¿ÏČ�¯�ĭ�Ìĭ�¯ĭÚvÂ®�Âĭv�Âĭv¯�ĭ
causing further melt. A bifurcation tipping point can be reached where 
Ì��ÆĭÂ��¯�µÂ��¯�ĭ�����v�§ĭ���µ®�ÆĭÆ�©�ľ¿Âµ¿�©©�¯�ĭĿĭ®�v¯�¯�ĭÆ®v©©�Âĭ
Æ�å�Æĭµ�ĭÌ��ĭ���ĭÆ���ÌĭvÂ�ĭ¯µÌĭÆÌv�©�İĭv¯�ĭÌ��ĭ���ĭÆ���Ìĭ�Æĭ�µ®®�Č��ĭ
to irreversibly shrinking to a much smaller size, or disappearing 
v©Ìµ��Ì��ÂįĮ

d��¯ĭvĭÆàÆÌ�®ĭ�vÆĭv©Ì�Â¯vÌ�Ù�ĭÆÌv�©�ĭÆÌvÌ�ÆĭłvČÂv�ÌµÂÆŃĭ�Ìĭ�v¯ĭ�ß����Ìĭ
hysteresis, meaning the state the system is in depends on its history 
ł ��ÏÂ�ĭĒŃįĭd��¯ĭ�µÂ���ĭ�¯ĭµ¯�ĭ��Â��Ì�µ¯İĭÌ��ĭÆàÆÌ�®ĭ®vàĭ¿vÆÆĭvĭ
Ì�¿¿�¯�ĭ¿µ�¯Ìĭ�Âµ®ĭµ¯�ĭÆÌv�©�ĭÆÌvÌ�ĭłvČÂv�ÌµÂŃĭÌµĭv¯µÌ��Âİĭ�ÏÌĭÚ��¯ĭ
the forcing is reversed to the same level it may remain in the other 
ÆÌvÌ�ĭłvČÂv�ÌµÂŃİĭv¯�ĭ�ÏÂÌ��ÂĭÂ��Ï�Ì�µ¯ĭ�¯ĭ�µÂ��¯�ĭ�Æĭ¯�����ĭÏ¯Ì�©ĭvĭ
��ā�Â�¯ÌĭÌ�¿¿�¯�ĭ¿µ�¯Ìĭ�ÆĭÂ�v����įĭPÏ��ĭ�àÆÌ�Â�Æ�Æĭ�Æĭvĭ§�àĭÆµÏÂ��ĭµ�ĭ
�ÂÂ�Ù�ÂÆ���©�ÌàĭÚ��¯ĭ�ÂµÆÆ�¯�ĭvĭÌ�¿¿�¯�ĭ¿µ�¯Ìįĭ µÂĭ�ßv®¿©�İĭÚ��©�ĭÌ��ĭ
Greenland Ice Sheet requires some global warming to be tipped 
into irreversible loss, if the ice sheet is lost it will not regrow at the 
Æv®�ĭÌ�®¿�ÂvÌÏÂ�ĭ©�Ù�©İĭ¯µÂĭvÌĭÌ��ĭ¿Â��¯�ÏÆÌÂ�v©ĭÌ�®¿�ÂvÌÏÂ�ĭ©�Ù�©Ŀĭ
�¯ÆÌ�v�ĭ�ÌĭÚµÏ©�ĭÂ�ÁÏ�Â�ĭ�©µ�v©ĭ�µµ©�¯�įĭ%àÆÌ�Â�Æ�Æĭ�Æĭv¯ĭ�ßv®¿©�ĭµ�ĭ
path dependence, where past events constrain future events. The 
�ß�ÆÌ�¯��ĭµ�ĭÌ��ĭ!Â��¯©v¯�ĭ'��ĭP���ÌĭÌµ�vàĭ�Æĭvĭ©��v�àĭµ�ĭÌ��ĭ©vÆÌĭ���ĭ
age. In such cases, to predict future changes it is important to know a 
ÆàÆÌ�®ōÆĭ��ÆÌµÂàįĮ
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Figure 3: �ĭÆ�®¿©�ĭÂ�¿Â�Æ�¯ÌvÌ�µ¯ĭµ�ĭ�àÆÌ�Â�Æ�Æįĭ�ĭÆàÆÌ�®ĭÆÌvÂÌÆĭ�¯ĭµ¯�ĭµ�ĭÌÚµĭv©Ì�Â¯vÌ�Ù�ĭÆÌv�©�ĭÆÌvÌ�ÆĭłÂ��ŃĭvÌĭ¿µÆ�Ì�µ¯ĭł�Ńįĭ µÂ��¯�ĭÌ��ĭÆàÆÌ�®ĭ�¯ĭ
µ¯�ĭ��Â��Ì�µ¯ĭłÂ��ĭvÂÂµÚĭ�Âµ®ĭ©��ÌĭÌµĭÂ���ÌŃĭ�vÏÆ�Æĭ�ÌĭÌµĭ¿vÆÆĭvĭÌ�¿¿�¯�ĭ¿µ�¯Ìĭ�¯ÌµĭÌ��ĭµÌ��ÂĭÆÌv�©�ĭÆÌvÌ�ĭł�©Ï�ŃįĭV��¯ĭÚ��¯ĭÌ��ĭ�µÂ��¯�ĭ�ÆĭÂ�Ù�ÂÆ��ĭ
ł�©Ï�ĭvÂÂµÚĭ�Âµ®ĭÂ���ÌĭÌµĭ©��ÌŃİĭÌ��Â�ĭ�Æĭvĭ¿vÌ�ĭ��¿�¯��¯��ıĭV��ĭÆàÆÌ�®ĭÂ�®v�¯Æĭ�¯ĭÌ��ĭv©Ì�Â¯vÌ�Ù�ĭÆÌv�©�ĭÆÌvÌ�İĭ¿vÆÆ�¯�ĭÌ�ÂµÏ��ĭ¿µÆ�Ì�µ¯ĭł��Ńįĭ�¯ĭ
alternative tipping point has to be passed to tip the system back into the original stable state.
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Global tipping points
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with two alternative stable states. In between there is a balance point, 
which is an unstable state, because a small nudge either way will 
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with alternative stable states, there are three main ways that a tipping 
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Figure 2: V�Â��ĭÌà¿�Æĭµ�ĭÌ�¿¿�¯�ĭ¿µ�¯ÌįĭP���®vÌ��ĭÂ�¿Â�Æ�¯ÌvÌ�µ¯Æĭµ�ıĭł©��ÌŃĭ���ÏÂ�vÌ�µ¯ľ�¯�Ï���ĭÌ�¿¿�¯�ĭł ��ÏÂ�ĭĐŃĲĭł®���©�Ńĭ¯µ�Æ�ľ�¯�Ï���ĭÌ�¿¿�¯�İĭ
v¯�ĲĭłÂ���ÌŃĭÂvÌ�ľ�¯�Ï���ĭÌ�¿¿�¯�įĮ

Pµ®�Ì�®�ÆĭÚ��¯ĭvĭÆàÆÌ�®ĭ�Æĭ�µÂ���ĭ�àĭ��v¯��¯�ĭ�ßÌ�Â¯v©ĭŌ�µÏ¯�vÂàōĭ
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it is in can lose stability. It may reach a bifurcation point where the 
current stable state disappears and the system moves to another 
łÆÌv�©�ŃĭÆÌvÌ�ĭµÂĭvČÂv�ÌµÂİĭÚ�Ì�ĭvĭ�µÂÂ�Æ¿µ¯��¯�ĭÁÏv©�ÌvÌ�Ù�ĭ��v¯��ĭ
�¯ĭ���vÙ�µÏÂįĭPÏ��ĭÆ���ÌÆĭ�v¯ĭ��ĭÆ®µµÌ�ĭĿĭÆÏ��ĭvÆĭÚ��¯ĭvĭ¿Â�Ù�µÏÆ©àĭ
ÆÌv�©�ĭÆàÆÌ�®ĭ����¯ÆĭÌµĭµÆ��©©vÌ�įĭ?ÂĭÌ��ĭÆàÆÌ�®ĭ®vàĭÏ¯��Â�µĭvĭ
catastrophic bifurcation where it moves discontinuously to a 
��ā�Â�¯ÌĭÆÌvÌ�ļvČÂv�ÌµÂįĭV��Æĭ�ÆĭÌ��ĭ®µÆÌĭÚ���©àĭ��Æ�ÏÆÆ��ĭÌà¿�ĭµ�ĭ
tipping point in the literature and is referred to as bifurcation tipping 
ł ��ÏÂ�ĭđİĭ©��ÌŃįĭ�¯ĭ�ßv®¿©�ĭ�ÆĭÌ��ĭ©µÆÆĭµ�ĭÌ��ĭ!Â��¯©v¯�ĭ'��ĭP���ÌĭĿĭvÆĭ
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causing further melt. A bifurcation tipping point can be reached where 
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Æ�å�Æĭµ�ĭÌ��ĭ���ĭÆ���ÌĭvÂ�ĭ¯µÌĭÆÌv�©�İĭv¯�ĭÌ��ĭ���ĭÆ���Ìĭ�Æĭ�µ®®�Č��ĭ
to irreversibly shrinking to a much smaller size, or disappearing 
v©Ìµ��Ì��ÂįĮ

d��¯ĭvĭÆàÆÌ�®ĭ�vÆĭv©Ì�Â¯vÌ�Ù�ĭÆÌv�©�ĭÆÌvÌ�ÆĭłvČÂv�ÌµÂÆŃĭ�Ìĭ�v¯ĭ�ß����Ìĭ
hysteresis, meaning the state the system is in depends on its history 
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the forcing is reversed to the same level it may remain in the other 
ÆÌvÌ�ĭłvČÂv�ÌµÂŃİĭv¯�ĭ�ÏÂÌ��ÂĭÂ��Ï�Ì�µ¯ĭ�¯ĭ�µÂ��¯�ĭ�Æĭ¯�����ĭÏ¯Ì�©ĭvĭ
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Greenland Ice Sheet requires some global warming to be tipped 
into irreversible loss, if the ice sheet is lost it will not regrow at the 
Æv®�ĭÌ�®¿�ÂvÌÏÂ�ĭ©�Ù�©İĭ¯µÂĭvÌĭÌ��ĭ¿Â��¯�ÏÆÌÂ�v©ĭÌ�®¿�ÂvÌÏÂ�ĭ©�Ù�©Ŀĭ
�¯ÆÌ�v�ĭ�ÌĭÚµÏ©�ĭÂ�ÁÏ�Â�ĭ�©µ�v©ĭ�µµ©�¯�įĭ%àÆÌ�Â�Æ�Æĭ�Æĭv¯ĭ�ßv®¿©�ĭµ�ĭ
path dependence, where past events constrain future events. The 
�ß�ÆÌ�¯��ĭµ�ĭÌ��ĭ!Â��¯©v¯�ĭ'��ĭP���ÌĭÌµ�vàĭ�Æĭvĭ©��v�àĭµ�ĭÌ��ĭ©vÆÌĭ���ĭ
age. In such cases, to predict future changes it is important to know a 
ÆàÆÌ�®ōÆĭ��ÆÌµÂàįĮ

(i)

(i)

(ii)

(ii)

Figure 3: �ĭÆ�®¿©�ĭÂ�¿Â�Æ�¯ÌvÌ�µ¯ĭµ�ĭ�àÆÌ�Â�Æ�Æįĭ�ĭÆàÆÌ�®ĭÆÌvÂÌÆĭ�¯ĭµ¯�ĭµ�ĭÌÚµĭv©Ì�Â¯vÌ�Ù�ĭÆÌv�©�ĭÆÌvÌ�ÆĭłÂ��ŃĭvÌĭ¿µÆ�Ì�µ¯ĭł�Ńįĭ µÂ��¯�ĭÌ��ĭÆàÆÌ�®ĭ�¯ĭ
µ¯�ĭ��Â��Ì�µ¯ĭłÂ��ĭvÂÂµÚĭ�Âµ®ĭ©��ÌĭÌµĭÂ���ÌŃĭ�vÏÆ�Æĭ�ÌĭÌµĭ¿vÆÆĭvĭÌ�¿¿�¯�ĭ¿µ�¯Ìĭ�¯ÌµĭÌ��ĭµÌ��ÂĭÆÌv�©�ĭÆÌvÌ�ĭł�©Ï�ŃįĭV��¯ĭÚ��¯ĭÌ��ĭ�µÂ��¯�ĭ�ÆĭÂ�Ù�ÂÆ��ĭ
ł�©Ï�ĭvÂÂµÚĭ�Âµ®ĭÂ���ÌĭÌµĭ©��ÌŃİĭÌ��Â�ĭ�Æĭvĭ¿vÌ�ĭ��¿�¯��¯��ıĭV��ĭÆàÆÌ�®ĭÂ�®v�¯Æĭ�¯ĭÌ��ĭv©Ì�Â¯vÌ�Ù�ĭÆÌv�©�ĭÆÌvÌ�İĭ¿vÆÆ�¯�ĭÌ�ÂµÏ��ĭ¿µÆ�Ì�µ¯ĭł��Ńįĭ�¯ĭ
alternative tipping point has to be passed to tip the system back into the original stable state.
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Rapid change and “tipping elements”

