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EXECUTIVE
SUMMARY

O

VER THE PAST FEW DECADES, the Arctic has warmed at about
twice the rate of the rest of the globe. Human-induced climate change has
affected the Arctic earlier than expected. As a result, climate change is
already destabilising important arctic systems including sea ice, the Greenland Ice
Sheet, mountain glaciers, and aspects of the
arctic carbon cycle including altering patterns
“Human-induced
of frozen soils and vegetation and increasing
methane release from soils, lakes, and
climate change has
wetlands. The impact of these changes on the
affected the Arctic
Arctic’s physical
earlier than expected.”
systems,
biological
“There is emerging evidence
systems, and
and growing concern that
human inhabitants is large and projected to grow
arctic climate feedbacks
throughout this century and beyond.
affecting the global climate
In addition to the regional consequences of arctic
climate change are its global impacts. Acting as the
system are beginning
Northern Hemisphere’s refrigerator, a frozen Arctic
to accelerate warming
plays a central role in regulating Earth’s climate
significantly beyond
system. A number of critical arctic climate feedbacks
affect the global climate system, and many of these
current projections.”
are now being altered in a rapidly warming Arctic.
There is emerging evidence and growing concern
that these feedbacks are beginning to accelerate
global warming significantly beyond the projections currently being considered
by policymakers. Recent observations strongly suggest that climate change may
soon push some systems past tipping points, with global implications. For example,
the additional heat absorbed by an increasingly ice-free Arctic Ocean in summer
is already accelerating local and regional warming and preventing sea ice from
recovering. There is also a concern that arctic feedbacks may increase regional or
global warming significantly enough that it would alter other climate feedbacks.
While the important role of the Arctic in the global climate system has long been
recognized, recent research contributes much to the understanding of key linkages,
such as the interactions between the Arctic Ocean and the atmosphere. At the same
time, the science assessing the growing regional and global consequences of arctic
climate impacts is rapidly maturing. In combination, these growing insights sharpen
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our awareness of how arctic climate change relates to global average warming,
and what level of global warming may constitute dangerous human interference
with the climate system. Avoiding such
interference by stabilising atmospheric
“Global feedbacks already arising
greenhouse gases at the necessary levels
from arctic climate change suggest
is the stated objective of the United
that anything but the most ambitious
Nations Framework Convention on
Climate Change. Global feedbacks
constraints on greenhouse gas
already arising from arctic climate
concentrations may not be sufficient
change suggest that anything but the most
to avoid dangerous interference
ambitious constraints on greenhouse gas
concentrations may not be sufficient to
with the climate system.”
avoid such interference. This points to the
need to continually incorporate the latest
science in determining acceptable limits.
Climate change in the Arctic is affecting the rest of the world by altering
atmospheric and oceanic circulation that affect weather patterns, the increased
melting of ice sheets and glaciers that raise global sea level, and changes in
atmospheric greenhouse gas concentrations (by altering release and uptake of carbon
dioxide and methane). This report provides a comprehensive and up-to-date picture
of why and how climate change in the Arctic matters for the rest of the world and
is thus relevant for today’s policy decisions regarding reductions in atmospheric
greenhouse gases. In particular, the report describes the most recent findings
regarding major arctic feedbacks of global significance for coming decades.

I

N SUM, important aspects of the global climate system, which directly affect
many people, are already seeing the effects of arctic climate change. This
assessment of the most recent science shows that numerous arctic climate
feedbacks will make climate change more severe than indicated by other recent
projections, including those of the Intergovernmental Panel on Climate Change
Fourth Assessment report (IPCC 2007). Some of these feedbacks may even interact
with each other. Up-to-date analyses of the global consequences of arctic change
highlight the need for ongoing critical review of the thresholds of dangerous human
interference with the climate system, and demand increased rigour to stay below
these thresholds through an ambitious global effort to reduce atmospheric greenhouse
gases.
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ARCTIC CLIMATE CHANGE
The Arctic climate feedbacks that are the focus of this report are taking place in
the context of rapid and dramatic climate change in the Arctic. Rising temperatures,
rapidly melting ice on land and sea, and thawing permafrost are among the
sweeping changes being observed. The following is a brief summary of these
changes that define the starting point for the discussion of arctic climate feedbacks
and their implications for the world.

Annual temperatures increases
for 2001-2005 relative to 1951-1980

Air temperatures rising
Arctic air temperatures have risen at
almost twice the rate of the global average
rise over the past few decades. This “arctic
amplification” of global warming is largely
a result of reduced surface reflectivity
associated with the loss of snow and ice,
especially sea ice. The year 2007 was the
warmest on record in the Arctic. Recent
research has concluded that this warming
contains a clear human “fingerprint”.
Precipitation is also increasing in the
Arctic, and at a greater rate than the global
average, an expected result of humancaused warming.

Average surface
temperature anomaly (ºC)
-0.8 -0.4 -0.2 0.2 0.4 0.8 1.2 1.6 2.1
Insufﬁcient data
Source : Hansen, J., et al. Global Temperature Changes, Prot. Natl. Acad. Sci. 103, 2006.

Sea ice declining

Minimum arctic summer sea ice extent

Sea ice extent has decreased sharply in all seasons, with summer sea
ice declining most dramatically — beyond the projections of IPCC
2007. Nearly 40 per cent of the sea ice area that was present in the
1970s was lost by 2007 (the record low year for summer sea ice), and
ice-free conditions existed in 2008 in both the Northeast and Northwest
passages for the first time on record. Sea ice has also become thinner.
Thick ice that persists for years (multi-year ice) has declined in extent
by 42 per cent, or 1.5 million square kilometres, about the size of
Alaska, between 2004 and 2008 alone. As this multi-year ice is replaced
by young ice, arctic sea ice is becoming increasingly vulnerable to
melting.

10
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Greenland Ice Sheet melting

Change in surface melt duration

The loss of ice from the Greenland Ice Sheet has increased in recent years and
is more rapid than was projected by models. The faster flow of glaciers to the
sea appears to be responsible for much of the increase in mass loss. In addition,
melting on the surface of the ice sheet has been increasing, with 2007 melting
being the most extensive since record keeping began. The area experiencing
surface melt was 60 per cent larger than in 1998, the year with the second-largest
area of melting in the record.

Greenland

2007 increase in
surface melt relative
to 1973 -2000

Source: AMAP, 2009.

Glacier mass balance
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Glacier retreat accelerating
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Glacier mass loss has been observed across the Arctic, consistent with the
global trend. Some glaciers are projected to completely disappear in the coming
decades. Alaska’s glaciers are shrinking particularly rapidly. Until recent years,
glaciers in Scandinavia were reported to be increasing in mass while those
on Svalbard showed no net change as increased winter snowfall outpaced or
equalled summer melting in those areas. This has reversed in recent years, with
glaciers in both Scandinavia and on Svalbard now clearly losing mass.
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Source : Dyurgerov and Meier, 2005.
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Arctic Ocean surface temperatures

Ocean surface warming

Temperature in °C
1.0

Consistent with the rapid retreat of sea ice, the surface
waters of the Arctic Ocean have been warming in recent
years, because declining sea-ice cover allows the water to
absorb more heat from the sun. In 2007, some surface water
ice-free areas were as much as 5°C higher than the longterm average. The Arctic Ocean has also warmed as a result
of the influx of warmer water from the Pacific and Atlantic
oceans.
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Source : NOAA, 2009.

Permafrost at Deadhorse, Alaska
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Permafrost warming and thawing
Permafrost has continued to warm and to thaw at its
margins. The depth of the active layer, which thaws in
the warm season, is increasing in many areas. Degrading
permafrost is significantly affecting wetlands. Projections
show widespread disappearance of lakes and wetlands
even in formerly continuous permafrost zones.
1995

2000

2005 2008

Source : US climate impacts report, 2009.

Declining snow,
river and lake ice
Snow cover extent has continued to decline
and is projected to decline further, despite
the projected increase in winter snowfall in
some areas. The lengthening of the snow-free
season has a major impact in accelerating local
atmospheric heating by reducing the reflectivity
of the surface. Ice cover duration on rivers and
lakes has continued to decline. This is especially
apparent in earlier spring ice break-up.

Anomalies in Northern Hemisphere snow cover
Million square kilometres
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Source: GSL, Rutger University, 2009
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KEY FINDINGS OF THIS ASSESSMENT

■ Amplification of global warming in the Arctic
will have fundamental impacts on Northern
Hemisphere weather and climate.

(Chapter 1, Atmospheric Circulation Feedbacks)

■ Reduced sea ice amplifies warming. Reduced sea ice cover is already amplifying warming in the Arctic earlier than projected. This amplification will become more
pronounced as more ice cover is lost over the coming
decades.

Arctic air temperature anomalies

■ Amplified warming spreads over land. Amplified
atmospheric warming in the Arctic will likely spread
over high-latitude land areas, hastening degradation of
permafrost, leading to increased release of greenhouse
gases presently locked in frozen soils, leading to further
arctic and global warming.

July
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December
January
Febrary
March
April
May

■ Weather patterns are altered. The additional
2000
1990
2020
warming in the Arctic will affect weather patterns in the
°C
Arctic and beyond by altering the temperature gradient
-2 0 2 4 6 8 10 12 14
in the atmosphere and atmospheric circulation patterns. It may also affect temperature and precipitation patterns in Europe and North
America. These changes will affect agriculture, forestry and water supplies.
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Source : NCAR Community Climate System Model
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■ The global ocean circulation system will change
under the strong influence of arctic warming.

(Chapter 2, Ocean Circulation Feedbacks)
■ Changes in ocean circulation matter to people. From dramatic climate shifts to decade-to-decade climatic fluctuations, the oceans contribute to Earth’s varying climate.
■ A changing Arctic can modify ocean circulation globally. By causing atmospheric
changes that affect the ocean outside the Arctic, and through the direct ocean circulation connection between the Arctic Ocean and the global ocean,
changes in the Arctic can alter the global ocean circulation.
Depth-corrected density of Labrador Sea water
(northern North Atlantic) at 200-800 m depth

■ The Arctic Ocean connections are changing. The
Arctic Ocean is connected to the global ocean through
the Atlantic and the Pacific Oceans. Water flowing into
the Arctic Ocean from both the Pacific and Atlantic has
warmed over the past decade. Although there has been an
increase in freshwater input into the Arctic Ocean from
melting ice and increased precipitation and river flows, so
far there are few indications of an increase in freshwater
export from the Arctic. Changes in temperature and salinity and their effects on density are among the concerns
because of their potential to alter the strength of the global
ocean circulation.
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■ Global ocean circulation will not change abruptly,
1992
1990
but it will change significantly, in this century. There
are only few indications that changes in the global overturning circulation are already occurring. However, it is likely that the circulation strength
will change in the future. This assessment supports the IPCC 2007 projection of a 25 per cent
average reduction of the overturning circulation by 2100.

■ People are affected not only by changes in ocean circulation strength, but also by
changes in circulation pathways. This assessment highlights the potential for currents in
the North Atlantic Ocean to alter their paths. Different ocean currents transport waters with
different characteristics, supporting different ecosystems. Therefore, changes in ocean circulation pathways will affect fisheries and other marine resources.
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■ The loss of ice from the Greenland Ice Sheet
has increased and will contribute substantially
to global sea level rise.