• Example: Greenland Ice sheet loss 
(shown here: Present day v. Year 3000

PàÆÌ�®ÆĭÌà¿��v©©àĭ�ß����ÌĭvÌĭ©�vÆÌĭµ¯�ĭstable state orĭvČÂv�ÌµÂ that 
the system will return to from a set of initial conditions. The quality of 
ŌvČÂv�Ì�µ¯ōĭµÂĭ�à¯v®��v©ĭÆÌv��©�Ìàĭ�ß�ÆÌÆĭ���vÏÆ�ĭµ�ĭvĭ¿Â��µ®�¯v¯��ĭ
µ�ĭ�v®¿�¯�ĭł¯��vÌ�Ù�Ńĭ�����v�§ĭÌ�vÌĭÂ�Æ�ÆÌÆĭ��v¯��įĭ µÂĭ�ßv®¿©�İĭ
��ĭàµÏĭ¿ÏÆ�ĭ�v�§ĭ¥ÏÆÌĭvĭ©�Č©�ĭ��Ìĭµ¯ĭvĭ��v�ÂİĭÌ��ĭÂ�ÆÏ©Ì�¯�ĭ��v¯��ĭ�¯ĭÌ��ĭ
�v©v¯��ĭµ�ĭ�µÂ��Æĭv�ÌÆĭÌµĭ�Â�¯�ĭàµÏĭ�v�§ĭÏ¿Â���ÌįĭV��Æĭ�Æĭv¯ĭ�ßv®¿©�ĭ
of perturbing the system away from a stable state. It will tend to 
Â�ÌÏÂ¯ĭÌµĭÌ�vÌĭÆÌvÌ�ĭĿĭvÌĭ©�vÆÌĭ�µÂĭÆµ®�ĭÂv¯��ĭµ�ĭÆ�å�Æĭµ�ĭ¿�ÂÌÏÂ�vÌ�µ¯įĭ

ÏÌĭ��ĭàµÏĭ¿ÏÆ�ĭ�v�§ĭÌµµĭ�vÂĭµ¯ĭvĭ��v�ÂĭàµÏĭ®vàĭĄ¯�ĭàµÏÂÆ�©�ĭÂv¿��©àĭ
ÌÂv¯Æ�Ì�µ¯�¯�ĭ�¯Ìµĭv¯ĭv©Ì�Â¯vÌ�Ù�ĭÆÌv�©�ĭÆÌvÌ�ĭĿĭÆ¿ÂvÚ©��ĭµ¯ĭàµÏÂĭ�v�§ĭ
µ¯ĭÌ��ĭąµµÂįĭ

V��Æĭ�Æĭv¯ĭ�ßv®¿©�ĭµ�ĭ��ľÆÌv��©�ÌàĭĿĭàµÏĭv¯�ĭÌ��ĭ��v�ÂĭvÂ�ĭvĭÆàÆÌ�®ĭ
with two alternative stable states. In between there is a balance point, 
which is an unstable state, because a small nudge either way will 
Æ�¯�ĭàµÏĭ�v�§ĭÏ¿Â���ÌĭµÂĭµ¯ĭÌµĭÌ��ĭąµµÂįĭV��Â�ĭv©Æµĭ�ß�ÆÌĭÆàÆÌ�®ÆĭÚ�Ì�ĭ
®Ï©Ì�ľÆÌv��©�Ìàĭł®µÂ�ĭÌ�v¯ĭÌÚµĭv©Ì�Â¯vÌ�Ù�ĭÆÌv�©�ĭÆÌvÌ�ÆŃįĭ µÂĭvĭÆàÆÌ�®ĭ
with alternative stable states, there are three main ways that a tipping 
¿µ�¯Ìĭ�v¯ĭµ��ÏÂĭł ��ÏÂ�ĭđŃį
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Figure 2: V�Â��ĭÌà¿�Æĭµ�ĭÌ�¿¿�¯�ĭ¿µ�¯ÌįĭP���®vÌ��ĭÂ�¿Â�Æ�¯ÌvÌ�µ¯Æĭµ�ıĭł©��ÌŃĭ���ÏÂ�vÌ�µ¯ľ�¯�Ï���ĭÌ�¿¿�¯�ĭł ��ÏÂ�ĭĐŃĲĭł®���©�Ńĭ¯µ�Æ�ľ�¯�Ï���ĭÌ�¿¿�¯�İĭ
v¯�ĲĭłÂ���ÌŃĭÂvÌ�ľ�¯�Ï���ĭÌ�¿¿�¯�įĮ

Pµ®�Ì�®�ÆĭÚ��¯ĭvĭÆàÆÌ�®ĭ�Æĭ�µÂ���ĭ�àĭ��v¯��¯�ĭ�ßÌ�Â¯v©ĭŌ�µÏ¯�vÂàōĭ
�µ¯��Ì�µ¯ÆĭĿĭÆÏ��ĭvÆĭ�©µ�v©ĭÚvÂ®�¯�ĭµ�ĭv¯ĭ���ĭÆ���ÌĭĿĭÌ��ĭÆÌvÌ�ĭÌ�vÌĭ
it is in can lose stability. It may reach a bifurcation point where the 
current stable state disappears and the system moves to another 
łÆÌv�©�ŃĭÆÌvÌ�ĭµÂĭvČÂv�ÌµÂİĭÚ�Ì�ĭvĭ�µÂÂ�Æ¿µ¯��¯�ĭÁÏv©�ÌvÌ�Ù�ĭ��v¯��ĭ
�¯ĭ���vÙ�µÏÂįĭPÏ��ĭÆ���ÌÆĭ�v¯ĭ��ĭÆ®µµÌ�ĭĿĭÆÏ��ĭvÆĭÚ��¯ĭvĭ¿Â�Ù�µÏÆ©àĭ
ÆÌv�©�ĭÆàÆÌ�®ĭ����¯ÆĭÌµĭµÆ��©©vÌ�įĭ?ÂĭÌ��ĭÆàÆÌ�®ĭ®vàĭÏ¯��Â�µĭvĭ
catastrophic bifurcation where it moves discontinuously to a 
��ā�Â�¯ÌĭÆÌvÌ�ļvČÂv�ÌµÂįĭV��Æĭ�ÆĭÌ��ĭ®µÆÌĭÚ���©àĭ��Æ�ÏÆÆ��ĭÌà¿�ĭµ�ĭ
tipping point in the literature and is referred to as bifurcation tipping 
ł ��ÏÂ�ĭđİĭ©��ÌŃįĭ�¯ĭ�ßv®¿©�ĭ�ÆĭÌ��ĭ©µÆÆĭµ�ĭÌ��ĭ!Â��¯©v¯�ĭ'��ĭP���ÌĭĿĭvÆĭ
Ì��ĭÆÏÂ�v��ĭ®�©ÌÆĭ�Ìĭ���©�¯�Æĭ�¯ĭv©Ì�ÌÏ��İĭ¿ÏČ�¯�ĭ�Ìĭ�¯ĭÚvÂ®�Âĭv�Âĭv¯�ĭ
causing further melt. A bifurcation tipping point can be reached where 
Ì��ÆĭÂ��¯�µÂ��¯�ĭ�����v�§ĭ���µ®�ÆĭÆ�©�ľ¿Âµ¿�©©�¯�ĭĿĭ®�v¯�¯�ĭÆ®v©©�Âĭ
Æ�å�Æĭµ�ĭÌ��ĭ���ĭÆ���ÌĭvÂ�ĭ¯µÌĭÆÌv�©�İĭv¯�ĭÌ��ĭ���ĭÆ���Ìĭ�Æĭ�µ®®�Č��ĭ
to irreversibly shrinking to a much smaller size, or disappearing 
v©Ìµ��Ì��ÂįĮ

d��¯ĭvĭÆàÆÌ�®ĭ�vÆĭv©Ì�Â¯vÌ�Ù�ĭÆÌv�©�ĭÆÌvÌ�ÆĭłvČÂv�ÌµÂÆŃĭ�Ìĭ�v¯ĭ�ß����Ìĭ
hysteresis, meaning the state the system is in depends on its history 
ł ��ÏÂ�ĭĒŃįĭd��¯ĭ�µÂ���ĭ�¯ĭµ¯�ĭ��Â��Ì�µ¯İĭÌ��ĭÆàÆÌ�®ĭ®vàĭ¿vÆÆĭvĭ
Ì�¿¿�¯�ĭ¿µ�¯Ìĭ�Âµ®ĭµ¯�ĭÆÌv�©�ĭÆÌvÌ�ĭłvČÂv�ÌµÂŃĭÌµĭv¯µÌ��Âİĭ�ÏÌĭÚ��¯ĭ
the forcing is reversed to the same level it may remain in the other 
ÆÌvÌ�ĭłvČÂv�ÌµÂŃİĭv¯�ĭ�ÏÂÌ��ÂĭÂ��Ï�Ì�µ¯ĭ�¯ĭ�µÂ��¯�ĭ�Æĭ¯�����ĭÏ¯Ì�©ĭvĭ
��ā�Â�¯ÌĭÌ�¿¿�¯�ĭ¿µ�¯Ìĭ�ÆĭÂ�v����įĭPÏ��ĭ�àÆÌ�Â�Æ�Æĭ�Æĭvĭ§�àĭÆµÏÂ��ĭµ�ĭ
�ÂÂ�Ù�ÂÆ���©�ÌàĭÚ��¯ĭ�ÂµÆÆ�¯�ĭvĭÌ�¿¿�¯�ĭ¿µ�¯Ìįĭ µÂĭ�ßv®¿©�İĭÚ��©�ĭÌ��ĭ
Greenland Ice Sheet requires some global warming to be tipped 
into irreversible loss, if the ice sheet is lost it will not regrow at the 
Æv®�ĭÌ�®¿�ÂvÌÏÂ�ĭ©�Ù�©İĭ¯µÂĭvÌĭÌ��ĭ¿Â��¯�ÏÆÌÂ�v©ĭÌ�®¿�ÂvÌÏÂ�ĭ©�Ù�©Ŀĭ
�¯ÆÌ�v�ĭ�ÌĭÚµÏ©�ĭÂ�ÁÏ�Â�ĭ�©µ�v©ĭ�µµ©�¯�įĭ%àÆÌ�Â�Æ�Æĭ�Æĭv¯ĭ�ßv®¿©�ĭµ�ĭ
path dependence, where past events constrain future events. The 
�ß�ÆÌ�¯��ĭµ�ĭÌ��ĭ!Â��¯©v¯�ĭ'��ĭP���ÌĭÌµ�vàĭ�Æĭvĭ©��v�àĭµ�ĭÌ��ĭ©vÆÌĭ���ĭ
age. In such cases, to predict future changes it is important to know a 
ÆàÆÌ�®ōÆĭ��ÆÌµÂàįĮ

(i)

(i)

(ii)

(ii)

Figure 3: �ĭÆ�®¿©�ĭÂ�¿Â�Æ�¯ÌvÌ�µ¯ĭµ�ĭ�àÆÌ�Â�Æ�Æįĭ�ĭÆàÆÌ�®ĭÆÌvÂÌÆĭ�¯ĭµ¯�ĭµ�ĭÌÚµĭv©Ì�Â¯vÌ�Ù�ĭÆÌv�©�ĭÆÌvÌ�ÆĭłÂ��ŃĭvÌĭ¿µÆ�Ì�µ¯ĭł�Ńįĭ µÂ��¯�ĭÌ��ĭÆàÆÌ�®ĭ�¯ĭ
µ¯�ĭ��Â��Ì�µ¯ĭłÂ��ĭvÂÂµÚĭ�Âµ®ĭ©��ÌĭÌµĭÂ���ÌŃĭ�vÏÆ�Æĭ�ÌĭÌµĭ¿vÆÆĭvĭÌ�¿¿�¯�ĭ¿µ�¯Ìĭ�¯ÌµĭÌ��ĭµÌ��ÂĭÆÌv�©�ĭÆÌvÌ�ĭł�©Ï�ŃįĭV��¯ĭÚ��¯ĭÌ��ĭ�µÂ��¯�ĭ�ÆĭÂ�Ù�ÂÆ��ĭ
ł�©Ï�ĭvÂÂµÚĭ�Âµ®ĭÂ���ÌĭÌµĭ©��ÌŃİĭÌ��Â�ĭ�Æĭvĭ¿vÌ�ĭ��¿�¯��¯��ıĭV��ĭÆàÆÌ�®ĭÂ�®v�¯Æĭ�¯ĭÌ��ĭv©Ì�Â¯vÌ�Ù�ĭÆÌv�©�ĭÆÌvÌ�İĭ¿vÆÆ�¯�ĭÌ�ÂµÏ��ĭ¿µÆ�Ì�µ¯ĭł��Ńįĭ�¯ĭ
alternative tipping point has to be passed to tip the system back into the original stable state.
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the variance of the relative contribution of ice discharge to mass loss
at the beginning of the 23rd century.