(Chapter 3, Ice Sheets and Sea-level Rise Feedbacks)
■ Sea-level rise is accelerating. Sea level has been rising over the past 50 years,
and its rate of rise has been accelerating. The rate of rise in the past 15 years is about
double that of the previous decades.
■ Thermal expansion and melting of land-based ice are
driving sea-level rise. Ocean warming and increased water
inputs from melting glaciers and ice sheets are the primary
contributors to sea-level rise. Over the past 15 years, thermal
expansion, glacier melting and ice sheet mass loss have each
contributed about one-third of the observed sea-level rise.

Global sea level
Metres
1.2

in the past

in the future

1.0
New
estimate

0.8

■ The ice sheets are melting. The ice sheets on Greenland
and Antarctica are melting into the ocean faster than expected.
Melt rates are sensitive to climate and are accelerating as both
land and ocean temperatures rise.
■ Ice sheet melt will be the major contributor to future
sea-level rise. With ongoing warming, ice sheet melting is
projected to continue irreversibly on human timescales and
will be the primary contributor to sea-level rise far into the
future, well beyond this century.
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Source: Cazenave and Llovel, 2009.

■ Sea level will rise more than previously expected. Sea level will rise more than
1 metre by 2100, even more than previously thought, largely due to increased mass
loss from the ice sheets. Increases in sea level will be higher in some areas than in
others. Low-lying coastal areas around the world are at particular risk.
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■ Arctic marine systems currently provide a

substantial carbon sink but the continuation of
this service depends critically on arctic climate
change impacts on ice, freshwater inputs, and
ocean acidification.

(Chapter 4, Marine Carbon Cycle Feedbacks)
■ The Arctic Ocean is an important global carbon sink.
At present, the Arctic Ocean is a globally important net sink for
carbon dioxide, absorbing it from the atmosphere. It is responsible for 5 to 14 per cent to the global ocean’s net uptake of
carbon dioxide.

Uptake of carbon dioxide from the atmosphere
Gigatonnes of carbon per year
0.150

Arctic
Ocean

0.125

■ A short-term increase in carbon uptake by the Arctic
Ocean is projected. In the near-term, further sea-ice loss,
increases in marine plant (such as phytoplankton) growth rates,
and other environmental and physical changes are expected to
cause a limited net increase in the uptake of carbon dioxide by
arctic surface waters.
■ In the long term, net release of carbon is expected.
Release of large stores of carbon from the surrounding arctic
landmasses through rivers into the Arctic Ocean may reverse
the short-term trend, leading to a net increase of carbon dioxide
released to the atmosphere from these systems over the next
few centuries.

Recent studies
0.100
Past studies
Barents Sea
0.075

Canadian Archipelago
0.050

Central Basin
East Siberian Sea

0.025

Kara Sea
Laptev Sea
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0

■ The Arctic marine carbon cycle is very sensitive to climate change. The
Arctic marine carbon cycle and exchange of carbon dioxide between the ocean and
atmosphere is particularly sensitive to climate change. The uptake and fate of carbon
dioxide is highly influenced by physical and biological processes themselves subject
to climate change impacts, such as sea ice cover, seasonal phytoplankton growth,
ocean circulation and acidification, temperature effects, and river inputs, making
projections uncertain.
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Chukchi Sea

Source : Bates, N., this report.

■ Arctic terrestrial ecosystems will continue
to take up carbon, but warming and changes
in surface hydrology will cause a far greater
release of carbon.

(Chapter 5, Land Carbon Cycle Feedbacks)
■ Arctic lands store large amounts of carbon. The northern circumpolar regions,
including arctic soils and wetlands, contain twice as much carbon as in the atmosphere.
■ Emissions of carbon dioxide and methane are increasing due to warming.
Current warming in the Arctic is already causing increased emissions of carbon
dioxide and methane. Most
Global carbon storage in soils
of the carbon being released
from thawing soils is thousands of years old, showing
that the old organic matter
in these soils is readily
decomposed.
■ Carbon uptake by
vegetation is increasing.
Longer growing seasons
and the slow northward migration of woody vegetation
are causing increased plant
growth and carbon accumulation in northern regions.

Kilograms per square metre
0.1 to 5
5.1 to 10
10.1 to 15
15.1 to 30
More than 30

Source : World Resources Institute 2000; after Bajtes 1996.

■ Carbon emissions will outpace uptake as warming proceeds. Future arctic
carbon emissions to the atmosphere will outpace carbon storage, and changes in
landscape will result in more of the sun’s energy being absorbed, accelerating climate
change.
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■ The degradation of arctic sub-sea

permafrost is already releasing methane from
the massive, frozen, undersea carbon pool and
more is expected with further warming.

(Chapter 6, Methane Hydrate Feedbacks)
■ Large amounts of methane are frozen in arctic methane hydrates. Methane is
a powerful greenhouse gas. A large amount of methane is frozen in methane hydrates,
which are found in ocean sediments and permafrost. There is more carbon stored in
methane hydrates than in all of Earth’s proven reserves of coal, oil and natural gas
combined.

East Siberian Arctic Shelf contains
the shallowest hydrate deposits,
most vulnerable to release

■ Continental shelves hold most of this hydrate. Most methane hydrates are
stored in continental shelf deposits, particularly in the arctic shelves, where they are
sequestered beneath and within the sub-sea permafrost. Since arctic hydrates are
permafrost-controlled, they destabilise when sub-sea permafrost thaws.
■ Thawing sub-sea permafrost is already releasing methane. Current temperatures in the Arctic are causing sub-sea permafrost to thaw. Thawed permafrost fails
to reliably seal off the hydrate deposits, leading to extensive methane release into
the ocean waters. Because of the shallow water depth of large portions of the arctic
shelves, much methane reaches the atmosphere un-oxidized (not changed to carbon
dioxide). It is not yet known how much this release contributes to current global
atmospheric methane concentrations. Methane is about 25 times more potent a greenhouse gas than carbon dioxide.

Predicted hydrate
deposits

■ Hydrates increase in volume when destabilised. In addition, when methane
hydrates destabilise, the methane within these hydrates increases tremendously in
volume. The very high pressure that results may lead to abrupt methane bursts.
■ The most vulnerable hydrates are on the East Siberian Shelf. The largest,
shallowest, and thus most vulnerable fraction of methane deposits occurs on the East
Siberian Shelf. Increased methane emissions above this shelf have been observed, but
it is not yet known whether recent arctic warming is responsible for the increase in
emissions.
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Water depth
less than 50 metres
Source: Soloviev et al., 2002 (top),
Jakobsson et al., 2004 (bottom).

1. ATMOSPHERIC
CIRCULATION
FEEDBACKS
Mark C. Serreze and Julienne Stroeve
Cooperative Institute for Research in Environmental Sciences,
University of Colorado, Boulder, Colorado, USA
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O

NE O F THE M OST DRA M AT IC C HAN GES to the globe in recent decades has been the rapid
decline of arctic sea ice. The consequences of this sea ice retreat for the global climate system are
becoming increasingly understood. The decline of sea ice is amplifying warming in the Arctic,
which in turn has major implications for temperature patterns over adjacent, permafrost-dominated land
areas and for weather patterns across the Northern Hemisphere. These changes in weather patterns can
have widespread impacts, affecting resources relied upon by society.

Key Findings
■ Reduced sea ice amplifies warming. Reduced sea ice cover is already amplifying warming in the Arctic earlier than projected. This amplification will become more
pronounced as more ice cover is lost over the coming decades.
■ Amplified warming spreads over land. Amplified atmospheric warming in the
Arctic will likely spread over high-latitude land areas, hastening degradation of permafrost, leading to increased release of greenhouse gases presently locked in frozen
soils, leading to further arctic and global warming.
■ Weather patterns are altered. The additional warming in the Arctic will affect
weather patterns by altering the temperature gradient in the atmosphere and atmospheric circulation patterns in the Arctic and beyond. It may also affect temperature
and precipitation patterns in Europe and North America. These changes will affect
agriculture, forestry and water supplies.
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Arctic sea ice and atmospheric circulation
Because of the Earth’s orientation relative to the sun, the sun’s rays strike
the Earth’s surface more directly at the equator than at the poles. The inequality
in the amount of solar radiation received gives rise to a gradient in atmospheric
temperatures, driving circulation of air in the atmosphere that transports heat from
regions of low-latitude warmth to the cooler poles, heat which is then radiated to
space (Figure 1)1. Much of this atmospheric heat transport is accomplished by the
traveling low and high pressure systems associated with day-to-day weather that
affects commerce and other human activities. Arctic sea-ice cover modifies the basic
temperature gradients from the equator to the poles and hence the manner in which
the atmosphere transports heat. Sea ice influences temperature gradients because of
its high reflectivity and its role as an insulating layer atop the Arctic Ocean.
Arctic sea ice is at it maximum seasonal extent in spring, when it covers an area
roughly twice the size of the continental United States. At this time, the reflectivity
(albedo) of the freshly snow covered ice surface may exceed 80 per cent, meaning
that it reflects more than 80 per cent of the sun’s energy back to space and absorbs
less than 20 per cent. The ice cover shrinks to about half of its spring size by
September, the end of the melt season. While summer melting causes the albedo of
the ice pack to decrease to about 50 per cent through exposing the bare ice and the
formation of melt ponds, this is still much higher than that of the ocean and land
areas, which may have albedos of less than 10 per cent. Furthermore, of the roughly
50 per cent of solar energy that is absorbed by the ice cover in summer, most is used

Figure 1.The sun’s rays strike
the surface more directly at low
latitudes than at high latitudes,
leading to an equator-to-pole
gradient in the temperature of
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Figure 2. Surface temperatures
averaged for November through March
over the period 1979-1999. Strong
horizontal temperature gradients in
the extreme northern North Atlantic
are linked to the location of the sea ice
margin and cold Greenland Ice Sheet
and affect the development of storms5.
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to melt ice, and the surface temperature of melting
ice is fixed at the freezing point. From October
through April, when there is little energy from
the sun, sea ice acts as a very effective insulator,
preventing heat in the Arctic Ocean from escaping
upward and warming the lower atmosphere.
All of these properties of sea ice help to keep
the Arctic’s atmosphere cool. Without them, the
atmospheric temperature gradient between the
equator and the Arctic that drives weather systems
would not be as strong as it is2.
At the regional, ocean basin scale, the area
between the insulating sea-ice cover and the open
ocean (known as the ice margin) is characterized
by particularly strong temperature gradients during
winter (Figure 2), favoring the development of low
pressure systems along the edge of the ice, as well
as smaller, intense features known as polar lows that
present hazards to shipping3, 4, 5.
It follows that large changes in the distribution
of arctic sea ice will affect patterns of atmospheric
temperature and hence weather patterns. There is
no question that ice cover is shrinking, and there
is growing evidence that some of the anticipated
impacts on the atmosphere have already emerged.