In a warming climate, precipitation (and thus snow accumulation)
is expected to increase because of the higher moisture holding ability
of warmer air. Here, we increase precipitation by 5 to 7% for each de-
gree of warming (23). We find that in our simulations, total snow ac-
cumulation over the ice sheet remains relatively steady over time for
RCPs 2.6 and 4.5 (Fig. 3, D and E), since decreasing ice sheet area is
offset by an increase in snow accumulation per unit area due to
increasing precipitation (Fig. 3, J and K). Under RCP 8.5, however,
the decrease in snow accumulation due to accumulation area reduc-
tion (Fig. 3C) outpaces the increase in snow accumulation due to
warming, and thus, total snow accumulation decreases after around
year 2200 (Fig. 3F). Toward the end of themillennium, snow accumu-
lation per unit area increases as the Greenland Ice Sheet is reduced to a
few high-elevation areas in the southeast (Fig. 3I). For RCP 8.5, ice
sheet–wide surface meltwater runoff rates decrease after passing a
maximum around year 2500 despite continuously increasing runoff
rates per unit area. At the time of the maximum, runoff exceeds snow
accumulation by a factor of about 17. Surface melt is amplified by the
positive surface mass balance–elevation feedback as surface lowering

exposes the ice to higher air temperatures. To assess the role of this
feedback in driving increases in surface melt, we perform a simulation
assuming no changes in surface elevation for the calculation of the air
temperatures (i.e., setting the temperature lapse rate to zero). We find
that in all scenarios, the increased melt rates per unit area caused by
higher air temperatures due to climate change exceeds the impact of
higher temperatures due to surface lowering (Fig. 3, G to I). In our
simulations, temperatures are kept constant beyond the year 2500, yet
Greenland continues to lose mass in part because of the surface mass
balance–elevation feedback. This committed sea level rise (24) demon-
strates that stabilizationofmass changewill bemoredifficult as timepasses.

Additional feedbacks at play
Besides the surface mass balance–elevation feedback and the outlet
glacier–thinning feedback, additional negative and positive feedbacks
are at play. A negative feedback that can reduce mass loss is glacio-
isostatic adjustment that results from unloading of the lithosphere due
to ice loss. The uplift of bedrock is caused by the viscoelastic response
of the underlying mantle and, as a consequence, will reduce the sur-
face area that is exposed to surface melt and the ice area in direct con-
tact with ocean water. However, because of the high mantle viscosity,

RCP 2.6 RCP 4.5 RCP 8.5
DCBA

HGFE

Observed

Fig. 2. Observed 2008 state and simulations of the Greenland Ice Sheet at year 3000. (A) Observed 2008 ice extent (53). (B to D) Likelihood (percentiles) of ice
cover as percentage of the ensemble simulations with nonzero ice thickness. Likelihoods less than the 16th percentile are masked. (E) Multiyear composite of observed
surface speeds (61). (F to H) Surface speeds from the control simulation. Basin names shown in (A) in clockwise order are southwest (SW), central-west (CW), northwest
(NW), north (NO), northeast (NE), and southeast (SE). RCP 2.6 (B and F), RCP 4.5 (C and G), and RCP 8.5 (D and H). Topography in meters above sea level (m a.s.l.) [(A) to (H)].
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Rapid change and “tipping elements”

• Example: Greenland Ice sheet loss 

PàÆÌ�®ÆĭÌà¿��v©©àĭ�ß����ÌĭvÌĭ©�vÆÌĭµ¯�ĭstable state orĭvČÂv�ÌµÂ that 
the system will return to from a set of initial conditions. The quality of 
ŌvČÂv�Ì�µ¯ōĭµÂĭ�à¯v®��v©ĭÆÌv��©�Ìàĭ�ß�ÆÌÆĭ���vÏÆ�ĭµ�ĭvĭ¿Â��µ®�¯v¯��ĭ
µ�ĭ�v®¿�¯�ĭł¯��vÌ�Ù�Ńĭ�����v�§ĭÌ�vÌĭÂ�Æ�ÆÌÆĭ��v¯��įĭ µÂĭ�ßv®¿©�İĭ
��ĭàµÏĭ¿ÏÆ�ĭ�v�§ĭ¥ÏÆÌĭvĭ©�Č©�ĭ��Ìĭµ¯ĭvĭ��v�ÂİĭÌ��ĭÂ�ÆÏ©Ì�¯�ĭ��v¯��ĭ�¯ĭÌ��ĭ
�v©v¯��ĭµ�ĭ�µÂ��Æĭv�ÌÆĭÌµĭ�Â�¯�ĭàµÏĭ�v�§ĭÏ¿Â���ÌįĭV��Æĭ�Æĭv¯ĭ�ßv®¿©�ĭ
of perturbing the system away from a stable state. It will tend to 
Â�ÌÏÂ¯ĭÌµĭÌ�vÌĭÆÌvÌ�ĭĿĭvÌĭ©�vÆÌĭ�µÂĭÆµ®�ĭÂv¯��ĭµ�ĭÆ�å�Æĭµ�ĭ¿�ÂÌÏÂ�vÌ�µ¯įĭ

ÏÌĭ��ĭàµÏĭ¿ÏÆ�ĭ�v�§ĭÌµµĭ�vÂĭµ¯ĭvĭ��v�ÂĭàµÏĭ®vàĭĄ¯�ĭàµÏÂÆ�©�ĭÂv¿��©àĭ
ÌÂv¯Æ�Ì�µ¯�¯�ĭ�¯Ìµĭv¯ĭv©Ì�Â¯vÌ�Ù�ĭÆÌv�©�ĭÆÌvÌ�ĭĿĭÆ¿ÂvÚ©��ĭµ¯ĭàµÏÂĭ�v�§ĭ
µ¯ĭÌ��ĭąµµÂįĭ

V��Æĭ�Æĭv¯ĭ�ßv®¿©�ĭµ�ĭ��ľÆÌv��©�ÌàĭĿĭàµÏĭv¯�ĭÌ��ĭ��v�ÂĭvÂ�ĭvĭÆàÆÌ�®ĭ
with two alternative stable states. In between there is a balance point, 
which is an unstable state, because a small nudge either way will 
Æ�¯�ĭàµÏĭ�v�§ĭÏ¿Â���ÌĭµÂĭµ¯ĭÌµĭÌ��ĭąµµÂįĭV��Â�ĭv©Æµĭ�ß�ÆÌĭÆàÆÌ�®ÆĭÚ�Ì�ĭ
®Ï©Ì�ľÆÌv��©�Ìàĭł®µÂ�ĭÌ�v¯ĭÌÚµĭv©Ì�Â¯vÌ�Ù�ĭÆÌv�©�ĭÆÌvÌ�ÆŃįĭ µÂĭvĭÆàÆÌ�®ĭ
with alternative stable states, there are three main ways that a tipping 
¿µ�¯Ìĭ�v¯ĭµ��ÏÂĭł ��ÏÂ�ĭđŃį
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Figure 2: V�Â��ĭÌà¿�Æĭµ�ĭÌ�¿¿�¯�ĭ¿µ�¯ÌįĭP���®vÌ��ĭÂ�¿Â�Æ�¯ÌvÌ�µ¯Æĭµ�ıĭł©��ÌŃĭ���ÏÂ�vÌ�µ¯ľ�¯�Ï���ĭÌ�¿¿�¯�ĭł ��ÏÂ�ĭĐŃĲĭł®���©�Ńĭ¯µ�Æ�ľ�¯�Ï���ĭÌ�¿¿�¯�İĭ
v¯�ĲĭłÂ���ÌŃĭÂvÌ�ľ�¯�Ï���ĭÌ�¿¿�¯�įĮ

Pµ®�Ì�®�ÆĭÚ��¯ĭvĭÆàÆÌ�®ĭ�Æĭ�µÂ���ĭ�àĭ��v¯��¯�ĭ�ßÌ�Â¯v©ĭŌ�µÏ¯�vÂàōĭ
�µ¯��Ì�µ¯ÆĭĿĭÆÏ��ĭvÆĭ�©µ�v©ĭÚvÂ®�¯�ĭµ�ĭv¯ĭ���ĭÆ���ÌĭĿĭÌ��ĭÆÌvÌ�ĭÌ�vÌĭ
it is in can lose stability. It may reach a bifurcation point where the 
current stable state disappears and the system moves to another 
łÆÌv�©�ŃĭÆÌvÌ�ĭµÂĭvČÂv�ÌµÂİĭÚ�Ì�ĭvĭ�µÂÂ�Æ¿µ¯��¯�ĭÁÏv©�ÌvÌ�Ù�ĭ��v¯��ĭ
�¯ĭ���vÙ�µÏÂįĭPÏ��ĭÆ���ÌÆĭ�v¯ĭ��ĭÆ®µµÌ�ĭĿĭÆÏ��ĭvÆĭÚ��¯ĭvĭ¿Â�Ù�µÏÆ©àĭ
ÆÌv�©�ĭÆàÆÌ�®ĭ����¯ÆĭÌµĭµÆ��©©vÌ�įĭ?ÂĭÌ��ĭÆàÆÌ�®ĭ®vàĭÏ¯��Â�µĭvĭ
catastrophic bifurcation where it moves discontinuously to a 
��ā�Â�¯ÌĭÆÌvÌ�ļvČÂv�ÌµÂįĭV��Æĭ�ÆĭÌ��ĭ®µÆÌĭÚ���©àĭ��Æ�ÏÆÆ��ĭÌà¿�ĭµ�ĭ
tipping point in the literature and is referred to as bifurcation tipping 
ł ��ÏÂ�ĭđİĭ©��ÌŃįĭ�¯ĭ�ßv®¿©�ĭ�ÆĭÌ��ĭ©µÆÆĭµ�ĭÌ��ĭ!Â��¯©v¯�ĭ'��ĭP���ÌĭĿĭvÆĭ
Ì��ĭÆÏÂ�v��ĭ®�©ÌÆĭ�Ìĭ���©�¯�Æĭ�¯ĭv©Ì�ÌÏ��İĭ¿ÏČ�¯�ĭ�Ìĭ�¯ĭÚvÂ®�Âĭv�Âĭv¯�ĭ
causing further melt. A bifurcation tipping point can be reached where 
Ì��ÆĭÂ��¯�µÂ��¯�ĭ�����v�§ĭ���µ®�ÆĭÆ�©�ľ¿Âµ¿�©©�¯�ĭĿĭ®�v¯�¯�ĭÆ®v©©�Âĭ
Æ�å�Æĭµ�ĭÌ��ĭ���ĭÆ���ÌĭvÂ�ĭ¯µÌĭÆÌv�©�İĭv¯�ĭÌ��ĭ���ĭÆ���Ìĭ�Æĭ�µ®®�Č��ĭ
to irreversibly shrinking to a much smaller size, or disappearing 
v©Ìµ��Ì��ÂįĮ

d��¯ĭvĭÆàÆÌ�®ĭ�vÆĭv©Ì�Â¯vÌ�Ù�ĭÆÌv�©�ĭÆÌvÌ�ÆĭłvČÂv�ÌµÂÆŃĭ�Ìĭ�v¯ĭ�ß����Ìĭ
hysteresis, meaning the state the system is in depends on its history 
ł ��ÏÂ�ĭĒŃįĭd��¯ĭ�µÂ���ĭ�¯ĭµ¯�ĭ��Â��Ì�µ¯İĭÌ��ĭÆàÆÌ�®ĭ®vàĭ¿vÆÆĭvĭ
Ì�¿¿�¯�ĭ¿µ�¯Ìĭ�Âµ®ĭµ¯�ĭÆÌv�©�ĭÆÌvÌ�ĭłvČÂv�ÌµÂŃĭÌµĭv¯µÌ��Âİĭ�ÏÌĭÚ��¯ĭ
the forcing is reversed to the same level it may remain in the other 
ÆÌvÌ�ĭłvČÂv�ÌµÂŃİĭv¯�ĭ�ÏÂÌ��ÂĭÂ��Ï�Ì�µ¯ĭ�¯ĭ�µÂ��¯�ĭ�Æĭ¯�����ĭÏ¯Ì�©ĭvĭ
��ā�Â�¯ÌĭÌ�¿¿�¯�ĭ¿µ�¯Ìĭ�ÆĭÂ�v����įĭPÏ��ĭ�àÆÌ�Â�Æ�Æĭ�Æĭvĭ§�àĭÆµÏÂ��ĭµ�ĭ
�ÂÂ�Ù�ÂÆ���©�ÌàĭÚ��¯ĭ�ÂµÆÆ�¯�ĭvĭÌ�¿¿�¯�ĭ¿µ�¯Ìįĭ µÂĭ�ßv®¿©�İĭÚ��©�ĭÌ��ĭ
Greenland Ice Sheet requires some global warming to be tipped 
into irreversible loss, if the ice sheet is lost it will not regrow at the 
Æv®�ĭÌ�®¿�ÂvÌÏÂ�ĭ©�Ù�©İĭ¯µÂĭvÌĭÌ��ĭ¿Â��¯�ÏÆÌÂ�v©ĭÌ�®¿�ÂvÌÏÂ�ĭ©�Ù�©Ŀĭ
�¯ÆÌ�v�ĭ�ÌĭÚµÏ©�ĭÂ�ÁÏ�Â�ĭ�©µ�v©ĭ�µµ©�¯�įĭ%àÆÌ�Â�Æ�Æĭ�Æĭv¯ĭ�ßv®¿©�ĭµ�ĭ
path dependence, where past events constrain future events. The 
�ß�ÆÌ�¯��ĭµ�ĭÌ��ĭ!Â��¯©v¯�ĭ'��ĭP���ÌĭÌµ�vàĭ�Æĭvĭ©��v�àĭµ�ĭÌ��ĭ©vÆÌĭ���ĭ
age. In such cases, to predict future changes it is important to know a 
ÆàÆÌ�®ōÆĭ��ÆÌµÂàįĮ

(i)

(i)

(ii)

(ii)