Observed sea ice trends
Sea-ice extent can be monitored year-round regardless of sunlight or cloud cover
with satellite passive microwave sensors. Since the beginning of the modern satellite
record in October 1978, the extent of arctic sea ice has declined in all months, with
the strongest downward trend at the end of the melt season in September.
Since 2002, successive extreme minima in September ice extent have occurred,
which have accelerated the rate of decline. Through 2001, the extent of September
sea ice was decreasing at a rate of -7 per cent per decade. By 2006, the rate of
decrease had risen to -8.9 per cent per decade. In September 2007, arctic sea ice
extent fell to its lowest level recorded, 23 per cent below the previous record set
in 2005, boosting the downward trend to -10.7 per cent per decade6. Ice extent in
September 2008 was the second lowest in the satellite record. Including 2008, the
trend in September sea ice extent stands at -11.8 per cent per decade7 (Figure 3).
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Compared to the 1970s, September ice extent has retreated by 40 per cent, an area
roughly comparable to the size of the United States east of the Mississippi River.
The decreases in sea ice extent are best explained by a combination of natural
variability (including changes in atmospheric and oceanic temperature and
circulation) and rises in surface air temperatures linked to increasing concentrations
of greenhouse gases in the atmosphere8. Climate models that incorporate the effects
of greenhouse gas emissions from fossil fuel burning show declining September ice
extent over the period of observations7, 9, 10. However, the model simulations mostly
show smaller decreases in sea ice extent than has been observed. This argues that the
models are too conservative and that ice-free summers might be realized as early as
the 2030s7, 11.
Figure 3. Map: Median sea ice
extent (1979-2000) at the date of the
seasonal minimum (red line) and on
16 September 2007 (white area) when
ice extent was 4.13 million square
kilometres. Left graph: Monthly
averaged September sea ice extent
from 1979 to 2008. Right graph:
Time series of ice extent from 1 June
to 24 September 2008 (dark blue line),
and through end of October 2007 (light
blue line), and average 1979-2000
(dotted line). Data from National Snow
and Ice Data Center, USA.

Reduced sea ice amplifies warming
Impacts of sea ice loss on atmospheric circulation can be linked to the anticipated
stronger rise in arctic air temperatures compared to warming in middle latitudes, a
process termed polar or arctic amplification12, 13. As atmospheric concentrations of
greenhouse gases climb, the summer sea ice melt season will continue to lengthen
and intensify, leading to less sea ice at the end of the summer. The retreat of the ice
allows the dark, low-albedo ocean to readily absorb the sun’s energy, increasing the
summer heat content in the top 50 metres of the ocean (known as the mixed layer)
(see Ocean Circulation Feedbacks chapter), which also further accelerates ice loss.
Ice formation in autumn and winter, which is important for insulating the warm
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ocean from the cooling atmosphere, is delayed. This
allows for a large upward heat transfer from the ocean
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to the atmosphere. Simply phrased, the insulating effect
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with time. An analysis of 16 different climate models
participating in the IPCC 2007 reveals consistency in the
Figure 4. Depictions from the NCAR
basic seasonality and vertical structure of warming over this century, but with
CCSM3 global climate model of: (a)
different timings, magnitudes and spatial patterns of change14. This, in part, reflects
near surface (2 metre) temperature
deviations by month and year over the
model-to-model scatter in rates and spatial patterns of ice loss through the end of this
Arctic Ocean; (b) latitude by height
century8, 9, 10. Other contributing factors include differences in patterns of atmospheric
plot of October-March temperature
heat transport, vertical mixing, and effects of clouds and water vapor. Through
deviations for 2050-2059. Deviations
transport by atmospheric circulation, warming associated with the loss of the summer
are relative to 1979-2007 average.
arctic sea ice is likely to spread over high-latitude land areas (Figure 5), hastening
The simulation uses the IPCC A1B
degradation of permafrost that is likely to lead to the release of carbon presently
emissions scenario for this century
and observed greenhouse gas
locked in frozen solids, and thus further global warming15 (see Land Carbon Cycle
13
concentrations for the 1990s .
Feedbacks chapter).
Heating the atmosphere over the Arctic Ocean through a considerable depth will
alter both the change in temperature with elevation (the atmosphere’s static stability)
and the gradient of atmospheric thickness from the equator to the poles. Atmospheric
thickness is the separation, in metres, between two adjacent pressure levels in the
a.
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atmosphere, and it increases with increasing atmospheric temperature. The weaker
the thickness gradient toward the poles, the weaker the vertical change in wind speed
(known as wind shear). As the arctic atmosphere warms, the thickness gradient
between the poles and the equator will decrease. Taken together, these changes will
affect the development, tracks and strengths of weather systems, and the precipitation
that they generate.
An analysis of atmospheric data sets16, 17 reveals that anticipated arctic
amplification is already occurring14. Consistent with recent extreme September sea
ice minima, Arctic Ocean surface air temperatures are 3 to 5°C higher in autumn
(October to December) for 2002 to 2007 compared to the 1979-2007 average. The
warming extends through a considerable height of the atmosphere and, while centred
over the areas of ice loss, also influences adjacent land and ocean areas.

Weather patterns
are altered

“The additional warming in the Arctic
will alter atmospheric circulation
and, through it, weather patterns,
affecting transportation, agriculture,
forestry, and water supplies.”

The expected and observed decline of summer sea
ice extent will affect heating in the lower atmosphere
and, as a result, atmospheric circulation. These
changes will influence temperature and precipitation
patterns that affect transportation, agriculture,
forestry and water supplies.
Observational evidence for responses of atmospheric circulation to declining ice
extent is just beginning to emerge. Varying summer ice conditions can be associated
Simulated future temperature trends

Periods of rapid
sea-ice loss

Periods of moderate
or no sea-ice loss
-1 0 1 2 3

Figure 5. Expected surface
air temperature trends
associated with periods of
rapid sea ice loss (left) and
moderate or no ice loss (right)
during this century. Rapid
ice loss promotes strong
warming over the Arctic
Ocean, but atmospheric
circulation spreads the
heat out to influence land
areas, potentially leading to
thawing of permafrost and
release of stored carbon to
the atmosphere. Results are
based on a simulation with the
NCAR CCSM3 model14.

Temperature anomalies (°C)
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North Atlantic Oscillation
“Positive” phase

Figure 6. The “positive” (left) and
“negative” (right) phases of the
North Atlantic Oscillation (NAO)
and anomalies in precipitation. In the
positive NAO phase, the Icelandic
Low (marked L) and Azores High
(marked H) are both strong. Westerly
winds between the two pressure
centres are strong (winds indicated
by arrows), bringing storms and wet
conditions into northern Europe;
southern Europe is drier than normal.
In the negative phase of the NAO, both
pressure centres are weaker, and the
storm track is shifted south. Northern
Europe is drier than normal, while
southern Europe is wetter than normal
[courtesy http://www.ldeo.columbia.
edu/res/pi/NAO/].

“Negative” phase

with large-scale atmospheric anomalies (deviations from the average) during the
following autumn and winter that extend beyond the boundaries of the Arctic18.
The autumn sea level pressure fields following summers with less arctic sea ice
extent exhibit higher pressures over much of the Arctic Ocean and North Atlantic,
compensated by lower pressures in middle latitudes. The pattern in the North Atlantic
is similar to what is known as the negative phase of the North Atlantic Oscillation
(NAO).
The NAO describes a correlation in the strengths of the Icelandic Low (the semipermanent low pressure cell centred near Iceland) and the Azores High (the semipermanent high pressure cell centred near the Azores) — the major atmospheric
“centres of action” in the North Atlantic. When both centres are strong (a deep low
and a strong high), the NAO is in its positive phase. When both centres are weak (a
shallow low and a weak high), the NAO is in its negative phase (Figure 6).
Changes in the NAO are tied to shifts in storm tracks and associated patterns of
precipitation and temperature19. During the positive NAO phase (when both centres
are strong), dry conditions typically occur over much of central and southern Europe
and the Mediterranean, while stormier, wetter than normal weather conditions occur
over Northern Europe. Temperatures in northern Eurasia tend to be above normal,
and temperatures in northeastern North America tend to be below average. During
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negative NAO phases, the precipitation and temperature deviations are roughly
reversed.
NAO phase

North Atlantic
storm track

Northern Europe

Southern Europe

Canada

Northeastern
North America

“Positive”

More northerly

Warmer and wetter
than normal

Drier than normal

Cooler than normal

Cooler than normal

“Negative”

More southerly

Cooler and drier than
normal

Wetter than normal

Warmer than normal

Warmer than normal

However, it is difficult from observations to unambiguously isolate circulation
responses to declining ice extent from other factors. In recognition, the past decade
has seen a growing number of studies addressing circulation responses to altered
arctic sea conditions using climate models. The basic approach is to essentially tell
the climate model what the sea ice conditions are (ice conditions are “prescribed”)
and then examine how the atmosphere responds to the prescribed conditions.
Comparisons between simulations with one set of prescribed ice conditions (e.g.,
observed extent for the late 1900s) and another (e.g., expected ice extent by the end
of this century), while keeping other factors, such as greenhouse gas concentrations,
the same, isolates the effect of changing the ice20.
While a more negative NAO phase with reduced winter ice extent finds support in
a number of modeling experiments 21, 22, 23, 24, this is by no means a universal finding.
One study finds that altered sea ice conditions in the Pacific sector (specifically in the
Sea of Okhotsk) leads to a significant atmospheric response not only locally in the
Sea of Okhotsk, but extending downstream over the Bering Sea, Alaska, and North
America, with consequent changes in precipitation and temperature25. While another
recent effort26 concludes that parts of the Arctic and Europe may experience greater
precipitation as the Arctic transitions toward a seasonally ice-free state; yet another
emphasizes less rainfall in the American West27. A comprehensive study showed that
although the loss of sea ice is greatest in autumn, winter is likely to see the strongest
responses in temperature and precipitation. Snow depths may increase over Siberia
and northern Canada because of increased precipitation19. Warming on land is mainly
a result of warm air transport from the Arctic Ocean open-water areas.

Summary
Arctic sea ice extent is declining in all months, with the strongest downward trend
observed for the end of the melt season in September. Since the observed September
trend exceeds that in simulations from most current global climate models, the
transition to a seasonally ice-free Arctic may occur sooner than previously thought,
affecting weather and precipitation patterns sooner than anticipated.

“The transition to a
seasonally ice-free
Arctic may occur sooner
than previously thought,
affecting weather
and precipitation
patterns sooner
than anticipated.”
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Today, amplified atmospheric warming in autumn over the Arctic Ocean is
already evident, and this warming extends through a through a considerable depth
of the atmosphere. Changes in the temperature structure of the arctic atmosphere
are expected to become more pronounced in coming decades as the Arctic Ocean
continues to lose its summer sea ice cover. These include alterations in static stability
(the change in the atmosphere’s temperature with height), the poleward gradient in
atmospheric thickness and the vertical change in wind speed (wind shear). These
changes will invoke responses in atmospheric circulation. While there is no universal
consensus regarding the spatial patterns of change that will emerge, a common thread
between different modeling studies is that changes may be significant and affect areas
well beyond the boundaries of the Arctic.
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I

N TH E PA S T, C H A NGE S IN O C E AN CIRCULATION have had wide-ranging impacts, including
altering fisheries, weather patterns, and global air temperature. It is, therefore, not surprising that the
potential for a significant change in global ocean circulation is considered one of the greatest threats
to Earth’s climate: It presents a possibility of large and rapid change, even more rapid than the warming
resulting directly from the build-up of human-induced greenhouse gases in the atmosphere. And changes
in ocean circulation are likely to cause societal impacts such as changes in access to important resources.
For example, the El Niño phenomenon in the tropical Pacific Ocean has wide-ranging influences affecting
local fisheries, regional weather patterns that span the Americas, and even global temperature; the
warmest year so far was 1998, a record El Niño year.

Key Findings
■ Changes in ocean circulation matter to people. From dramatic climate shifts to decade-to-decade
climatic fluctuations, the oceans contribute to Earth’s varying climate.
■ A changing Arctic can modify ocean circulation globally. By causing atmospheric changes that
affect the ocean outside the Arctic, and through the direct ocean circulation connection between the Arctic
Ocean and the global ocean, changes in the Arctic can alter the global ocean circulation.
■ The Arctic Ocean connections are changing. The Arctic Ocean is connected to the global ocean
through the Atlantic and the Pacific Oceans. Water flowing into the Arctic Ocean from both the Pacific
and Atlantic has warmed over the past decade. Although there has been an increase in freshwater input
into the Arctic Ocean from melting ice and increased precipitation and river flows, so far there are few
indications of an increase in freshwater export from the Arctic. Changes in temperature and salinity and
their effects on density are among the concerns because of their potential to alter the strength of the global ocean circulation.
■ Global ocean circulation will not change abruptly, but it will change significantly, in this century. There are only few indications that changes in the global overturning circulation are already occurring. However, it is likely that the circulation strength will change in the future. This assessment supports
the IPCC 2007 projection of a 25 per cent average reduction of the overturning circulation by 2100.
■ People are affected not only by changes in ocean circulation strength, but also by changes in
circulation pathways. This assessment highlights the potential for currents in the North Atlantic Ocean
to alter their paths. Different ocean currents transport waters with different characteristics, supporting different ecosystems. Therefore, changes in ocean circulation pathways will affect fisheries and other marine
resources.
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Changes in ocean circulation
matter to people

“If the large-scale ocean
circulation is disturbed
by processes altering
heat and salinity in
the Arctic Ocean, the
consequences may
be felt worldwide.”

Ocean circulation likely played a role in rapid climate change in the past. During
the Younger Dryas cold spell (about 12,000 years ago, when the Earth was coming
out of the last ice age), the Earth was warming up, and then suddenly, within a few
decades, the global temperature dropped. During that period, indirect evidence
indicates that the deep ocean circulation was reduced. The leading explanation is
that as the great ice-age glaciers melted, a large inland meltwater lake built up on
the North American continent, dammed by the glacier around the edges. When the
glacier dam broke, freshwater flooded the North Atlantic, preventing the ocean from
delivering heat to higher latitudes efficiently. As a result, the global air temperature
probably went down by several degrees, and remained this way for more than a
thousand years.
Such a dramatic change in ocean circulation has not been seen in recent history,
but smaller ocean circulation changes are assumed to be involved in important
periods like the medieval warm period (about 800-1300 AD) and the little ice age
(about 1400-1800 AD), in combination with other effects such as volcanic eruptions
and changes in the amount of energy the Earth receives from the sun. These periods
involved global temperature anomalies of less than a degree, yet the consequences, at
least in Atlantic sector, were staggering.
Ocean circulation can affect climate on even shorter timescales: Most climate
models display large variability in the atmospheric temperature record on 5 to 10
year timescales, without any direct forcing mechanism that can explain it. It is likely
that the ocean is actively contributing to setting these timescales, through releasing
and taking up heat. The ocean is the largest storehouse of heat on Earth, and no
other system has such a large amplitude in heat storage variability. These swings can
confound the understanding and attribution of climate change, which is a good reason
why climate is generally considered on timescales of 25 years and longer.
As discussed in the chapter on Atmospheric Circulation Feedbacks, changes
in the Arctic can disturb the global atmospheric energy balance. By changing the
atmospheric circulation in other places on Earth (for instance over the Indian and
Pacific Oceans) the changing Arctic can indirectly modify ocean circulation in these
remote places.
But there is a much more direct way in which the changing Arctic can modify the
ocean circulation globally: through changes in its density structure (determined by
temperature and salinity patterns). The most important Arctic contribution to climate,
the ice-albedo feedback (see chapter on Atmospheric Circulation Feedbacks),
contributes to this: as snow and ice melt into the ocean, freshwater is added and
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the ocean water in those areas becomes less salty. When density changes, ocean
circulation is altered.
The Arctic Ocean (Figure 1) experiences much less exchange with the
atmosphere than other oceans; momentum exchange (wind drag), heat exchange
and freshwater exchange are limited due to the sea ice cover. Nevertheless, there is
vigorous circulation at all depths of the Arctic Ocean, starting with the ice-driven
transpolar drift near the surface (circulating from the Pacific toward the Atlantic),
beneath which the circulation is around the pole and counter-clockwise. The deeper
circulation is not directly forced in the Arctic Ocean (it cannot, since it doesn’t
interact with the air-ice-sea interface in the Arctic) and results only as a consequence
of the global nature of large-scale ocean circulation.
And precisely this global nature of large-scale ocean circulation gives rise to the
most important avenue through which changes in the Arctic can affect the global
ocean: If the large-scale ocean circulation is disturbed by processes altering heat
and salinity in the Arctic Ocean, the consequences may be felt worldwide. The
mechanism involved is the world-encompassing meridional overturning circulation
(MOC) (Figure 2).
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The Arctic Ocean connections are changing
The Arctic Ocean connects to the global ocean through the Nordic Seas and the
Canadian Archipelago, which connect to the Atlantic Ocean, and through the Bering
Strait, which connects to the Pacific Ocean. These connections will be affected
differently in a warming climate.
The Pacific connection is quite shallow and brings water from the upper ocean in
the Pacific into the Arctic. As the Pacific water warms, so do the inflowing waters. A
warming layer of water in the Pacific Ocean (which began increasing in temperature
in the early 1990s from a relative steady state from the 1950s to 1980s), is already
affecting sea ice cover on the Arctic’s Pacific side1.
The Canadian Archipelago connection is almost as shallow as the Bering Strait,
and brings upper-ocean arctic waters, as well as sea ice, out of the Arctic. As the sea
ice cover shrinks and precipitation increases, more and more freshwater is exported
to the Atlantic through this connection. An increase in liquid freshwater export
through the archipelago during recent years has already been observed2.
The Nordic Seas connections are the most complicated, because this is a much
deeper and wider opening, which allows a much larger exchange of water with the
Arctic than the other two connections. This opening allows the MOC to extend not
only to the northern North Atlantic, but into the Arctic proper, filling a subsurface
layer of relatively warm water between 100 metres and 800 metres depth. Like the
Pacific inflow, this inflow of warm Atlantic water is warming, and a series of pulses
of unusually warm water (anomalies sometimes larger than 1ºC) has been observed
to propagate into the Arctic along the Eurasian continent since the early 1990s3, 4, 5.
(Figure 3)
To balance the water budget, the Nordic Seas also export arctic waters. The
return flow southward into the North Atlantic Ocean is very cold (typically less than
1ºC), which normally would make it very dense if it weren’t for the other factor
affecting the ocean’s density: salt. Some of the cold return water is relatively salty,
and therefore very dense. This dense return flow sinks to several thousand metres
depth as soon as it passes the Greenland-Scotland Ridge (which is 860 metres at the
deepest) and is part of the MOC. Some of the cold return flow is not very salty, and it
is therefore not dense enough to sink as it passes the Greenland-Scotland Ridge. This
return flow supplies the upper North Atlantic (the Labrador Sea) with less salty, cold
polar waters.
The cold return waters are mainly a product of cooling and reducing the salinity
of the northward-flowing warm Atlantic waters. The return flow from the Arctic
Ocean proper exits in the Fram Strait and flows along the coast of Greenland, where
it picks up return water from the Nordic Seas along the way. This current is referred
to as the East Greenland Current. Like the Canadian Archipelago connection, this
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The Meridional Overturning Circulation (MOC)

The sun heats the Earth more at the equator than
at the poles, and the global-scale atmospheric and
ocean circulations redistribute this heat, minimizing
the temperature gradients. The meridional overturning
circulation (MOC) is the main oceanic component of this
system (Figure 2). Because the global ocean consists of
connected ocean basins, the pathways of the MOC are more
complicated than simply bringing warm surface waters from
the equator toward the poles. For instance, in the South
Atlantic, warm surface waters are brought toward and across
the equator. These warm waters are eventually cooled in
the North Atlantic, in particular in the Subpolar Gyre and
the Nordic Seas, and return southward in the deep ocean.
Some of these waters return to the surface already in the
Atlantic Ocean, some return in the Southern Ocean, while
some travel all the way to the northern Pacific Ocean before
returning to the surface. The latter have been insulated from
the atmosphere for hundreds of years.
The ocean is many thousands of metres deep (3,000
metres on the average), and the basins are thousands of
kilometres wide. As a result, the strength of the MOC is
measured in only a few key places, and there are no direct
measurements of its long-term variability. The qualitative
description of the MOC’s pathways, however, goes back
nearly a hundred years, based on the distinct differences in
the temperature, salinity and oxygen content in the various
water masses constituting the MOC. In order to maintain
the Earth’s current climate, the strength of the MOC must
be somewhere between 15 and 30 million cubic metres per
second.
While it was recognized more than 200 years ago that the
oceans’ cold subsurface waters originated at high latitudes21,
it wasn’t suggested until the middle of the 1900s that the
strength of the deep ocean circulation might be varying over
time, or that the MOC may be important for Earth’s climate.

Since the 1950s, studies have revealed that changes in both
temperature and salinity affect density and thereby ocean
circulation, with the potential to change it radically. Models
also revealed that the ocean circulation system appeared
to be particularly vulnerable to changes in the freshwater
balance, either by the direct addition of freshwater or by
changes in the water cycle22,23, 24, 25. A strong case emerged
for the hypothesis that rapid changes in the Atlantic MOC
were responsible for rapid climate change in the past.
Even today the strength of the MOC has only been
measured at a few places and for a very short time.
Generally, inferences must be made about the strength of
ocean circulation based on indirect evidence. For example,
the strength of bottom currents is often inferred from the
size of gravel and stones it moves. And the intensity of
surface currents is often inferred from temperature. By
analyzing ocean cores, paleo-oceanographers determine how
ocean circulation changed in the past. The Younger Dryas
cold spell is one of the periods in which there were likely
large changes in deep ocean circulation. When freshwater
flooded the North Atlantic after the ice dam broke, ocean
circulation could have been affected in two ways: either by
freezing at the surface, cutting off contact between the warm
MOC and the atmosphere (similar to the situation in the
Arctic Ocean today) or by changing the density of the MOC
by adding freshwater such that the direction or strength
of the MOC changed. Either way the bottom circulation
would have changed, because the MOC itself would have
changed. In the first case, because the cooling of the MOC
would have stopped farther south and, as a result, the return
flow would not have been quite as dense and therefore not
as deep. And either way, the global air temperature would
have dropped, because the heat loss from the ocean to the
atmosphere would have been reduced significantly.
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Figure 3. Temperature anomalies of
the intermediate Atlantic Water in the
Arctic Ocean5.
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export route is expected to carry more freshwater and sea ice as climate warms, but
so far there is little indication that either is true6, 7. However, it appears that the 20072008 winter had unusually high ice export compared to the long-term average8.