Figure 3: �ĭÆ�®¿©�ĭÂ�¿Â�Æ�¯ÌvÌ�µ¯ĭµ�ĭ�àÆÌ�Â�Æ�Æįĭ�ĭÆàÆÌ�®ĭÆÌvÂÌÆĭ�¯ĭµ¯�ĭµ�ĭÌÚµĭv©Ì�Â¯vÌ�Ù�ĭÆÌv�©�ĭÆÌvÌ�ÆĭłÂ��ŃĭvÌĭ¿µÆ�Ì�µ¯ĭł�Ńįĭ µÂ��¯�ĭÌ��ĭÆàÆÌ�®ĭ�¯ĭ
µ¯�ĭ��Â��Ì�µ¯ĭłÂ��ĭvÂÂµÚĭ�Âµ®ĭ©��ÌĭÌµĭÂ���ÌŃĭ�vÏÆ�Æĭ�ÌĭÌµĭ¿vÆÆĭvĭÌ�¿¿�¯�ĭ¿µ�¯Ìĭ�¯ÌµĭÌ��ĭµÌ��ÂĭÆÌv�©�ĭÆÌvÌ�ĭł�©Ï�ŃįĭV��¯ĭÚ��¯ĭÌ��ĭ�µÂ��¯�ĭ�ÆĭÂ�Ù�ÂÆ��ĭ
ł�©Ï�ĭvÂÂµÚĭ�Âµ®ĭÂ���ÌĭÌµĭ©��ÌŃİĭÌ��Â�ĭ�Æĭvĭ¿vÌ�ĭ��¿�¯��¯��ıĭV��ĭÆàÆÌ�®ĭÂ�®v�¯Æĭ�¯ĭÌ��ĭv©Ì�Â¯vÌ�Ù�ĭÆÌv�©�ĭÆÌvÌ�İĭ¿vÆÆ�¯�ĭÌ�ÂµÏ��ĭ¿µÆ�Ì�µ¯ĭł��Ńįĭ�¯ĭ
alternative tipping point has to be passed to tip the system back into the original stable state.
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Section 1 | Earth system tipping points
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Figure 1.2.5: P���®vÌ��ĭ�©©ÏÆÌÂvÌ�¯�ĭÆµ®�ĭµ�ĭÌ��ĭ§�àĭ�����v�§Æĭ�¯ĭÌ��ĭ���ĭÆ���Ìľ�©�®vÌ�ĭÆàÆÌ�®įĭ9µÌ�ĭÌ�vÌĭÌ��Æĭ��¿��Ì�µ¯ĭ�Æĭ©�®�Ì��ĭÌµĭÌ��ĭ®µÆÌĭ
Â�©�Ùv¯Ìĭv¯�ĭÚ���©àĭ�ßv®�¯��ĭ�����v�§Æİĭ�ÏÂÌ��ÂĭÆ�©�ľv®¿©��à�¯�ĭµÂĭ�v®¿�¯�ĭ�����v�§Æĭ®vàİĭ�µÚ�Ù�Âİĭ�ß�ÆÌį

?¯ĭ©µ¯��ÂĭÌ�®�Æ�v©�ÆĭłµÙ�ÂĭÌ��ĭ�µÏÂÆ�ĭµ�ĭ��¯ÌÏÂ��ÆĭÌµĭ®�©©�¯¯�vŃİĭ
�ÆµÆÌvÌ��ĭÂ��µÏ¯�ĭ�v¯ĭv©Æµĭv�ÌĭvÆĭvĭ¯��vÌ�Ù�ļ�v®¿�¯�ĭ�����v�§ĭµ¯ĭ
ice sheet retreat (�©v��v©ĭ�ÆµÆÌvÌ��ĭv�¥ÏÆÌ®�¯Ìĭł!'�); d��Ì��µÏÆ�ĭ�Ìĭv©įİĭ
đďĐĘŃıĭvĭ���Â�vÆ�ĭ�¯ĭ���ĭ©µv�ĭ©�v�ÆĭÌµĭvĭÆ©µÚĭÂ��µÏ¯�ĭµ�ĭÌ��ĭ���Âµ�§ĭ
Ï¯��Â¯�vÌ�ĭĿĭvÆĭÌ��ĭ���ĭÆÏÂ�v��ĭ�ÆĭÌ�ÏÆĭ©��Ì��ĭÌµĭ�����Âĭ�©�ÙvÌ�µ¯ÆĭÚ�Ì�ĭ
�µ©��ÂĭÆÏÂÂµÏ¯��¯�ĭv�Âĭ®vÆÆ�ÆİĭÌ��Æĭ�v¯ĭ©�v�ĭÌµĭvĭÂ��Ï�Ì�µ¯ĭ�¯ĭÆÏÂ�v��ĭ
®�©ÌİĭµÂĭ�Ù�¯ĭÌµĭ¯�Ìĭv��Ï®Ï©vÌ�µ¯ĭvÌĭÌ��ĭÆÏÂ�v��į

�ÏÂÂ�¯Ìĭ�ÆÌ�®vÌ�Æĭ�µÂĭvĭ�Â�Ì��v©ĭÌ�Â�Æ�µ©�ĭ�µÂĭÌ��ĭ!Â'PĭÂv¯��ĭ�Âµ®ĭ
ďįėŜ�ĭÌµĭĒŜ�ĭµ�ĭÚvÂ®�¯�ĭÂ�©vÌ�Ù�ĭÌµĭ¿Â�ľ�¯�ÏÆÌÂ�v©ĭ©�Ù�©ÆİĭÚ�Ì�ĭvĭ��ÆÌĭ
�ÆÌ�®vÌ�ĭµ�ĭv�µÏÌĭĐįĔŜ�ĭłLµ��¯Æµ¯ĭ�Ìĭv©įİĭđďĐđ; van Breedam et al., 
đďđď; 9µ�©ĭ�Ìĭv©įİĭđďđĐ; %¸¯�¯�ĭ�Ìĭv©įİĭđďđĒŃįĭV��Æĭ�ÆĭÆÏ¿¿µÂÌ��ĭ�àĭ
¿v©v�µÂ��µÂ�ÆĭÚ����ĭ�¯���vÌ�ĭÌ�vÌĭ!Â'Pĭ�v�ĭvÌĭ©�vÆÌĭ¿vÂÌ�v©©àĭÂ�ÌÂ�vÌ��ĭ
�ÏÂ�¯�ĭÌ��ĭ8'PľĔĭ�¯Ì�Â�©v��v©İĭv¯�ĭ©�§�©àĭ�µ©©v¿Æ��ĭ�ÏÂ�¯�ĭ8'PľĐĐİĭÚ����ĭ
ÚvÆĭĐľđŜ�ĭÚvÂ®�ÂĭÌ�v¯ĭ¿Â�ľ�¯�ÏÆÌÂ�v©ĭł��Â�ÆÌĭ�Ìĭv©įİĭđďđĐŃįĭ�Ìĭ©µÚ�Âĭ
ÚvÂ®�¯�ĭ©�Ù�©ÆİĭÆ�®Ï©vÌ�µ¯ÆĭÚ�Ì�ĭvĭ�µÏ¿©��ĭ���ĭÆ���ÌĭvÌ®µÆ¿��Â�ĭ
®µ��©ĭ�¯���vÌ�ĭÌ�vÌĭv���Ì�µ¯v©ĭvÌ®µÆ¿��Â��ĭ�à¯v®��ĭ��v¯��Æĭ�¯ĭ
¿Â���¿�ÌvÌ�µ¯ĭ¿vČ�Â¯Æĭ�v¯ĭÂ�ÆÌv��©�Æ�ĭÌ��ĭ���ĭÆ���Ìİĭ�ÏÌĭv�µÙ�ĭđŜ�ĭ
ÚvÂ®�¯�İĭ¿µÆ�Ì�Ù�ļv®¿©��à�¯�ĭ�����v�§Æĭ©�v��¯�ĭÌµĭ©µÆÆĭµ�ĭÌ��ĭ®v¥µÂ�Ìàĭ
µ�ĭÌ��ĭ���ĭÆ���Ìĭ�v¯¯µÌĭ��ĭµÙ�Â�µ®�ĭł!Â��µÂàĭ�Ìĭv©įİĭđďđďŃį

d��©�ĭÌ��ĭÂ�Æ¿��Ì�Ù�ĭÚvÂ®�¯�ĭÌ�Â�Æ�µ©�ĭ�µÏ©�ĭ��ĭÂ�v����ĭÚ�Ì��¯ĭÌ��ĭ
coming decades ( µßľ1�®¿�Âĭ�Ìĭv©įİĭđďđĐ; V��v©��ĭ�Ìĭv©įİĭđďđĐŃİĭÌ��ĭ
Â�Æ¿µ¯Æ�ĭÌ�®�Æĭµ�ĭÌ��ĭ���ĭÆ���ÌĭvÂ�ĭÆÏ��ĭÌ�vÌĭÌ��ĭ���ĭ©µÆÆĭv¯�ĭÂ�ÆÏ©Ì�¯�ĭ
Æ�vĭ©�Ù�©ĭÂ�Æ�ĭÚµÏ©�ĭÏ¯�µ©�ĭµÙ�ÂĭÆ�Ù�Âv©ĭ®�©©�¯¯�vĭłLµ��¯Æµ¯ĭ�Ìĭv©įİĭ
đďĐđ; Ùv¯ĭ
Â���v®ĭ�Ìĭv©įİĭđďđďŃįĭV��ĭÌ�®�Æ�v©�Æĭµ�ĭ���ĭÆ���Ìĭ���©�¯�ĭ
��¿�¯�ĭµ¯ĭÌ��ĭ®v�¯�ÌÏ��ĭµ�ĭÚvÂ®�¯�ĭ��àµ¯�ĭÌ��ÆĭÌ�Â�Æ�µ©�İĭÚ��Â�ĭ
ÆÌÂµ¯��ÂĭÚvÂ®�¯�ĭ©�v�ÆĭÌµĭvĭ�vÆÌ�Âĭ���ĭÆ���Ìĭ���vàĭłLµ��¯Æµ¯ĭ�Ìĭv©įİĭ
đďĐđŃįĭP�Ù�Âv©ĭÆÌÏ���Æĭ�ÏÂÌ��Âĭ�¯���vÌ�ĭvĭÆÌÂµ¯�ĭ�àÆÌ�Â�Æ�Æĭµ�ĭÌ��ĭ!Â'Pİĭ
®�v¯�¯�ĭÌ�vÌĭÆÏ�ÆÌv¯Ì�v©ĭ���ĭ©µÆÆĭ�Æĭ©�§�©àĭ�ÂÂ�Ù�ÂÆ��©�ĭµ¯ĭ®Ï©Ì�ľ®�©©�¯¯�v©ĭ
timescales (Lµ��¯Æµ¯ĭ�Ìĭv©įİĭđďĐđ; %¸¯�¯�ĭ�Ìĭv©įİĭđďđĒŃį

P©µÚľµ¯Æ�ÌĭÌ�¿¿�¯�ĭ¿Âµ��ÆÆ�ÆĭÆÏ��ĭvÆĭ���ĭÆ���Ìĭ�µ©©v¿Æ�ĭ®���Ìĭv©Æµĭ
��ĭv�©�ĭÌµĭÚ�Ì�ÆÌv¯�ĭvĭÆ�µÂÌĭ¿�Â�µ�ĭµ�ĭÌ�®¿�ÂvÌÏÂ�ĭµÙ�ÂÆ�µµÌĭ��ĭÌ��ĭ
µÙ�ÂÆ�µµÌĭÌ�®�ĭ�ÆĭÆ�µÂÌĭ�µ®¿vÂ��ĭÌµĭÌ��ĭ�ā��Ì�Ù�ĭÌ�®�Æ�v©�ĭµ�ĭÌ��ĭ
Ì�¿¿�¯�ĭÆàÆÌ�®ĭłL�Ì����ĭ�Ìĭv©įİĭđďđĐŃįĭ µÂĭ���ĭÆ���ÌÆĭÌ��ÆĭµÙ�ÂÆ�µµÌĭ
Ì�®�ĭ�µÏ©�ĭ��ĭ�¯ĭÌ��ĭµÂ��Âĭµ�ĭ���v��ÆĭÌµĭ��¯ÌÏÂ��ÆĭłRitchie et al., 
đďđĐ; 
µ��µÚĭ�Ìĭv©įİđďđĒŃİĭÚ����ĭ®���Ìĭ�µÂĭ�ßv®¿©�ĭÌ��µÂ�Ì��v©©àĭ
v©©µÚĭ�©µ�v©ĭÚvÂ®�¯�ĭÌµĭµÙ�ÂÆ�µµÌĭvĭÌ�¿¿�¯�ĭÌ�Â�Æ�µ©�ĭµ�ĭĐįĔŜ�ĭ
v¯�ĭÂ�ÌÏÂ¯ĭ��©µÚĭ�Ìĭ�àĭđĐďďĭÚ�Ì�µÏÌĭÌÂ����Â�¯�ĭ���ĭÆ���Ìĭ�µ©©v¿Æ�ĭ
(�Â®ÆÌÂµ¯�ĭ8�1vàĭ�Ìĭv©įİĭđďđđŃįĭ%µÚ�Ù�ÂİĭÆÏ��ĭµÙ�ÂÆ�µµÌĭÌ�®�ÆĭvÂ�ĭ
Ù�ÂàĭÏ¯��ÂÌv�¯İĭv¯�ĭ��Ù�¯ĭÌ��ĭ��ÆÌ�¯�Ìĭ��v©©�¯��Æĭµ�ĭÂ��Ï��¯�ĭ�©µ�v©ĭ
Ì�®¿�ÂvÌÏÂ�ÆĭµÙ�ÂĭÆ�µÂÌĭÌ�®�ĭ�µÂ�åµ¯ÆİĭÌ��Æĭ¿µÆÆ���©�ÌàĭÆ�µÏ©�ĭ¯µÌĭ��ĭ
Â�©���ĭÏ¿µ¯ĭ�¯ĭ¿µ©��àį