Global ocean circulation will not
change abruptly, but it will change
significantly, in this century
Since there are no long-term measurements of the MOC (see box The Meridional
Overturning Circulation), the best assessment of its long-term variability is through
model analysis. The long-term variability in sea surface temperatures in the Atlantic
Ocean has been associated with small (less than 1 million cubic metres per second
and not observable with current equipment) but persistent changes in the strength of
the MOC over the course of decades9. The change is likely to become larger during
this century.
The current melting of ice has been watched with great concern by
oceanographers because the salinity of the North Atlantic has been decreasing for the
last 50 years10, 11, 12. If the 1965-1995 rate of decrease were to continue for a hundred
years, significant changes in ocean circulation would occur12. An event similar to the
Younger Dryas cold spell is not likely to occur, because there are no large melt-water
lakes currently building up in Greenland.
Since the mid-1990s, the salinity has been increasing rather than decreasing in the
subpolar North Atlantic13. That is because hand-in-hand with the melting ice comes
an increase in evaporation at lower latitudes and an increase in precipitation at higher
latitudes. In a warmer climate, the water cycle speeds up, such that the resulting
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change in the North Atlantic is a product of increased salinity originating in the south
and increasing freshwater content originating in the north.
Nevertheless, the ocean’s density has continued to decrease (Figure 4) 14, just
as it did in the 1960-1990 timeframe, because the temperature increase has been
stronger than the salinity increase (higher temperature reduces ocean density whereas
higher salt content increases ocean density). Since density is a more important factor
than salinity for determining ocean circulation, it is realistic to assume that the MOC
strength is already decreasing. Two observational studies suggest that the MOC
is now weaker in strength than in 1992, with one study estimating a 30 per cent
reduction by 200415 (note that this estimate is controversial) and another estimating
a roughly 15 per cent reduction16. However, it should be noted that measuring the
MOC is notoriously difficult (see box The Meridional Overturning Circulation).
It is also realistic to assume that the strength of the MOC will continue to
decrease during this century and beyond as a consequence of climate change. IPCC
200717 global climate models consistently project a reduction in the MOC during
this century (but not an abrupt collapse). The models diverge significantly in their
estimates of MOC strength. This is likely related to the models themselves rather
than to the emission scenarios. Using the A1B scenario, the IPCC models indicate, on
average, a 25 per cent reduction in MOC strength during this century (Figure 5).
Figure 4. Depth-corrected density
One consequence of the reduced MOC is a delayed warming in Atlantic sector.
of water in an upper layer (200-800
This delay is present in all the IPCC 2007 future scenario runs (see the “eye” in
metres) of the Labrador Sea, northern
the North Atlantic in Figure 6) and becomes more
North Atlantic14.
pronounced toward the end of the century. Such a
delay in warming could be a benefit to the ecosystems
Depth-corrected density of Labrador Sea water
(northern North Atlantic) at 200-800 m depth
involved because the warming would occur more
Kilograms per cubic metre
slowly, allowing more time to adjust. But the
1,027.76
geographic range of this influence would be limited.
It is not clear that continental Europe, for example,
1,027.74
would benefit from this delay. It is also not obvious
1,027.72
what other consequences the reduced MOC strength
will have for the climate system, but it is very likely
1,027.70
to have an impact on ecosystems and on the ocean’s
1,027.68
heat and carbon dioxide uptake.
1,027.66
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Modelled strength of the atlantic Meridional Overturning Circulation at 30° North
Million cubic metres per second
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Figure 5. MOC strength in a suite of
coupled climate models. IPCC 2007,
WG1, Figure 10.1518.

Figure 6. Projected surface
temperature changes for the early (left)
and late (right) part of this century
relative to the period 1980–1999. The
two panels show the multi-model
average projections for the B1 (top),
A1B (middle) and A2 (bottom) SRES
scenarios averaged over the decades
2020–2029 (left) and 2090–2099
(right). IPCC 2007 WG1, Figure
SPM.617.
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People are affected not only by changes
in ocean circulation strength, but also
by changes in circulation pathways
Society is not only affected by a change in ocean circulation strength, but also by
pathway changes. For example, when a nutrient-rich ocean current takes an unusual
path far away from shore, the fish adjust by changing their migration patterns,
affecting fisheries and other marine resources. Ocean pathway changes are possible
as a consequence of arctic sea ice melting, because despite uncertainties, a consistent
finding from climate models is that the reduced ice cover is likely to change the
storm tracks across the North Atlantic Ocean (see chapter Atmospheric Circulation
Feedbacks).
The position of the storm tracks over the North Atlantic Ocean affects weather
and climate, ecosystems and human activities in the North Atlantic sector. Unusually
cold winters over Europe and North America coinciding with unusually warmer
winters over Greenland are associated with more southerly storm tracks, whereas the
opposite happens during more northerly tracks. When such a situation persists for
several years there is normally a significant ocean response: In the case of a southerly
storm track, warmer than normal water builds up in the Subpolar Gyre, and the
Gulf Stream runs on an unusually southerly track19, a consequence that is likely to
affect ocean ecosystems. In that case, the number of cod would likely increase in the
Labrador Sea and decrease on the northern European side20. In the case of a northerly
track, the situation would be the opposite.

“When a nutrient-rich
ocean current takes
an unusual path far
away from shore, the
fish adjust by changing
their migration patterns,
affecting fisheries and
other marine resources.”
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A

F TER 3, 0 0 0 YE AR S OF LIT T LE CHAN GE, global average sea level has been rising over the
past century as climate has warmed, with an increasing rate of rise in recent decades. As climate
heats up, air and ocean temperatures rise, causing ocean water to expand, glaciers to melt, and
making the ice of the ice sheets of Greenland and Antarctica melt faster into the oceans, raising sea level
worldwide. There is enough ice in Greenland to raise global sea level by 7 metres and in Antarctica to
raise sea level by 60 metres.

Key Findings
■ Sea-level rise is accelerating. Sea level has been rising over the past 50 years,
and its rate of rise has been accelerating. The rate of rise in the past 15 years is about
double that of the previous decades.
■ Thermal expansion and melting of land-based ice are driving sea-level rise.
Ocean warming and increased water inputs from melting glaciers and ice sheets are
the primary contributors to sea-level rise. Over the past 15 years, thermal expansion,
glacier melting and ice sheet mass loss have each contributed about one-third of the
observed sea-level rise.
■ The ice sheets are melting. The ice sheets on Greenland and Antarctica are
melting into the ocean faster than expected. Melt rates are sensitive to climate and are
accelerating as both land and ocean temperatures rise.
■ Ice sheet melt will be the major contributor to future sea-level rise. With
ongoing warming, ice sheet melting is projected to continue irreversibly on human
timescales, and will be the primary contributor to sea-level rise far in the future, well
beyond this century.
■ Sea level will rise more than previously expected. Sea level will rise more than
1 metre by 2100, even more than previously thought, largely due to increased mass
loss from the ice sheets. Increases in sea level will be higher in some areas than in
others. Low-lying coastal areas around the world are particularly at risk.
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Sea level is a very sensitive index of climate change and variability. As the
ocean warms in response to global warming, seawater expands and, as a result, sea
level rises. When mountain glaciers melt in response to increasing air temperature,
sea level rises because more freshwater glacial runoff discharges into the oceans.
Similarly, ice mass loss from the ice sheets causes sea-level rise.
The increase of freshwater flowing into the oceans reduces its salinity, decreasing
its density and affecting ocean circulation patterns that, in turn, affect sea level and
how it varies from region to region.
Hence, local and regional climate changes affect sea level globally.
Arctic climate is of particular concern since it is a region where the strongest
changes are expected in the future1. Current observations indicate that Arctic climate
is changing faster than that of the rest of the world. Arctic climate change has already
had a considerable effect on sea level through ice mass loss from the Greenland Ice
Sheet, melting of glaciers in Alaska and on Svalbard, warming of the Arctic Ocean,
thawing of permafrost in Siberia, and increased water input from arctic rivers.

“Arctic climate
change has already
had a considerable
effect on sea level.”

Sea-level rise is accelerating
While the global average sea level had remained almost stable for the 3,000
years (following the approximately 120-metre sea-level rise associated with the last
deglaciation), tide gauge measurements available since the late 1800s have reported
significant sea-level rise during the 1900s, especially since 1950, increasing an
average of 1.7 millimetres per year over the past 50 years2, 3, 4. Since early 1993,
sea level variations have been accurately measured by satellite altimetry (Topex/
Poseidon, Jason-1 and Jason-2 missions). This 15-plus year data set shows that
average global sea level is currently rising at a rate of about 3.3 millimetres per year
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Figure 1. Change
in average sea
level during the
1900s from tide
gauges (left)2,4.
Global average
sea level since
1993 measured by
satellite altimetry
(right)7.
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(plus or minus 0.4 millimetres)4, 5, 6, 7, roughly twice the average rate recorded by tide
gauges over the previous decades (Figure 1).

Ocean warming
Analyses of in situ ocean temperature data from the past 50 years, collected by
ships and recently by profiling floats, indicate that ocean heat content, and hence
ocean thermal expansion, has significantly increased since 1950. Ocean warming
explains about 25 per cent of the observed sea-level
rise of the last few decades8, 9, 10. This number is likely a
lower bound, because of the lack of hydrographic data
in remote regions of the Southern Hemisphere and in
the deep ocean (below 1,000 metres)8. A steep increase
in thermal expansion was observed during the decade
1993-2003. Since about 2003, the thermal expansion rate
has decreased, but this likely reflects short-term natural
variability rather than a new long-term trend. On average,
over the period 1993 to 2008 (the satellite altimetry era),
ocean warming has accounted for about 30 per cent of
sea-level rise9, 10.

Figure 2. The recent retreat of the
Columbia Glacier, Alaska.

Glaciers melting

History of Columbia retreat (R.M. Krimmel, USGS)

Highly sensitive to global warming, mountain glaciers
and small ice caps have retreated worldwide during the
recent decades, with significant acceleration during the
1990s. From mass balance studies of a large number
of glaciers, estimates have been made regarding the
contribution of glacier ice melt to sea level11, 12, 13. For
the period 1993 to 2008, melting glaciers and ice caps
explain about 30 per cent of the observed sea-level rise,
with melting glaciers in Alaska
accounting for about one-third of
this11, 13 (Figure 2).

The ice sheets are losing
mass

Columbia Glacier c. 1980

NASA

Columbia Glacier 2005
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NASA

As climate heats up, air and ocean
temperatures rise, the melting of ice
at the surface of the Greenland Ice
Sheet increases, and glaciers flow
faster to the ocean and melt. Even

Figure 3. Images of Antarctica
(left) and Greenland (right) to scale.
Antarctica is 50 per cent larger than
the United States or Europe. Greenland
is 7 times smaller than Antarctica.
There is enough ice in Antarctica to
raise global sea level by 60 metres and
7 metres in Greenland.

in Antarctica, where air temperatures remain below freezing and melting is limited
to the low-lying regions of the Antarctic Peninsula, ocean warming has triggered
changes in ice mass that are comparable in magnitude to what is being observed
in Greenland. As glaciers flow and melt faster into the oceans, sea level is rising
worldwide. There is enough ice in Greenland to raise global sea level by 7 metres and
in Antarctica to raise sea level by 60 metres (Figure 3).
In the last interglacial (a period between ice ages), about 120,000 years ago when
global air temperatures were only 2 to 3°C above present temperatures, sea level was
4 to 6 metres higher14. During that period, a large part of the ice sheets on Greenland
and West Antarctica had melted into the sea. It is almost certain that if the Earth
experienced the same climate again, it would only be a matter of time before these
ice sheets melt into the sea again15.
The knowledge of the evolution of Greenland and Antarctica in a warming
climate has evolved significantly since the 2007 Intergovernmental Panel on Climate
Change Fourth Assessment report (IPCC 2007).
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Figure 4. Changes in mass of the
Greenland Ice Sheet from 1958-200716.
The blue diamonds are observations of
ice discharge and snowfall combined.
The blue curve fills in data gaps
by using a linear reconstruction of
anomalies in ice discharge from
anomalies in surface runoff (snow and
ice melt).

Greenland Ice Sheet

Observations from the ground, airborne platforms and satellites show
that the Greenland Ice Sheet is losing an excess ice mass to the ocean
compared to what is needed to maintain the ice sheet in a state of mass
equilibrium (i.e., no net growth or shrinkage). In 2008, this mass loss
was about 280 gigatonnes per year16 (Figure 4). One gigatonne per year
is the amount of water consumed annually by the city of Los Angeles,
California, and its 8 million inhabitants. Thus, each year the Greenland
ice sheet loses the amount of water required to supply 280 cities like Los
Angeles with freshwater. While this number is large at the human scale, it
only represents a small fraction of the total ice volume in Greenland.
More important, the ice sheet loss has been increasing over the last 20
years (Figure 4). This is shown by approaches comparing accumulation
versus perimeter loss; or direct measurements of mass changes using
time-variable gravity17, 18. The ice sheet was near balance in the 19701980s, when climate was colder than it is today. Since then, the ice sheet
2007
loss has increased by about 20 gigatonnes every year. If the ice sheet
continues to lose mass at this rate, sea level will rise worldwide by 31
centimetres from Greenland alone by the year 2100.
One-third of the ice sheet loss is caused by increased surface melting or runoff.
In the last 15 years, runoff has increased by 50 per cent. Places that used to melt only
rarely now melt every year.

Glacier flow rates are accelerating
Yet increased surface melting and runoff is not the largest change observed in
Greenland. The other two-thirds of the ice sheet loss is caused by the acceleration
of glaciers. Glaciers discharge ice from the island to the ocean, flowing like rivers
that discharge rainfall from their catchment basin into the sea. Their rate of flow is
affected by climate. They flow faster under warmer conditions. Warmer conditions
Temperature (°C)

South West Greenland ocean temperature
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Greenland

1992

1994
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include warmer air temperatures, which affect the glacier surface, and warmer ocean
conditions that affect the submerged parts of the glaciers that reach the ocean.
Initially, meltwater was assumed to be the prime cause of glacier acceleration,
making its way to the ground beneath ice sheets, lubricating it and causing the
glaciers to flow more quickly to the sea19 (Figure 5). However, this process only
accelerates ice flow by about 20 per cent, which, while important, is not enough to
explain the observed rate of ice loss20, 21.
What was realized in recent years is that the primary cause of glacier acceleration
is the pressure change that occurs near the glacier fronts as a glacier melts. As ocean
and land temperatures rise (Figure 6), the ice at the front of glaciers (where the ice
meets the ocean and produces icebergs) melts and thins more rapidly, causing the
glacier frontal regions to retreat inland, which reduces the backpressure (or resistance
to flow) on the inland ice. The reduced pressure causes them to flow more quickly
into the sea, much like removing the cork from a bottle22. Acceleration rates of
several hundred per cent can result from this mechanism.
Nearly all the large glaciers in south Greenland sped up when the ocean waters
warmed up by several degrees during the mid-1990s23. This has resulted in the
collapse of floating ice tongues and in the retreat of glacier terminus, which has
in turn triggered glacier acceleration. A wave of acceleration is then transmitted
upstream, over vast distances (measured in hundreds of kilometres), affecting the
entire catchment basin.
Ice sheet numerical models used in IPCC 2007 were not able to explain the
observed speed up of Greenland glaciers for various reasons, but mostly because
the mechanisms of destabilisations of the glaciers in a warmer climate were not
sufficiently well understood. While it is certain is that the ice sheets will continue to
lose mass at an increasing rate in a warmer climate; predicting those rates remains a
serious scientific challenge at present24, 25, 26.
Places that are most vulnerable to change are glaciers grounded below sea level,
because the glacier frontal regions remain in contact with ocean waters during the
retreat, which maintain high rates of iceberg production and submarine melting

Figure 5. Meltwater moulin
on the Greenland Ice Sheet.

Figure 6. Time series of ocean
temperature along the coast of west
Greenland that show a transition from
cold to warm (+3°C) in the mid-1990s
that is held responsible for the subsequent
acceleration of the glaciers23. The warm
waters melted the submarine portion of
the glaciers, which reduced resistance to
flow and allowed glaciers to slide faster to
the sea. Some of the glaciers doubled or
tripled their speeds within one year. The
floating ice tongue of Jakobshavn Isbrae
disappeared completely in year 2002, the
same year the fjord was classified as World
Heritage Site by UNESCO.
Temperature (°C)

2000

2001

2002

2003

2004

2005

Braithwaite, 2002

2006

0 1 2 3 4 5

2007

ARCTIC CLIMATE FEEDBACKS: GLOBAL IMPLICATIONS 45

Figure 7. Maps of Greenland and
Antarctica showing sectors grounded
below sea level (in blue). These sectors
are most sensitive to climate change
and have the potential for rapid retreat;
but ice sheet retreat may still occur in
regions grounded above sea level.

Antarctica

500 Kilometres

Figure 8. Image of a glacier in
Kangerdlugssuaq Fjord, in Greenland.
Glaciers discharge meltwater and
icebergs to the North Atlantic ocean.
Freshwater discharges may affect the
thermohaline circulation (based on the
ocean water’s temperature and salinity
affecting its density), which in turns
affects global climate.

Greenland

260 Kilometres

compared to glaciers terminating on land. As frontal regions thin faster than interior
regions, the glaciers are stretched across their length and become steeper, which
increases ice flow and propagates ice thinning inland. Much of northern Greenland
is grounded below sea level (Figure 7). The deep channel that underlies Jakobshavn
Glacier, which collapsed around the year 2000, is also grounded below sea level; it is
the largest glacier in Greenland and discharges 10 per cent of the Greenland ice sheet.
As climate warming continues, existing models agree that the ice sheet will melt
almost completely if local warming exceeds 4 to 5°C15.
Currently, the ice sheet is changing nearly three times faster than anticipated by
existing numerical models and the contribution of Greenland to sea level is larger
than expected. A rapid decay of Greenland glaciers will increase freshwater input to
the North Atlantic, which may disrupt global ocean circulation and global climate.
For a long time, conventional wisdom held that Antarctica was too cold to see
substantial melting and that it would instead gain ice mass due to increasing snowfall,
even as climate warmed. Reality has unfolded quite differently. It is now clear that
Antarctica has been warming slowly over the past 50 years, and it has not seen an
increase in snowfall27, 28. As in Greenland, however, glacier flow rates in Antarctica
have been increasing in some regions. In the Antarctic, ice does not melt from the top
because temperatures are too cold, but it melts from the bottom where it is in contact
with the ocean. While only some sectors of Greenland are grounded below sea level
and at risk of collapse, the vast majority of West Antarctica is grounded below sea
level, as are significant sectors of East Antarctica (Figure 7). These sectors are most
sensitive to changes in ocean temperature at the periphery of Antarctica.

J. Dowdeswell, 2006
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Ice sheet melt will be the major
contributor to future sea-level rise
Sea-level rise from ice sheets is only beginning
In 2008, Antarctica lost nearly as much ice as Greenland, a net loss of
Mass balance of the West Antarctic Ice Sheet
about 220 gigatonnes per year29, 30 (Figure 9). This is only 10 per cent of
Gigatonnes per year
0
its annual input of mass from snowfall to the continent (i.e. a much smaller
fraction than for Greenland). This means that the Antarctic continent holds a
-50
much greater potential for rapid sea level rise in the future, as more regions
of Antarctica are destabilised by climate change.
As in Greenland, the mass loss from Antarctica is accelerating29 (Figure
-100
9). In the Amundsen Sea sector of West Antarctica (currently Antarctica’s
largest contributor to sea-level rise), Pine Island glacier has been thinning
-150
more rapidly and its flow rate has been accelerating more every year for
the past 35 years31. The glacier will continue to accelerate until it becomes
-200
ungrounded from its ice plain and begins calving from a much deeper
22
bed . At that point, which could be only a few years away, the glacier will
abruptly speed up by a factor of 2 to 3, break up into icebergs over a much
-250
wider front, and continue its retreat — even if climate were to slowly come
back to the colder conditions of the 1970s. This sector of West Antarctica
-300
alone contains enough ice to raise sea level by an additional metre. Ground,
1974
1982
1990
1998
2006 2010
airborne and satellite surveys indicate that ice in this region is beginning to
collapse, the likely result of a warmer ocean. The contribution to sea level
Figure 9. Increase in mass loss by the
from this sector of Antarctica is not included in the IPCC 2007 projections.
West Antarctic ice sheet32. The mass
In sum, accelerated ice mass loss in coastal regions of Greenland and West
loss has been steadily increasing since
the 1970s as a result of accelerations in
Antarctica contributed about 30 per cent to the 1993-2008 sea-level rise, with an
glacier flow; snowfall has not changed
almost equal amount from Greenland and West Antarctica. From 1993 to 2003, the
significantly in Antarctica over the past
ice sheet contribution was less than 15 per cent, but it has increased significantly
50 years30.
since 2003. Although none of the climate factors discussed above change linearly
with time, on average over the 1993-2008 period, ocean warming, glacier melting
and ice sheet mass loss have each contributed about 30 per cent to global average
sea-level rise.
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Sea level will rise more than
previously expected
Exactly how much ice sheet melt will affect sea level in the future is difficult to
predict.
However, sea level is expected to rise more than previously thought. IPCC 2007
projections based on coupled climate models indicate that sea level is likely to be
higher than today’s level by about 40 centimetres by 2100 (within a range of plus or
minus 20 centimetres because of differences between models and uncertainty about
future greenhouse gases emissions)32. However, this amount of rise is likely a lower
bound because it accounts only for future ocean warming and glacier melting; it
excludes rapid changes from ice sheets because it did not appear possible to predict
them at the time. The complex ice sheet dynamics by which glaciers flow into the
ocean, which are responsible for a large proportion of Greenland and West Antarctica
ice mass loss have begun to be understood only recently and thus were not taken into
account in the IPCC 2007 sea-level projections.
To address this complex problem, more advanced numerical ice sheet models
and more complete observations of key physical processes are needed, for instance
of rising ocean temperature in contact with glacier ice. Because ice sheet losses are
Figure 10. Future sea-level rise based
currently increasing faster than any other system contributing to sea-level rise, it
on simple relationship between rate
is likely that ice sheets will be the primary contributor to sea-level rise during this
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century. As further progress is made in understanding and modelling the mechanisms
temperature33.
of destabilisation of glaciers and ice sheets, improved predictions will be possible.
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Figure 11. Past sea
level reconstruction
(1950-2003) based
on tide gauges and
an ocean circulation
model37.
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of greenhouse gases. What is at stake now is how severe climate change will be in
the middle and end of this century and beyond.
Some of the changes that have taken place are irreversible on a human timescale.
For example, satellites witnessed the collapse of the Larsen B ice shelf in Antarctica
in March 2002 after 10,000 years of continuous existence. It would take several
hundred years to rebuild this ice shelf from its current state to what it was in year
2000. As climate warming progresses farther south in the Antarctic Peninsula, more
ice shelves are expected to collapse. The irreversible character of such changes
implies that observed changes in polar regions could have very significant impacts.