Assessment and knowledge gaps
!�Ù�¯ĭÌ��ĭ�Âµv�ĭ�Ù���¯��ĭ�vÆ�İĭÚ�ĭ�vÙ�ĭ����ĭ�µ¯Ą��¯��ĭÌ�vÌĭÌ��ĭ
!Â'Pĭ�ÆĭvĭÌ�¿¿�¯�ĭÆàÆÌ�®įĭV��Æĭ�Æĭ�¯ĭ©�¯�ĭÚ�Ì�ĭ¿Â�Ù�µÏÆĭvÆÆ�ÆÆ®�¯ÌÆĭł µßľ
1�®¿�Âĭ�Ìĭv©įİĭđďđĐ; �Â®ÆÌÂµ¯�ĭ8�1vàĭ�Ìĭv©įİĭđďđđŃįĮ

West Antarctic Ice Sheet (WAIS)
P�¯��ĭÌ�®¿�ÂvÌÏÂ�Æĭ�¯ĭ�¯ÌvÂ�Ì��vĭvÂ�ĭ��¯�Âv©©àĭ©µÚ�ÂĭÌ�v¯ĭ�¯ĭ
!Â��¯©v¯�ĭł���¯�ĭ��¯ÌÂ��ĭµÙ�ÂĭÌ��ĭPµÏÌ�ĭIµ©�Ńĭv¯�ĭÌ��ĭÆÏÂ�v��ĭ�Æĭ
��¯�Âv©©àĭ�Â���Ì�ÂİĭÌ��Â�ĭ�ÆĭµÙ�Âv©©ĭ©�ÆÆĭÆÏÂ�v��ĭ®�©ÌĭłBroeke et al., 
đďđĒŃįĭL���¯Ìĭµ�Æ�ÂÙvÌ�µ¯ÆĭÆ�µÚĭ®�©Ìĭµ��ÏÂÂ�¯��Æĭµ¯ĭ���ĭÆ��©Ù�Æĭ
v©µ¯�ĭÌ��ĭ�µvÆÌ©�¯�ĭµ�ĭ�¯ÌvÂ�Ì��vİĭÚ�Ì�ĭ®µÆÌĭ�¯Ì�¯Æ�ĭ®�©Ì�¯�ĭµ��ÏÂ�¯�ĭ
µ¯ĭÌ��ĭ�¯ÌvÂ�Ì��ĭI�¯�¯ÆÏ©vĭłVÂÏÆ�©ĭ�Ìĭv©įİĭđďĐĒ; 0v§µ�Æĭ�Ìĭv©įİĭđďđď; 
3�¯v�ÂÌÆĭ�Ìĭv©įİĭđďĐĕ; PÌµ§�Æĭ�Ìĭv©įİĭđďĐĘŃįĭ'¯ĭ�µ¯ÌÂvÆÌĭÌµĭ!Â��¯©v¯�İĭ
�µÚ�Ù�ÂİĭÌ��ĭ�ÏÂÂ�¯Ì©àĭµ�Æ�ÂÙ��ĭ®vÆÆĭ©µÆÆİĭ�Æ¿���v©©àĭ�¯ĭÌ��ĭd�'Pİĭ�Æĭ
�µ®�¯vÌ��ĭ�àĭµ��v¯ľ�¯�Ï���ĭ®�©Ì�¯�ĭvÌĭÌ��ĭÏ¯��ÂÆ���ĭµ�ĭÌ��ĭąµvÌ�¯�ĭ
ice shelves (e.g., ?ÌµÆv§vĭ�Ìĭv©įİĭđďđĒ; 8�©©�©µĭ�Ìĭv©įİĭđďđđ; Ivµ©µĭ�Ìĭv©įİĭ
đďĐĔ; ��ÏÆÏ®�©�ĭ�Ìĭv©įİĭđďđďŃįĮ



Rapid change and “tipping elements”

• External forcing or 
internal variability
à state changes of
key earth system 
components (tipping 
elements)

• Arctic contains dispro-
portionate number of 
globally relevant 
tipping elements

9

Fig. by McFarland, based on 
Lenton et al. (2019) & ACCAP



Outline
1. Grand challenges: Disruptive 

climate change 
à Permafrost degradation
à Sea ice loss
à Ecosystem restructuring

2. What to do: 
à Identify benefits 
(local-regional-global scale)
à Collaborate effectively
à Provide decision support

3. Conclusions

Hajo Eicken ● International Arctic Research Center



Arctic cryosphere
• Cryosphere: Sea ice, glaciers & 

ice sheets, permafrost, 
seasonal snow

• Key in global climate system: 
Albedo, methane, atmosphere 
& ocean circulation 
à Slow onset hazards

• Rapid onset hazards: 
à Sea ice hazards
à Permafrost degradation & 

failure

11
Arctic Portal (2020)



Permafrost degradation & 
land cover change

Jin, Iwahana et al. (2020)/McFarland (ed. 2021), uaf-iarc.org/yukon-flats-changes



Rantanen et al. (2022) 
Comm. Earth & Env.

Arctic amplification of 
global warming

• Arctic amplification key to 
understanding impacts & 
informing responses:
à Regional patterns aggravate 
permafrost degradation
à Ice-albedo feedback impacts 
ecosystems & human activities



Nitzbon et al. (2024) 
Nature Climate Change

Greenhouse gas release from thawing permafrost

• Major feedback in 
global warming  
(methane release)

• Uncertainties in 
magnitude require 
attention

• Global-scale 
consequences

Schuur et al. (2022) 
Ann. Rev. Env. Resources



Nitzbon et al. (2024) 
Nature Climate Change

Greenhouse gas release from thawing permafrost

• Major feedback in global 
warming (methane
release)

• Uncertainties require
attention

• Global-scale
consequences



Greenhouse gas release from thawing permafrost

• Major feedback in global 
warming (methane release)
• Uncertainties in 
magnitude require attention
• Global-scale 
consequences
• Loss of Russian 
collaboration puts data & 
sites in Siberian Arctic at 
risk

Schuur et al. (2024) 
Nature Climate Change



Source: UAF Permafrost Lab

Scale of the “permafrost problem”
- Alaska as example
• Infrastructure damage - Road 

and building integrity 

• 78% of highways underlain 
with >50% permafrost

• 52% of communities underlain 
with >50% permafrost

• Ecosystem change: Increased 
erosion, sudden lake draining

Rick Thoman ● Alaska Center for Climate Assessment & Policy 
International Arctic Research Center



Transitions in the boreal forest & permafrost belt
• Boreal forests & permafrost as 

carbon sources & sinks
• Long-term studies of changing 

boreal forest, permafrost and 
seasonal snow environments at 
UAF’s Poker Flat Research 
Range – Ameriflux Supersite

• JAMSTEC (Kobayashi et al.) & 
IARC (Busey, Iwahana, Kim et 
al.) collaborative research; NIPR 
& UAF infrastructure support
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Hajo Eicken ● International Arctic Research Center

1. Grand challenges: Disruptive 
climate change 
à Permafrost degradation
à Sea ice loss
à Ecosystem restructuring

2. What to do: 
àIdentify benefits 
(local-regional-global scale)
à Collaborate effectively
à Provide decision support

3. Conclusions



Sea ice loss
• Winter ice loss in 

Okhotsk, Bering, Kara 
Labrador Seas 

• Summer ice loss 
centered on Pacific 
Arctic sector

à Climate regulation
à Coastal community 
& ecosystem impacts
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Atlantification has reached Amerasian Basin 
Center of action – Siberian Arctic Ocean

Igor Polyakov, International Arctic Research Center

• Oceanic heat 
fluxes explain 
up to 1m (!) of 
sea ice loss in 
the Eurasian 
Basin in 2021-
2023

A

Polyakov et al. (in prep.)
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Center of action – Siberian Arctic Ocean
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• Oceanic heat 
fluxes explain 
up to 1m (!) of 
sea ice loss in 
the Eurasian 
Basin in 2021-
2023
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Sea ice loss
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• Winter ice loss in 
Okhotsk, Bering, Kara 
Labrador Seas 

• Summer ice loss 
centered on Pacific 
Arctic sector

• Incipient winter ice 
loss across Siberian 
shelves

à Climate regulation
à Coastal community 
& ecosystem impacts



Potential for complete loss of Arctic sea ice (summer & winter)

• Arctic Ocean sediment cores 
indicate complete lack of ice cover 
for atm. CO2 > 700-1000ppm 
(Stein, 2019)

• First model-based assessment of 
winter sea-ice loss tipping point 
for transient (non-equilibrium) 
conditions: 
“We […] conclude that on policy-
relevant timescales the significant 
irreversibility of winter Arctic sea 
ice […] is likely to occur in the real 
climate system […] regardless of 
whether an actual bifurcation 
(tipping point) in the equilibrium 
exists.” 
(Hankel & Tziperman, 2023)

Hankel & Tziperman (2023) Nonlin. Processes Geophys.

Journal of Geophysical Research: Atmospheres

HANKEL AND TZIPERMAN

10.1029/2023JD039337
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investigated. That is, this bi-stability occurs in some CO2 range for almost all values of each of the parameters we 
considered (we also studied the sensitivity of winter bi-stability to other model parameters not shown here, but 
those did not demonstrate any notable influence on winter bi-stability). Surprisingly, summer sea-ice bi-stability 
(co-existence of perennial ice coverage and perennial ice-free conditions, shown by purple colors) also occurs 
for a significant portion of what might be considered realistic parameter combinations, similar to some previous 
modeling work (Eisenman, 2012; Eisenman & Wettlaufer, 2009). In this case, while such a bi-stability occurs 
in every panel of Figure 4 and for our default parameter choices (horizontal green line), it typically occurs for a 
narrower range of CO2 and disappears under small changes from the default of some parameters (e.g., a small 
decrease in bare ice albedo, or a reduction of the LW emissivity of convective clouds). While (Eisenman, 2012) 
found that most cases of winter bi-stability also have an accompanying summer bi-stability, we find that winter 
bi-stability without summer sea ice bi-stability (i.e., bi-stability between seasonal ice and ice-free conditions) is 
the more prevalent case across all the parameter regimes (indicated by the pink color).

Finally, we also note the absence of any parameter combination that leads to summer sea ice bi-stability without 
winter bi-stability (i.e., bi-stability where the solution would converge to either perennial ice coverage or to a 
seasonal ice cover), which would have appeared as a mixed blue/white color in Figure 4. This follows from our 
work and previous studies (e.g., Bathiany et al., 2016; Eisenman, 2012) that find winter sea ice to always be more 
prone to bi-stability, and to respond more abruptly to CO2 increases than summer sea ice. This suggests that any 
scenarios that lead to a summer sea ice bi-stability will likely also cause a winter sea-ice bi-stability. Abrupt sea 
ice changes can be related to bi-stability as we will discuss next, because they indicate the presence of positive 
feedback mechanisms that enhance small perturbations and large differences between two initial conditions.

3.3. Causes of Abrupt Sea Ice Loss
In this section, we examine what physical mechanisms set the abruptness of sea ice loss with respect to CO2. That 
is, we calculate the (seasonal) steady state for different values of CO2 and examine the width of the range of CO2 
values over which the sea ice is abruptly lost, as well as the magnitude of sea ice loss that occurs during this abrupt 
period. The abruptness of sea ice loss has many implications, as a transition to ice-free conditions that is abrupt 
could reduce the ability to adapt to new Arctic conditions. While abrupt sea ice loss is often associated with a 
tipping point caused by a transition from a parameter regime of bi-stability to one of mono-stability, we note that 
an abrupt sea ice loss without bi-stability is possible (i.e., Bathiany et al., 2016), as are different magnitudes of 
tipping points from a bifurcation, depending on the size of the jump between the two stable solutions. Thus, the 
connection between the abruptness of sea ice loss and the bi-stability of sea ice deserves further investigation.

In Figure  6 we show the steady-state winter sea ice effective thickness across a range of CO2 values for 
several different mechanism denial experiments (see Section 2 for how each mechanism denial experiment is 

Figure 6. Maximum ice thickness (winter) versus CO2 at steady-state for several different experiments. Dashed lines 
correspond to warm initial condition runs while solid lines correspond to cold initial condition runs. The hysteresis loop for 
a given experiment is seen by tracing the solid and then the dashed line– no such loop exists for the “no albedo feedback” 
experiment, pictured in gray, which has only one stable solution.
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Arctic warming & marine heatwaves

Qnet has exhibited positive anomalies since 2006, with pro-
nounced peaks in 2007 and 2020, indicating that since 2006 the
increase in radiative heat gain by the ocean is larger than the
increase in turbulent heat loss to the atmosphere (Fig. 1b). In
other words the net seasonal surface heat flux in summer is being
stored in the ocean. In MHW years (2007, 2012, 2016, and 2020)
the positive anomalies of Qnet, which leads to positive anomalies
in SST, point to the dominant effect of air–sea heat fluxes in the
MHWs development. (see the section “The underlying mechan-
isms of Arctic marine heatwaves” for further discussions on the
Arctic MHW’s underlying mechanisms). In the following
analysis, we utilize an event-attribution technique to identify
the fraction of the likelihood of detected MHW events magnitude
that is attributed to GHG forcing.