Sea-level rise is not uniform
Satellite altimetry data has revealed that sea level is not rising uniformly (Figure
11). In some regions (e.g., western Pacific), rates of sea-level rise are faster by up
to 3 times the average global rate. In other regions, rates are slower than the global
average (e.g., eastern Pacific). Spatial patterns in sea-level trends mainly result
from large-scale changes in the density structure of the oceans associated with
temperature and salinity changes8. To date, the largest regional changes in sea-level
trends result from ocean temperature change (i.e., from change in heat content of the
oceans), but local changes in water salinity also can be important35. Observations
of ocean temperature over the past few decades show that trend patterns in thermal
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expansion are not stationary, but fluctuate both in space and time in response to
natural perturbations of the climate system (such as a result of the El Niño-Southern
Oscillation, North Atlantic Oscillation and Pacific Decadal Oscillation)36. As a result,
sea-level trend patterns observed by satellites over the last 15-plus years are different
from those observed over the last 50 years2, 37. Such decade-to-decade oscillations are
not reproduced well by coupled climate models.
Like the present, sea-level rise is not expected to be uniform around the world
in the future. The regional sea level map for 2090-2100 provided by IPCC 2007
(average of 16 models for one emission scenario)1 shows higher than average sealevel rise in the Arctic Ocean and along a narrow band in the South Atlantic and
South Indian oceans. However, as noted in IPCC 20071, geographical patterns of
sea-level change from different models generally are not similar, reflecting current
model deficiencies in modelling regional changes, in particular those associated with
decade-to-decade and multi-decade natural variability.
IPCC 2007 regional projections are different from present-day observed patterns
of sea-level rise (compare Figure 11 and Figure 12), a result of temporal variability
in spatial trend patterns.

Regional variability in sea-level change

Figure 12. Regional variability
in sea level change relative to the
global average by the end of this
century32.
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Threats to coastal regions
Sea-level rise is a major concern for populations living in low-lying coastal
regions (about 25 per cent of humans), because it will give rise to inundation (both
temporary and permanent flooding), wetland loss, shoreline erosion, saltwater
intrusion into surface water bodies and aquifers, and it will raise water tables38, 39.
Moreover, in many coastal regions of the world, the effects of rising sea level act
in combination with other natural and/or human-induced factors, such as decreased
rates of stream sediment deposition in deltas, ground subsidence (sinking) as a result
of tectonic forces, groundwater pumping, and/or oil and gas extraction.
In addition to factors that modify shoreline structure and equilibrium (e.g.,
sediment deposition in river deltas, changes in coastal waves and currents), coastal
regions are affected by relative sea-level rise (i.e., the combination of sea-level
rise and vertical movement of the ground). In many coastal regions of the world,
these two factors are currently of the same order of magnitude and in the opposition
direction — sea level is rising and the ground is sinking. This amplifies the effect
of sea-level rise in these locations, so that for example, a half-metre rise in global
sea level and a half-metre of local land subsidence combines to produce 1 metre of
relative sea-level rise. Accelerated ground sinking has been reported in many regions,
either because of local groundwater withdrawal (e.g., Tokyo subsided by 5 metres,
Shanghai by 3 metres, and Bangkok by 2 metres during the last decades39) or oil and
gas extraction (e.g., along the Gulf of Mexico Coast in the United States where the
ground subsides at a rate of 5 to 10 millimetres per year40). Whatever the causes,
ground subsidence (sinking) directly interacts with and amplifies climate-related sealevel rise (long-term trend plus regional variability). However, if sea level continues
to rise at current rates, and more likely accelerates, the climate factors (sea-level
rise) will become dominant. And, as mentioned previously, IPCC 2007 sea level
projections are very likely to be underestimations. In addition, climate models are not
yet able to provide reliable regional variability projections that will be superimposed
on the global average rise for the next few decades. Hence, it is very difficult to
quantify future sea-level rise in specific regions where various factors interact in
complex ways. Despite the uncertainties, sea-level rise will almost surely cause
significant impacts in coastal regions around the world.
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A

M O NG IT S O T HE R IM PO RTA NT FUN CTION S, the Arctic Ocean absorbs carbon dioxide.
But absorbing carbon dioxide produced by human activities also has downsides. It gradually
reduces the ocean’s ability to take up more carbon dioxide, and it leads to ocean acidification. The
complexities of the Arctic Ocean and its role in the global carbon cycle are only beginning to be
understood. Part of the difficulty is the dearth of measurements in this remote and not easily accessible
region. Still, what is known, and what is being discovered, is creating concern among scientists studying
the Arctic Ocean and its role in the global carbon cycle.

Key Findings
■ The Arctic Ocean is an important global carbon sink. At present, the Arctic Ocean is a globally important net sink for carbon dioxide, absorbing it from the
atmosphere. It is responsible for 5 to 14 per cent to the global ocean’s net uptake of
carbon dioxide.
■ A short-term increase in carbon uptake by the Arctic Ocean is projected. In
the near-term, further sea-ice loss, increases in marine plant (such as phytoplankton)
growth rates, and other environmental and physical changes are expected to cause a
limited net increase in the uptake of carbon dioxide by arctic surface waters.
■ In the long term, net release of carbon is expected. Release of large stores of
carbon from the surrounding arctic landmasses through rivers into the Arctic Ocean
may reverse this trend over the next century, leading to a net increase of carbon dioxide released to the atmosphere from these systems.
■ The arctic marine carbon cycle is very sensitive to climate change. The arctic
marine carbon cycle and exchange of carbon dioxide between the ocean and atmosphere is particularly sensitive to climate change. The uptake and fate of carbon dioxide is highly influenced by physical and biological processes themselves subject to
climate change impacts, such as sea ice cover, seasonal phytoplankton growth, ocean
circulation and acidification, temperature effects, and river inputs, making projections
uncertain.
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“The atmosphere-ocean
exchange of carbon
dioxide is changing
rapidly in response
to sea-ice loss and
other climate-change
induced processes.”

The Arctic plays an important role in the global climate system through
interactions between sea-ice, ocean and atmosphere, global ocean circulation and the
global balance of gases such as carbon dioxide and methane. Rapid environmental
change in the Arctic as a result of warming1, 2, sea-ice loss3, 4 and other physical and
biological changes5, 6, 7, 8, are already altering the marine carbon cycle. The major
finding of this chapter is that the atmosphere-ocean exchange of carbon dioxide is
changing rapidly9, 10, 11 in response to sea-ice loss and other climate-change induced
processes. Arctic Ocean marine ecosystems are also particularly sensitive to the
impacts of ocean acidification12, 13, 14 that result from the ocean uptake of humanproduced carbon dioxide.

Geographic setting
The relatively small Arctic Ocean (about 10,700,000 square kilometres) is almost
completely landlocked except for a few ocean gateways that allow limited exchanges
of seawater with the Pacific and Atlantic oceans (Figure 1). The coastal seas of the
Arctic (Barents, Laptev, Kara, East Siberian, Chukchi and Beaufort seas) overlie
shallow continental shelves (less than 200 metres deep) that constitute about 53 per
cent of the total area of the Arctic Ocean15; the remainder is a deep central basin
more than 2,000 metres deep, flanked by the slightly shallower Eurasian and Canada
basins. In the central basin of the Arctic, subsurface waters are relatively isolated
from surface waters due to differences in seawater density that change with depth16, 17
and limited exchanges with deep water outside of the Arctic. As such, climate change
due to warming, sea-ice loss and other processes mostly affects surface waters rather
than the deep, isolated and old subsurface waters in the central basin.
Surrounding the Arctic Ocean is an extensive land margin and watershed with
major rivers draining Siberia and North America5, 18. The arctic landmasses also
contain large stores of freshwater (mostly glacial ice and permafrost) (see Ice Sheets
and Sea-level Rise Feedbacks chapter) and terrestrial carbon (see Land Carbon Cycle
Feedbacks chapter) compared to the stores of carbon in the Arctic Ocean15. As such,
arctic rivers contribute disproportionately large amounts of freshwater and other
materials, such as carbon, compared to other ocean basins.

Sea ice in the Arctic
Atmosphere-ocean interaction, ocean circulation19 and exchanges of water with
other oceans control the seasonal sea-ice advance and retreat, year-to-year changes of
sea-ice distributions and thickness, and export of sea-ice from the Arctic Ocean to the
Atlantic Ocean20. In wintertime, the Arctic is almost completely covered by sea-ice
(except for significant areas of open-water associated with ice-free areas — polynyas
— and gaps between the sea ice — flaw-leads). The normally thick (3- to 7-metre)
multi-year ice in the central basin and thinner seasonal sea-ice (1 to 2 metres) across
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the arctic shelves has declined dramatically since the 1990s21. In a self-reinforcing
cycle, sea-ice loss reinforces surface warming because of reduced surface reflectivity
(albedo) and increased heat absorption, which inhibits sea-ice formation in the winter
and accelerates sea-ice loss during the summer22. This in turn, affects the chemistry
and biology of the Arctic Ocean.

Biology of Arctic Ocean surface waters
In the shallow coastal waters of the Chukchi and Barents seas, the inflow23
of nutrient-rich seawater from the Pacific and Atlantic oceans24, coupled with the
seasonal retreat and melting of sea ice and the abundance of light, sustains high rates
of marine plant (i.e., phytoplankton) photosynthesis and growth25, 26 in open waters
each year. The seasonal growth of marine phytoplankton and zooplankton (e.g.,
shrimp, copepods) supports rich and diverse open-water and seafloor ecosystems27.
These ecosystems provide critical food sources for marine mammals (e.g., grey
whale, walrus, polar bears), seabirds and human populations in the Arctic.
Elsewhere in the Arctic, coastal waters of the Beaufort and Siberian seas
have significantly reduced marine phytoplankton growth rates as a result of lower
nutrient supplies23, 15. In the central basins of the Arctic (i.e., Canada and Eurasian
basins), surface waters are mostly covered by sea ice with very low rates of marine
phytoplankton growth28. Across the Arctic, marine phytoplankton and microbial (i.e.,
bacteria and viruses) communities in sea-ice also influence the marine carbon cycle.
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The Arctic Ocean is an important
global carbon sink
Seawater exchanges with other oceans, land to ocean inputs and atmosphereocean exchanges strongly influence the physical and chemical properties of the surface
waters of the Arctic Ocean. As such, climate change will predominantly affect the
pools and fluxes of carbon in surface waters of the Arctic over the next century.
The upper waters of the Arctic contain approximately 25 gigatonnes (1 gigatonne
of carbon equals 1 billion tonnes of carbon) of inorganic carbon (i.e., bicarbonate,
carbonate and carbon dioxide) and about 2 gigatonnes of organic carbon (in the form
of living organisms, detritus and other materials). Seawater inflow of Pacific Ocean
water through Bering Strait into the Chukchi Sea and Atlantic Ocean water flowing
into the Barents Sea supplies an inflow of about 3 gigatonnes of inorganic carbon per
year into the Arctic Ocean with a similar outflow from the Arctic through Fram Strait.
Within the Arctic itself, river inputs and coastal erosion constitute a land to ocean
carbon flux of about 0.012 gigatonnes of carbon per year15. However, there are larger
uncertainties about the atmosphere-ocean fluxes of carbon and production of organic
carbon by marine plant photosynthesis and its subsequent export from surface waters
to deep waters and sediments of the Arctic.