Marine heatwaves attribution. We use an extreme event attri-
bution technique27 to identify the fraction of the likelihood of
MHWs intensity (°C), duration (days), and cumulative heat
intensity (°C days) that is attributable to GHG forcing37. We
estimate the probabilities of MHW events with specific char-
acteristics occurring in the presence and absence of GHG forcing.
These probabilities are calculated for both actual (ALL-forcing
includes anthropogenic and natural external forcing) and coun-
terfactual (fixed GHG forcing) scenarios using observations and
model simulations. The estimated probabilities are used to cal-
culate two event-attribution metrics, namely the probability of
necessary causation (PN, Eqs. (2,3)), and the probability of suf-
ficient causation (PS, Eqs. (2,3))38,39 (for details see the “Meth-
ods” section). A summary of the PN and the PS values for the
duration, intensity, and cumulative heat intensity of the three
selected MHWs is presented in Table 1.

The probability of necessary causation curve (PN), which
describes the probability that GHG forcing is a necessary cause of
the event, saturates to 1.0 by the time MHW intensity reaches
1.5 °C, indicating that any MHW event with intensity larger than
this value could not occur without GHG forcing with ≥99%
probability (Fig. 2a). The observed 2007, 2012, 2020 MHW events
with 3.4, 2.1, and 4 °C intensity, respectively, are more intense

Fig. 1 Arctic marine heatwave characteristics. a Cumulative heat intensity map of the major marine heatwaves (MHWs) in 2007, 2012, 2019, and 2020.
b MHWs maximum intensity (gray bars; second Y axes), actual SST in July–September (OISSTv2; JAS; red curve), and reconstructed SST in JAS with net
sea surface heat fluxes (Qnet; blue curve). Qnet is driven by changes in shortwave radiation, long-wave radiation, and turbulent heat fluxes. The percent
variance of SST variability explained by Qnet is 82%. c Relative Arctic sea ice extent anomalies (blue bars) as a percentage of the 1991–2020 mean, and the
detected 11 MHWs maximum intensity over 1982–2021 (red bars; second Y axes). d Linear trend in SST based on OISSTv2 over 1996–2021 in JAS
(July–September) in °C/decade, e Changes in the number of days with SST > 95th-%tile of 1983–2012 climatology, over 2001–2021 minus 1982–2000.
f Areas where the sea-ice melt onset in 2012 and 2020 coincides with maximum downward radiative fluxes (June/July).

Table 1 Attribution of marine heatwaves duration, intensity,
and cumulative intensity to greenhouse gas forcing.

Date of
event

Threshold of
intensity (°C)

PN of intensity PS of intensity

2007 3.4 1.0 [0.98–1.0] 0.00
2012 2.1 1.0 [0.97–1.0] 0.05
2020 4 1.0 [0.98–1.0] 0.00

Date of
event

Threshold of
duration (days)

PN of duration PS of duration

2007 91 1.0 [0.98–1.0] 0.02
2012 30 0.58 [0.57–0.78] 0.08
2020 103 1.0 [0.98–1.0] 0.02

Date of
event

Threshold of cum
Intensity

PN of cum
Intensity

PS of cum
Intensity

2007 188 °C days 0.93 [0.90–0.99] 0.05
2012 50 °C days 0.45 [0.44–0.47] 0.2
2020 300 °C days 1.0 [0.98–1.0] 0.0

We present the event attribution results as the probability of necessary (PN) and sufficient (PS)
causation for three MHWs detected over the Arctic in 2007, 2012, and 2020.

COMMUNICATIONS EARTH & ENVIRONMENT | https://doi.org/10.1038/s43247-024-01215-y ARTICLE
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FigXre 1. ​DLVWULEXWLRQ RI JDSDQHVH FKXP VDOPRQ (UHG), ZHVWHUQ AODVND FKXP VDOPRQ (JUHHQ) DQG RXVVLDQ 
SLQN VDOPRQ (EODFN) VWRFNV LQ WKH BHULQJ SHD DQG NRUWK PDFLILF OFHDQ GXULQJ HDUO\ VXPPHU (D), ODWH 
VXPPHU/IDOO (E) DQG ZLQWHU (F) PRQWKV. MDSV E\ EYDQ FULW]. 
 
ObMecWiYe 1b - deWeUPiQe Whe degUee Rf dieW RYeUOaS beWZeeQ AViaQ SiQN/chXP VaOPRQ SRSXOaWiRQV aQd 
ZeVWeUQ AOaVNa chXP aQd ChiQRRN VaOPRQ SRSXOaWiRQV 
 
IQIRUPDWLRQ UHJDUGLQJ WKH H[WHQW RI GLHW RYHUODS EHWZHHQ AVLDQ SLQN DQG FKXP VDOPRQ SRSXODWLRQV DQG 
ZHVWHUQ AODVND FKXP VDOPRQ SRSXODWLRQV ZDV FRPSLOHG IURP D YDULHW\ RI SXEOLVKHG OLWHUDWXUH WR 
GHWHUPLQH WKH SRWHQWLDO IRU GLHW RYHUODS DQG UHVRXUFH OLPLWDWLRQ LQ WKH NRUWK PDFLILF OFHDQ DQG BHULQJ 
SHD. TR FRQGXFW D PRUH UREXVW DQDO\VLV, ZH FROODERUDWHG ZLWK UHVHDUFKHU NDQF\ DDYLV RQ VDOPRQ GLHWV LQ 
WKH BHULQJ SHD. DDYLV¶V VWXG\ GHVFULEHV IRRG KDELWV DQG IHHGLQJ HFRORJ\ RI PDFLILF VDOPRQ LQ WKH FHQWUDO 
NRUWK PDFLILF OFHDQ (45​R​N ± 51​R​N) DQG BHULQJ SHD (52​R​N ± 58​R​N) GXULQJ JXQH DQG JXO\, 1991-2000. 
MDQ\ RI WKHVH GDWD KDYH QRW \HW EHHQ SXEOLVKHG DQG ZHUH XVHG WR VXSSOHPHQW SXEOLVKHG GDWD (DDYLV 2003; 
DDYLV HW DO. 2004, 2005), UHVXOWLQJ LQ WKH PRVW FRPSOHWH V\QWKHVLV RI FKXP VDOPRQ GLHWV LQ WKH BHULQJ SHD 
WR GDWH.  
 
CKXP DQG SLQN VDOPRQ RFFXS\ D VLPLODU IHHGLQJ QLFKH, ZKLFK FDQ UHVXOW LQ LQFUHDVHG LQWHU- DQG 
LQWUDVSHFLILF FRPSHWLWLRQ IRU SUH\ ZKHQ IRRG UHVRXUFHV DUH OLPLWHG. DDYLV (2003) FROOHFWHG VWRPDFK 
VDPSOHV IURP SLQN (Q=1,199) DQG FKXP (Q=2,425) VDOPRQ LQ WKH BHULQJ SHD WR DVVHVV VWRPDFK FRQWHQWV 
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Observing context: Marine ecosystems & food security
Ocean change à Food security à Regional policy & local response

McPhee & Minicucci (2018)

Warm water & salmon stress
The low salmon returns followed several years of warm conditions in the Bering Sea and rivers from the Kuskokwim to the 
Yukon. In summer 2019, community members raised the alarm to scientists and managers. They reported bathtub-like river 
water and dead salmon that still had eggs, meaning they died before spawning. 

Where were dead salmon found? All five species of salmon were found from Prince William Sound and Bristol Bay 
in the south, to Norton Sound and the Yukon River in the north. Dead pink salmon were the most abundant in Norton 
Sound, chum in Yukon and Kuskokwim rivers, and red salmon in Bristol Bay. July marked the peak numbers of carcasses in 
western Alaska. This timing aligned with the warmest temperatures and lowest river levels. 

Why is warm water bad? Salmon need cool, oxygen-rich water to migrate, spawn and rear their young. Many rivers and 
streams still provide great salmon habitat, but some areas are becoming warmer and drier due to climate change. 

Lab tests showed that about 50% of king salmon returning 
to the Yukon River in 2016 and 2017 were stressed by the 
warm water. In other regions, this kind of stress has been 
tied to death before salmon are able to spawn. 

What does this mean for managing salmon? When 
salmon die before they spawn, the number of salmon 
entering rivers no longer provides an accurate estimate of 
how many eggs are laid in the gravel. This makes managing 
salmon and estimating the size of the next generation more 
challenging for managers.   

Who’s doing the research? Alaska Science Center, US 
Geological Survey (Contact: Vanessa von Biela)

Read more ▶ https://doi.org/10.1002/fsh.10705 Chum salmon found dead along the Koyukok River 
in summer 2019. Since the eggs and sperm were 
retained the salmon died before spawning. Photo by 
Stephanie Quinn-Davidson. 

What was observed?

Report unusual salmon observations, like carcasses with 
eggs or salmon avoiding warm water, to leonetwork.org.

Yukon River temperature
This graph shows the maximum 
summer temperature of the 
Yukon River at Pilot Station. 
In 2019, it hit 70°F. Data from 
USGS, graph by Rick Thoman.
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Bering Sea temperature
This graph shows the average sea surface 
temperature from May to October from 
1900–2021. Nine of the 10 warmest summers 
(red dots) occurred since 2000. Data from 
NOAA/ERSSTv5, graph by Rick Thoman. 
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Cupid drops by an Anchorage 
hospital on record day for virus 

hospitalizations across the state.
Annie Berman
Anchorage Daily News

In a small room down the hall 
from an overflowing Anchorage in-
tensive-care unit, a dog named Cupid 
stretched out on the floor, paws in the 
air.

Visiting Cupid — a Keeshond cer-
tified for therapy and crisis response 
— were Alaska Native Medical Cen-
ter staff members, mostly ICU nurs-
es who described feeling burned out, 
frustrated, disappointed and, in many 

cases, unsure how long they could 
continue working under such stress.

Record numbers of their cowork-
ers have retired early or left the field, 
and on their days off, they get texts 
from their managers pleading with 
them to pick up extra shifts.

“I don’t want to say I’ve been 
thinking about doing something 
else, but it’s really difficult to come 
to work,” said Alex Hailey, who has 
been a nurse for 12 years and cur-
rently works in the hospital’s ICU. 
The unit is short-staffed, and employ-
ees feel like there is no end in sight, 
she said.

COVID-19 cases and hospitaliza-
tions in Alaska have surged since 

July, driven by the delta variant. Now, 
emergency rooms and ICUs are full.

Cupid visited ANMC on Wednes-
day, a day when Alaska hit a new re-
cord for COVID-19 hospitalizations 
and tallied its second-highest daily 
count of new virus cases since the 
start of the pandemic. Since then, 

ALASKA CORONAVIRUS

Crisis-response dog’s visit offers brief respite to weary nurses

MARC LESTER / ADN

Cupid, a Keeshond crisis-response dog, gets a hug from Alaska Native 
Medical Center nursing assistant Betsy Marsh on Wednesday.See NURSES, A14

INSIDE
• Alaska’s hospitals say staffing shortages are 
top concern amid surging virus cases. A3 
• Florida, with a vulnerable population, 
grapples with COVID’s deadliest phase yet. B1

Workers shifting where they 
want to work — and how — 
in a ‘Great Reassessment.’

Heather Long, Alyssa Fowers 
and Andrew Van Dam 
The Washington Post

A mystery sits at the heart of 
the economic recovery: There 
are 10 million job openings, yet 
more than 8.4 million unem-
ployed are still actively looking 
for work.

The job market looks, in some 
ways, like a boom-time situation. 
Business owners complain they 
can’t find enough workers, pay is 
rising rapidly, and customers are 
greeted with “please be patient, 
we’re short-staffed” signs at ma-
ny stores and restaurants.

But the nation remains in 
the midst of a deadly pandemic 
with COVID-19 hospitalizations 
back at their highest rates since 
January. The surge is weighing 
on the labor market again, with 
a mere 235,000 jobs added in 
August. There are still 5 million 
fewer jobs compared to before 
the pandemic, reflecting ongoing 
problems, including child care as 
some schools and day cares shut 
down again from outbreaks.

From the White House to 
the local Waffle House, there’s 
a struggle to understand what 
is going on — and what’s likely 
ahead.

This weekend, the employ-
ment crisis will hit an inflection 
point as many of the unemployed 
lose $300 in federal weekly ben-
efits and millions of gig workers 
and self-employed lose unem-
ployment aid entirely. Some an-
ticipate a surge in job seekers, 
though in 22 states that already 

NATION

Why 8.4M 
Americans 
are out of 
work when 
there are 
10M job 
openings

See JOBS, A12

Zachariah Hughes
Anchorage Daily News

First of a three-part series.

EMMONAK — Cyril Jones dropped 
hunks of moose meat off around 
town to neighbors who might need it.

He delivered a hefty rack of ribs, then 
he doubled back to the river to lug a rump 
roast and thick brisket slab from the floor 
of his boat to the front of his four-wheeler.

“We were out berry picking, saw a good-
sized bull,” Jones said of the fortuitous 
moose. His girlfriend shot it with a 30-.06 
the evening prior. Jones and a relative 
made quick work of the carcass, breaking 
it down in hours. Now the 26-year-old was 
making deliveries to elders and others.

It’s been a different kind of summer 
in Emmonak and in communities of the 
Lower Yukon River region. There have 
been nowhere near the amounts of chum 
salmon, the river’s keystone stock, need-
ed for a commercial or even subsistence 
harvest. In a place where culture and 
commerce both come from fishing nets, 
something essential is missing.

SPECIAL REPORT

‘We’ve never seen this before’
Salmon collapse sends Alaskans on the Lower Yukon River 

scrambling for scarce food alternatives as winter approaches

Photos by MARC LESTER / ADN

In a normal year, Herman Hootch said, his Emmonak smokehouse would be filled with chum salmon. “We haven’t been able to fish to date, all summer, not even once,” he said. 

Emmonak resident Cyril Jones prepares to deliver moose meat — hunted the day before — to village residents on 
Aug. 11. Jones said he recalls full smokehouses and fish racks all over the village in summer when he was grow-
ing up. “Compared to the last couple years, it’s just like a handful,” he said. See SALMON, A6

The Anchorage Daily News and Northrim Bank are now
accepting nominations for Achievement in Business Leadership,

the special recognition program for talented business and
nonpro!t leaders throughout our state. Honorees are selected
for consistently demonstrating strong leadership, integrity,

values, commitment to excellence and diversity.

NOMINATEA BUSINESS LEADERTODAY:

AchievementInBusiness.com

Anchorage Daily News (2021)

Warm water & salmon stress
The low salmon returns followed several years of warm conditions in the Bering Sea and rivers from the Kuskokwim to the 
Yukon. In summer 2019, community members raised the alarm to scientists and managers. They reported bathtub-like river 
water and dead salmon that still had eggs, meaning they died before spawning. 

Where were dead salmon found? All five species of salmon were found from Prince William Sound and Bristol Bay 
in the south, to Norton Sound and the Yukon River in the north. Dead pink salmon were the most abundant in Norton 
Sound, chum in Yukon and Kuskokwim rivers, and red salmon in Bristol Bay. July marked the peak numbers of carcasses in 
western Alaska. This timing aligned with the warmest temperatures and lowest river levels. 

Why is warm water bad? Salmon need cool, oxygen-rich water to migrate, spawn and rear their young. Many rivers and 
streams still provide great salmon habitat, but some areas are becoming warmer and drier due to climate change. 

Lab tests showed that about 50% of king salmon returning 
to the Yukon River in 2016 and 2017 were stressed by the 
warm water. In other regions, this kind of stress has been 
tied to death before salmon are able to spawn. 

What does this mean for managing salmon? When 
salmon die before they spawn, the number of salmon 
entering rivers no longer provides an accurate estimate of 
how many eggs are laid in the gravel. This makes managing 
salmon and estimating the size of the next generation more 
challenging for managers.   

Who’s doing the research? Alaska Science Center, US 
Geological Survey (Contact: Vanessa von Biela)

Read more ▶ https://doi.org/10.1002/fsh.10705 Chum salmon found dead along the Koyukok River 
in summer 2019. Since the eggs and sperm were 
retained the salmon died before spawning. Photo by 
Stephanie Quinn-Davidson. 

What was observed?

Report unusual salmon observations, like carcasses with 
eggs or salmon avoiding warm water, to leonetwork.org.

Yukon River temperature
This graph shows the maximum 
summer temperature of the 
Yukon River at Pilot Station. 
In 2019, it hit 70°F. Data from 
USGS, graph by Rick Thoman.

40

42

44

46

48°F

1900 1920 1940 1960 1980 2000 2021

Bering Sea temperature
This graph shows the average sea surface 
temperature from May to October from 
1900–2021. Nine of the 10 warmest summers 
(red dots) occurred since 2000. Data from 
NOAA/ERSSTv5, graph by Rick Thoman. 
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1. Grand challenges: Disruptive 
climate change 
à Permafrost degradation
à Sea ice loss
à Ecosystem restructuring

2. What to do: 
àIdentify benefits 
(local-regional-global scale)
à Collaborate effectively
à Provide decision support

3. Conclusions



Potential for disruption of
key services & benefits 
Arctic provides for humanity

Hajo Eicken ● International Arctic Research Center

Regulation of, e.g.,:
• Climate
• Sealevel

Support of, e.g.,:
• Marine foodwebs
• Biodiversity

Provision of, e.g.:
• Food 
• Transportation corridor

Cultural services for, e.g.:
• Subsistence activities
• Cultural landscape

ARCTIC SEA ICE AND CRUISE TOURISM • 375

portion of the archipelago (Agnew et al., 2001; Alt et al.,
2006; Howell et al., 2006).

While the Eastern and Western Canadian Arctic regions
are experiencing increases in total accumulated open wa-
ter, a more detailed spatial examination reveals regional
variations in increases or decreases of sea-ice concentra-
tion (Fig. 5). This variability has important implications
for cruise ship operations throughout the Canadian Arctic
because certain routes may be subject to heavier-than-
normal ice conditions as a result of ice movement. This
highlights the major pitfall for ships navigating the North-
west Passage—invasion of the cruise channels of the
Northwest Passage by multi-year ice from the Canadian
Basin or the Queen Elizabeth Islands, or both (Falkingham
et al., 2001; Melling, 2002; Howell and Yackel, 2004;
Howell et al., 2006). Multi-year ice is thicker, stronger,
and takes longer to break up than seasonal first-year ice
and thus presents a serious navigation threat to transiting
ships.

Statistically significant decreases in sea-ice concentra-
tion during the 1968 – 2005 period are apparent in Baffin
Bay (Fig. 5), suggesting that entrance to the Northwest
Passage from Baffin Bay likely would be feasible. How-
ever, difficulties arise in the vicinity of Lancaster Sound,
where there is an observable increase in ice concentration
that is likely multi-year ice from the Canadian Basin being
exported through Nares Strait. Once in the Northwest
Passage, many multi-year ice navigation hazards or “choke
points” are present for each route of the Passage. Choke
points first present themselves at Barrow Strait, southern
Peel Sound, and Franklin Strait, as these regions are
susceptible to multi-year ice invasions from the Queen
Elizabeth Islands (Howell and Yackel, 2004; Howell et al.,
2006). Certain regions within the Queen Elizabeth Islands
exhibited both increases and decreases in sea-ice concen-
tration from 1968 to 2005 (Fig. 5). The more northerly of
the Queen Elizabeth Islands contain very high concentra-
tions of thick multi-year ice. When warming perturbations

reach this region, multi-year ice can flow into the Parry
Channel and subsequently into the lower-latitude regions
of the Canadian Arctic Archipelago, creating more choke
points (Melling, 2002; Howell and Yackel, 2004; Howell
et al., 2006).

The most direct route through the Northwest Passage is
via Viscount Melville Sound into the M’Clure Strait and
around the coast of Banks Island. Unfortunately, this route
is marred by difficult ice, particularly in the M’Clure Strait
and in Viscount Melville Sound, as large quantities of
multi-year ice enter this region from the Canadian Basin
and through the Queen Elizabeth Islands. As Figure 5
illustrates, difficult ice became particularly evident, hence
problematic, as sea-ice concentration within these regions
increased from 1968 to 2005; as well, significant increases
in multi-year ice are present off the western coast of Banks

FIG. 3. The Hanseatic cruise ship visiting Pond Inlet, Nunavut, in August 2006
(photograph by Emma J. Stewart).

FIG. 4. Total accumulated open water in the Queen Elizabeth Islands, Western
Canadian Arctic, and Eastern Canadian Arctic.

E.J. Stewart

A. Mahoney

Eicken et al. (2009) Arctic
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SAON ROADS

SAON
Sustaining Arctic Observing Networks joint 
initiative of Arctic Council & International Arctic 
Science Committee (IASC) 

ROADS
SAON Roadmap for Arctic Observing and Data 
Systems as an effort to develop partnerships & 
well-defined plans for improving observing & data 
systems to provide societal benefits
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NQRZOHGJH�HQWDLOV�¿QDQFLDO�VXSSRUW�IRU�VXVWDLQHG�LQFOXVLRQ�
of Indigenous Peoples, who too often are not funded for 
their participation in research. AOS 2020 deliberations 
emphasized this important gap, as well as the broad need 
for Indigenous Peoples to have access to capacity-building 
RSSRUWXQLWLHV� �DV� WKH\�KDYH� LGHQWL¿HG��ZLWKLQ� ,QGLJHQRXV�
communities and organizations to support equitable 
partnership in ROADS (Wheeler et al., 2020). 

7KH�52$'6�JXLGLQJ� SULQFLSOH� IRU� VKDUHG� EHQH¿W�ZDV�
underscored and enhanced through deliberations at the 
AOS 2020, in particular to emphasize the need for cross-
disciplinary and cross-sector integration of observations 
that ideally tie into global observing frameworks. AOS 
2020 participants recommended adopting the term “shared 
Arctic variables” (SAVs) (Bradley et al., 2021) for the 
essential variables or processes developed under ROADS 
and underscored that a key criterion for SAVs would be 
cross-sectoral use. Specifically, observations and data 
systems that warrant the level of effort associated with the 
ROADS process should serve multiple sectors and data user 
groups and ideally address priorities at the intersection of 
$UFWLF� FRPPXQLW\�LGHQWL¿HG� QHHGV�� UHJLRQDOO\� LGHQWL¿HG�
cross-sectoral needs and those of the global observing 
programs (Fig. 1). For example, a SAV might address 
information needs expressed by Arctic coastal communities 
from a coastal hazards perspective, serve Arctic research 
interests focused on long-term trends and variability in 
the state of the coastal seas, and preferably also tie back to 
one or more essential climate variables in the context of the 
GCOS. The Arctic Monitoring and Assessment Programme 
LV�DOUHDG\�UHYLHZLQJ�WKH�¿WQHVV�RI�*&26�HVVHQWLDO�FOLPDWH�
variable requirements for Arctic applications. In contrast, 
observations of an essential variable that has been 
prioritized by a global observing program and is tracked by 
a narrow group of constituents is not contingent on high-
level, cross-sector, international coordination. While the 
language “variable” is being adopted, SAVs might also 
center on processes.

The Task Force recommends that ROADS should focus 
on a select list of highly impactful variables that would 
EH�EURDGO\�EHQH¿FLDO� DQG�DUH�QRW� FXUUHQWO\�ZHOO�VSHFL¿HG�
by the regional or global networks, rather than seeking to 
identify every possible phenomenon in the Arctic system. A 
noteworthy caution is that GOOS and GCOS, with 31 and 
54 essential variables respectively, have struggled to develop 
requirements and implementation strategies for each. 

In keeping with the ROADS principle of complementing 
current efforts in a non-duplicative approach, relevant 
JOREDO�OLQNDJHV�VKRXOG�EH�LGHQWL¿HG�IURP�H[LVWLQJ�FDWDORJV�
of essential variables associated with global networks 
(e.g., essential ocean variables, essential climate variables, 
essential biodiversity variables), regional programs (e.g., 
AMAP and CBMP), and with reference to gaps analyses 
like the European Space Agency’s Polaris assessment (Polar 
View Earth Observation Limited, 2016). A global variable 
should only be directly adopted by ROADS as a SAV if it is 
IRXQG�WR�EH�FULWLFDO�DFURVV�VHFWRUV��DQG�WKH�JOREDO�GH¿QLWLRQ�

is inadequately serving Arctic needs. In these cases, the 
ROADS process should extend the requirements (e.g., 
adding requirements for land-fast ice observations to global 
variables for sea ice) and implementation strategies of the 
global networks where necessary to account for Arctic 
conditions (e.g., ice-covered ocean) and opportunities (e.g., 
community observers [Johnson et al., 2016; Danielsen et 
al., 2021]). While some global variables might not reach 
the level of a SAV, the ROADS process could still serve 
as a mechanism for improving the requirements and 
implementation of Arctic-relevant variables. Each SAV 
under ROADS should fully specify the observing and 
data system requirements from acquisition through high-
LPSDFW� LQIRUPDWLRQ� GLVVHPLQDWLRQ�� WKHVH� VSHFL¿FDWLRQV�
should support consistency and interoperability across 
WKH� QHWZRUN�� 7KH� YHKLFOH� IRU� LGHQWLI\LQJ�� GH¿QLQJ�� DQG�
implementing SAVs is the subject of the following section.

),*�� ��� )ROORZLQJ� ULJRURXV� DVVHVVPHQW� RI� VRFLHWDO� EHQH¿W�� 6KDUHG� $UFWLF�
Variables (SAV), which characterize a fundamental aspect of the Arctic 
6\VWHP��DUH�LGHQWL¿HG�DW�WKH�LQWHUVHFWLRQ�RI�EHQH¿W�UHDOL]DWLRQ�IURP�DW�OHDVW�
two broad constituencies of use. An ideal SAV would realize community-
LGHQWL¿HG� EHQH¿WV� LQ� ,QGLJHQRXV� FRPPXQLWLHV� �OLJKW� UHG��� VXSSRUW�
fundamental understanding of Arctic systems and regional decision-making 
needs (blue), and inform science and decision-making needs at the global 
scale and integrate with operational global networks (green). Observing and 
GDWD� V\VWHP� LPSOHPHQWDWLRQ� VWUDWHJLHV� IRU� 6$9V� ZRXOG� WKHQ� ¿QG� VXSSRUW�
from these broad constituencies as well. For example, community-embedded 
observing strategies that are organized within the context of Indigenous 
GDWD� VRYHUHLJQW\� ZRXOG� EH� EHVW� VXLWHG� WR� VXSSRUW� FRPPXQLW\� LGHQWL¿HG�
requirements within an SAV. 
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NQRZOHGJH�HQWDLOV�¿QDQFLDO�VXSSRUW�IRU�VXVWDLQHG�LQFOXVLRQ�
of Indigenous Peoples, who too often are not funded for 
their participation in research. AOS 2020 deliberations 
emphasized this important gap, as well as the broad need 
for Indigenous Peoples to have access to capacity-building 
RSSRUWXQLWLHV� �DV� WKH\�KDYH� LGHQWL¿HG��ZLWKLQ� ,QGLJHQRXV�
communities and organizations to support equitable 
partnership in ROADS (Wheeler et al., 2020). 

7KH�52$'6�JXLGLQJ� SULQFLSOH� IRU� VKDUHG� EHQH¿W�ZDV�
underscored and enhanced through deliberations at the 
AOS 2020, in particular to emphasize the need for cross-
disciplinary and cross-sector integration of observations 
that ideally tie into global observing frameworks. AOS 
2020 participants recommended adopting the term “shared 
Arctic variables” (SAVs) (Bradley et al., 2021) for the 
essential variables or processes developed under ROADS 
and underscored that a key criterion for SAVs would be 
cross-sectoral use. Specifically, observations and data 
systems that warrant the level of effort associated with the 
ROADS process should serve multiple sectors and data user 
groups and ideally address priorities at the intersection of 
$UFWLF� FRPPXQLW\�LGHQWL¿HG� QHHGV�� UHJLRQDOO\� LGHQWL¿HG�
cross-sectoral needs and those of the global observing 
programs (Fig. 1). For example, a SAV might address 
information needs expressed by Arctic coastal communities 
from a coastal hazards perspective, serve Arctic research 
interests focused on long-term trends and variability in 
the state of the coastal seas, and preferably also tie back to 
one or more essential climate variables in the context of the 
GCOS. The Arctic Monitoring and Assessment Programme 
LV�DOUHDG\�UHYLHZLQJ�WKH�¿WQHVV�RI�*&26�HVVHQWLDO�FOLPDWH�
variable requirements for Arctic applications. In contrast, 
observations of an essential variable that has been 
prioritized by a global observing program and is tracked by 
a narrow group of constituents is not contingent on high-
level, cross-sector, international coordination. While the 
language “variable” is being adopted, SAVs might also 
center on processes.

The Task Force recommends that ROADS should focus 
on a select list of highly impactful variables that would 
EH�EURDGO\�EHQH¿FLDO� DQG�DUH�QRW� FXUUHQWO\�ZHOO�VSHFL¿HG�
by the regional or global networks, rather than seeking to 
identify every possible phenomenon in the Arctic system. A 
noteworthy caution is that GOOS and GCOS, with 31 and 
54 essential variables respectively, have struggled to develop 
requirements and implementation strategies for each. 

In keeping with the ROADS principle of complementing 
current efforts in a non-duplicative approach, relevant 
JOREDO�OLQNDJHV�VKRXOG�EH�LGHQWL¿HG�IURP�H[LVWLQJ�FDWDORJV�
of essential variables associated with global networks 
(e.g., essential ocean variables, essential climate variables, 
essential biodiversity variables), regional programs (e.g., 
AMAP and CBMP), and with reference to gaps analyses 
like the European Space Agency’s Polaris assessment (Polar 
View Earth Observation Limited, 2016). A global variable 
should only be directly adopted by ROADS as a SAV if it is 
IRXQG�WR�EH�FULWLFDO�DFURVV�VHFWRUV��DQG�WKH�JOREDO�GH¿QLWLRQ�

is inadequately serving Arctic needs. In these cases, the 
ROADS process should extend the requirements (e.g., 
adding requirements for land-fast ice observations to global 
variables for sea ice) and implementation strategies of the 
global networks where necessary to account for Arctic 
conditions (e.g., ice-covered ocean) and opportunities (e.g., 
community observers [Johnson et al., 2016; Danielsen et 
al., 2021]). While some global variables might not reach 
the level of a SAV, the ROADS process could still serve 
as a mechanism for improving the requirements and 
implementation of Arctic-relevant variables. Each SAV 
under ROADS should fully specify the observing and 
data system requirements from acquisition through high-
LPSDFW� LQIRUPDWLRQ� GLVVHPLQDWLRQ�� WKHVH� VSHFL¿FDWLRQV�
should support consistency and interoperability across 
WKH� QHWZRUN�� 7KH� YHKLFOH� IRU� LGHQWLI\LQJ�� GH¿QLQJ�� DQG�
implementing SAVs is the subject of the following section.

),*�� ��� )ROORZLQJ� ULJRURXV� DVVHVVPHQW� RI� VRFLHWDO� EHQH¿W�� 6KDUHG� $UFWLF�
Variables (SAV), which characterize a fundamental aspect of the Arctic 
6\VWHP��DUH�LGHQWL¿HG�DW�WKH�LQWHUVHFWLRQ�RI�EHQH¿W�UHDOL]DWLRQ�IURP�DW�OHDVW�
two broad constituencies of use. An ideal SAV would realize community-
LGHQWL¿HG� EHQH¿WV� LQ� ,QGLJHQRXV� FRPPXQLWLHV� �OLJKW� UHG��� VXSSRUW�
fundamental understanding of Arctic systems and regional decision-making 
needs (blue), and inform science and decision-making needs at the global 
scale and integrate with operational global networks (green). Observing and 
GDWD� V\VWHP� LPSOHPHQWDWLRQ� VWUDWHJLHV� IRU� 6$9V� ZRXOG� WKHQ� ¿QG� VXSSRUW�
from these broad constituencies as well. For example, community-embedded 
observing strategies that are organized within the context of Indigenous 
GDWD� VRYHUHLJQW\� ZRXOG� EH� EHVW� VXLWHG� WR� VXSSRUW� FRPPXQLW\� LGHQWL¿HG�
requirements within an SAV. 

Starkweather et al., 
ARCTIC, 2021
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US AON Value Tree Analysis & Online Benefits Tool
https://usaon.org/evaluation-and-planning/benefit-tool



Example: Seasonal Sea-Ice Forecast (SIO) 

Hazel Shapiro, Sandy Starkweather 
& Arctic Sea Ice Outlook Team 
(2024)

Example: Seasonal 
sea-ice forecasts (Arctic 
Sea Ice Outlook)
• International prediction 
effort that connects 
observations to specific 
applications
• Value Tree Analysis (VTA) 
approach
• VTA also applied to 
Japan’s Arctic research 
program relative to Japan 
Arctic policy (Harada, 
Shibata, Sylak-Glassman & 
Gallo (2019)
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1. Grand challenges: Disruptive 
climate change 
à Permafrost degradation
à Sea ice loss
à Ecosystem restructuring

2. What to do: 
àIdentify benefits 
(local-regional-global scale)
à Collaborate effectively
à Provide decision support

3. Conclusions



Shared Arctic Variables
• SAVs as a starting point 

for discussions about 
improved observations 
& networks serving local 
to regional to global 
information needs

• Forming communities of 
practice around SAVs

• Moving towards co-
design of networks & co-
production of knowledge 

Graphic: M. Rudolf; 
In: Chythlook et al., Oceanogr., 2022



 
FigXre 1. ​DLVWULEXWLRQ RI JDSDQHVH FKXP VDOPRQ (UHG), ZHVWHUQ AODVND FKXP VDOPRQ (JUHHQ) DQG RXVVLDQ 
SLQN VDOPRQ (EODFN) VWRFNV LQ WKH BHULQJ SHD DQG NRUWK PDFLILF OFHDQ GXULQJ HDUO\ VXPPHU (D), ODWH 
VXPPHU/IDOO (E) DQG ZLQWHU (F) PRQWKV. MDSV E\ EYDQ FULW]. 
 
ObMecWiYe 1b - deWeUPiQe Whe degUee Rf dieW RYeUOaS beWZeeQ AViaQ SiQN/chXP VaOPRQ SRSXOaWiRQV aQd 
ZeVWeUQ AOaVNa chXP aQd ChiQRRN VaOPRQ SRSXOaWiRQV 
 
IQIRUPDWLRQ UHJDUGLQJ WKH H[WHQW RI GLHW RYHUODS EHWZHHQ AVLDQ SLQN DQG FKXP VDOPRQ SRSXODWLRQV DQG 
ZHVWHUQ AODVND FKXP VDOPRQ SRSXODWLRQV ZDV FRPSLOHG IURP D YDULHW\ RI SXEOLVKHG OLWHUDWXUH WR 
GHWHUPLQH WKH SRWHQWLDO IRU GLHW RYHUODS DQG UHVRXUFH OLPLWDWLRQ LQ WKH NRUWK PDFLILF OFHDQ DQG BHULQJ 
SHD. TR FRQGXFW D PRUH UREXVW DQDO\VLV, ZH FROODERUDWHG ZLWK UHVHDUFKHU NDQF\ DDYLV RQ VDOPRQ GLHWV LQ 
WKH BHULQJ SHD. DDYLV¶V VWXG\ GHVFULEHV IRRG KDELWV DQG IHHGLQJ HFRORJ\ RI PDFLILF VDOPRQ LQ WKH FHQWUDO 
NRUWK PDFLILF OFHDQ (45​R​N ± 51​R​N) DQG BHULQJ SHD (52​R​N ± 58​R​N) GXULQJ JXQH DQG JXO\, 1991-2000. 
MDQ\ RI WKHVH GDWD KDYH QRW \HW EHHQ SXEOLVKHG DQG ZHUH XVHG WR VXSSOHPHQW SXEOLVKHG GDWD (DDYLV 2003; 
DDYLV HW DO. 2004, 2005), UHVXOWLQJ LQ WKH PRVW FRPSOHWH V\QWKHVLV RI FKXP VDOPRQ GLHWV LQ WKH BHULQJ SHD 
WR GDWH.  
 
CKXP DQG SLQN VDOPRQ RFFXS\ D VLPLODU IHHGLQJ QLFKH, ZKLFK FDQ UHVXOW LQ LQFUHDVHG LQWHU- DQG 
LQWUDVSHFLILF FRPSHWLWLRQ IRU SUH\ ZKHQ IRRG UHVRXUFHV DUH OLPLWHG. DDYLV (2003) FROOHFWHG VWRPDFK 
VDPSOHV IURP SLQN (Q=1,199) DQG FKXP (Q=2,425) VDOPRQ LQ WKH BHULQJ SHD WR DVVHVV VWRPDFK FRQWHQWV 
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Observing context: Marine ecosystems & food security
Ocean change à Food security à Regional policy & local response

McPhee & Minicucci (2018)

Warm water & salmon stress
The low salmon returns followed several years of warm conditions in the Bering Sea and rivers from the Kuskokwim to the 
Yukon. In summer 2019, community members raised the alarm to scientists and managers. They reported bathtub-like river 
water and dead salmon that still had eggs, meaning they died before spawning. 

Where were dead salmon found? All five species of salmon were found from Prince William Sound and Bristol Bay 
in the south, to Norton Sound and the Yukon River in the north. Dead pink salmon were the most abundant in Norton 
Sound, chum in Yukon and Kuskokwim rivers, and red salmon in Bristol Bay. July marked the peak numbers of carcasses in 
western Alaska. This timing aligned with the warmest temperatures and lowest river levels. 

Why is warm water bad? Salmon need cool, oxygen-rich water to migrate, spawn and rear their young. Many rivers and 
streams still provide great salmon habitat, but some areas are becoming warmer and drier due to climate change. 

Lab tests showed that about 50% of king salmon returning 
to the Yukon River in 2016 and 2017 were stressed by the 
warm water. In other regions, this kind of stress has been 
tied to death before salmon are able to spawn. 

What does this mean for managing salmon? When 
salmon die before they spawn, the number of salmon 
entering rivers no longer provides an accurate estimate of 
how many eggs are laid in the gravel. This makes managing 
salmon and estimating the size of the next generation more 
challenging for managers.   

Who’s doing the research? Alaska Science Center, US 
Geological Survey (Contact: Vanessa von Biela)

Read more ▶ https://doi.org/10.1002/fsh.10705 Chum salmon found dead along the Koyukok River 
in summer 2019. Since the eggs and sperm were 
retained the salmon died before spawning. Photo by 
Stephanie Quinn-Davidson. 

What was observed?

Report unusual salmon observations, like carcasses with 
eggs or salmon avoiding warm water, to leonetwork.org.

Yukon River temperature
This graph shows the maximum 
summer temperature of the 
Yukon River at Pilot Station. 
In 2019, it hit 70°F. Data from 
USGS, graph by Rick Thoman.
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Bering Sea temperature
This graph shows the average sea surface 
temperature from May to October from 
1900–2021. Nine of the 10 warmest summers 
(red dots) occurred since 2000. Data from 
NOAA/ERSSTv5, graph by Rick Thoman. 
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Prewitt & McFarland (2022)



SAON ROADS Salmon 
Expert Panel Composition 

1 Executive officer of commercial fishermen's 
coalition 
1 State Biologist
2 Non-Profit conservation group
2 Fisheries Consultants 
2 Federal Fisheries Staff
6 University affiliates, Sea Grant and Tamamta
Fellows 
14 total (including facilitators, 5 Indigenous 
participants)
à International participation to increase as 
focus shifts from local to regional to pan-Arctic

RNA CoObs » Salmon Expert Panel
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1. Grand challenges: Disruptive 
climate change 
à Permafrost degradation
à Sea ice loss
à Ecosystem restructuring

2. What to do: 
àIdentify benefits 
(local-regional-global scale)
à Collaborate effectively
à Provide decision support

3. Conclusions
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Math and Climate, Sea Ice, Polar Ecosystems

1. Tipping elements & tipping 
points

2. Complex system dynamics
3. Earth system modeling
4. Science communication

Hajo Eicken ● International Arctic Research Center



Contact 
details

EMAIL ADDRESS
heicken@alaska.edu
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iarc.uaf.edu
https://sites.google.com/alaska.edu/rna-observations/
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