Atmosphere-ocean exchanges of carbon
The exchange of gases such as carbon dioxide between the atmosphere and
ocean is primarily controlled by gas concentration differences between the air and
the sea and by the turbulence in the lower atmosphere29, which arises from weather
patterns and longer-term climate changes that control the variability of wind and
waves. In polar seas, seasonal or permanent sea-ice cover is a potential barrier to the
atmosphere-ocean exchange of gases30 compared to open waters elsewhere.
In the last two decades, more precise and accurate carbon data have been
collected in the Arctic Ocean. Recent analyses indicate that surface waters of
the Arctic Ocean generally have low to very low carbon dioxide concentrations
compared to its concentration in the atmosphere (including the Barents Sea, Chukchi
Sea and Beaufort Sea shelves as well as the central basin of the Arctic Ocean11; see
references listed in Figure 2). As such, these surface waters have the ability to absorb
large amounts of carbon dioxide (about 0.066 to 0.175 gigatonnes of carbon per year,
Figure 2).
Currently, the Arctic Ocean carbon dioxide sink potentially contributes about 5
to 14 per cent to the global balance of carbon dioxide sinks and sources31. Thus, it
is important to the feedback between the global carbon cycle and climate. However,
it should be noted that the uptake of carbon by the Arctic Ocean is relatively small
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compared to the potential release of land-based carbon to the atmosphere from
surrounding arctic landmasses over the next few centuries as a result of climate
change (see Land Carbon Cycle Feedbacks chapter).

Fluxes of carbon from surface waters to deep water and
sediments
Biological and physical processes play a very important role in controlling
the marine carbon cycle, fluxes of carbon from surface waters to deep water and
sediments, and atmosphere-ocean fluxes of carbon dioxide. In the Chukchi and
Barents seas, in particular, the concentration of carbon dioxide is decreased by
the cooling that occurs when the warmer, nutrient-rich Pacific and Atlantic waters
move northward and by the seasonally high rates of marine plant (phytoplankton)
photosynthesis and growth during sea-ice retreat. These processes appear to be
the primary reason that surface waters in the Arctic have the capacity to absorb
significant amounts of carbon dioxide. In contrast, localized nearshore areas around
major river inputs to the arctic shelves appear to have seawater carbon dioxide
concentrations that are higher than the atmosphere32, 33. In these areas, inputs of
carbon from the rivers to the ocean and bacterial activity combine to drive these
surface waters to be potential sources of carbon dioxide to the atmosphere. In the
entire Arctic Ocean, the production of organic carbon by marine plant photosynthesis
and the loss of carbon from surface waters from the subsequent sinking and export of
ARCTIC CLIMATE FEEDBACKS: GLOBAL IMPLICATIONS 59

“At present, the Arctic
Ocean is a globally
important net sink,
responsible for the 5 to
14 per cent of the global
ocean’s net uptake
of carbon dioxide.”

organic carbon is estimated at about 0.135 gigatonnes of carbon per year (note that
this estimate has large uncertainties15).
The key finding from this review of the present Arctic Ocean carbon cycle is: At
present, the Arctic Ocean is a globally important net sink for carbon dioxide,
absorbing it from the atmosphere. It is responsible for 5 to 14 per cent of the global
ocean’s net uptake of carbon dioxide.

Vulnerability of Arctic Ocean
carbon to change
The potential vulnerability of the marine carbon cycle due to natural and humancaused climate-change factors include: (1) sea-ice loss, warming, circulation and
other physical changes; (2) changes in biology and ecosystem structure of the Arctic;
(3) changes in the water cycle and freshwater inputs to the Arctic Ocean, and; (4)
ocean acidification effects. Of these factors, sea-ice loss, phytoplankton growth, and
warming appear to be the primary agents of change over the next decade or so.
In the near-term, due to the disproportionate rates of carbon fluxes, changes in
atmosphere-ocean carbon fluxes and flux of biologically produced organic carbon
from surface to deep waters will influence the marine carbon cycle more strongly
than changes in land-to-ocean carbon fluxes.

A short-term increase in carbon uptake
by the Arctic Ocean is projected
Changes in atmosphere-ocean carbon fluxes
In the near-term, sea-ice loss is expected to increase the uptake of carbon dioxide
by surface waters9, 10, 11, because the exposed surface waters have a lower carbon
dioxide content than the atmosphere. The loss of sea-ice effectively removes the
barrier to the atmosphere-ocean exchange of gases such as carbon dioxide, but also
for other gases that are important to climate, including methane and dimethylsulfide
(which is emitted to the atmosphere by marine phytoplankton and affects cloud
formation).
The loss of sea-ice in the past few decades has reduced sea-ice cover by about
36,000 square kilometres per year, thereby exposing surface waters of the arctic
shelves and central basin. In the early 2000s, the Arctic Ocean took up about 3 to
4 per cent more carbon dioxide per year (about 0.002 gigatonnes of carbon per
year) than it had previously10. More recently, however, in 2007 and 2008, seasonal
sea-ice extent reached a seasonal minimum, 25 per cent lower than any previously
observed in the satellite record. This constituted an additional exposure of about
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600,000 square kilometres of surface waters to atmosphere-ocean exchange of gases.
Assuming that the carbon dioxide content of surface and subsurface waters had not
changed significantly since early this century, this recent loss of summertime seaice cover has increased the uptake of carbon dioxide into the Arctic Ocean by an
additional 0.033 gigatonnes of carbon (plus or minus 0.01 gigatonnes) per year11.
This has increased the size of the arctic carbon dioxide sink by 20 to 50 per cent over
the last several years, with potentially similar implications for other gases.
Given this scenario, the Arctic Ocean carbon dioxide sink will have increased
its contribution to the global balance of carbon dioxide sinks and sources from about
5 to 14 per cent to as much as 18 per cent. This masks the global reduction of the
ocean uptake of carbon dioxide over the last few decades and, thus, is increasingly
important to the feedback between the global carbon cycle and climate. Over
time, carbon and carbon dioxide distributions in surface and subsurface waters,
atmosphere-ocean carbon dioxide gradients, and the capacity of the Arctic Ocean to
uptake carbon dioxide are expected to change in response to environmental changes
driven largely by climate and environmental change. This makes future predictions
of the Arctic Ocean carbon dioxide sink/source trajectory beyond the next decade
difficult.
The loss of sea-ice in the Arctic also is likely to result in greater open water
area and increased air-sea interaction, with a variety of consequences. Increased
atmospheric instability will probably result in increased wind speed and storm
events over the Arctic. Although the direction of atmosphere-ocean gas exchange is
forced by differences in the carbon dioxide concentration between the ocean and the
atmosphere, the rate of gas exchange of carbon dioxide and other gases is primarily
driven by wind speed and air and surface water interactions. Given this, even though
atmosphere-ocean carbon dioxide differences might decrease, atmosphere-ocean
carbon dioxide gas exchange rates can increase. This is because gas transfer speeds
increase exponentially relative to wind speed29.
Wintertime sea-ice is now thinner than in previous decades, and there may be
potentially greater atmosphere-ocean gas exchange directly through sea-ice30, as a
result of the potential weakening of the sea-ice barrier to gas exchange. In the winter,
wind-driven areas of open-water surrounded by sea-ice open up (in particular on the
Chukchi and Laptev sea shelves19) and facilitate the uptake of carbon dioxide from
the atmosphere9, 10. Thus, as openings of ice-free water surrounded by sea ice increase
in size and number, the size of the carbon dioxide sink in the Arctic may increase in
the near future, depending on inorganic carbon distributions and future differences in
the concentration of carbon dioxide between the atmosphere and ocean.
The loss of sea-ice in the Arctic, increased open-water area, and increased shelfbasin exchanges will also increase mixing of deeper, nutrient-rich waters onto the
arctic shelves. In the Chukchi and Beaufort seas, the phytoplankton-growing season

“Further sea-ice
loss, increases in
phytoplankton growth
rates, and other changes
are expected to cause a
limited net increase in the
uptake of carbon dioxide
by arctic surface waters.”
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has apparently increased in the last decade7, especially as a result of reduced sea-ice
extent and longer open-water conditions. As a consequence of increased
phytoplankton growth, the potential for the Arctic Ocean to uptake carbon dioxide
will increase.
A key finding is that in the near-term, further sea-ice loss, increases in
phytoplankton growth rates, and other environmental and physical changes are
expected to cause a limited net increase in the uptake of carbon dioxide by arctic
surface waters.

In the long term, net release
of carbon is expected
Other process may somewhat counteract the increase in Arctic Ocean uptake
of carbon dioxide. Reduced cooling of water during its movement to the poles and
increased absorption of the sun’s energy that results in the warming of surface water
relative to previous decades should act to increase the carbon dioxide content of
seawater34. In the recent past (1998-2006), warming of up to 2°C had been observed
in the regions of significant sea-ice loss (mainly on the “inflow” arctic shelves
such as the Chukchi and Barents seas8). If surface waters warm by 4 to 5°C as a
consequence of climate change predicted by the end of this century and if present-day
carbon and carbon dioxide distributions remain unchanged, the Arctic Ocean carbon
dioxide sink will significantly decrease in size as a result of warming. This process
may somewhat counteract the impacts of sea-ice and increased phytoplankton
photosynthesis and growth on the atmosphere-ocean exchange of carbon dioxide.
If there are ecosystem shifts in the future as a result of further climate change, the
export of organic carbon and interactions between the pelagic (open ocean) and
benthic (seafloor) ecosystem might decrease35, despite concurrent increases in marine
phytoplankton photosynthesis and growth7.
There are likely to be changes in the carbon pools of subsurface waters on the
arctic shelves and subsurface waters of the central basin. In the central basin, density
stratification generally acts as a barrier to mixing between nutrient-poor surface
waters and nutrient-rich subsurface waters. Subsurface waters generally have much
higher carbon dioxide content than surface waters, with low rates of mixing between
these waters and the surface mixed layer17. The surface mixed layer typically extends
to 10 to 50 metres, with depth heavily dependent on mixing due to winds and seaice cover. The loss of sea-ice should facilitate deeper mixing and bring nutrient and
carbon dioxide-rich subsurface waters to the surface. This could either increase
or decrease atmosphere-ocean carbon dioxide exchanges depending on biological
responses of the Arctic Ocean surface ecosystem to the increased supply of nutrients.
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The above discussion of responses of the Arctic Ocean sink of carbon dioxide as
a result of physical and biological changes, including sea-ice loss and other factors,
has many uncertainties and associated caveats. These studies are only applicable to
the near-term future (less than a decade), because it is assumed that the driving force
of atmosphere-ocean gas exchange (e.g., carbon dioxide and dissolved inorganic
carbon distributions of surface and subsurface waters) will not change significantly
over the residence time of surface waters in the Arctic (e.g., 2 to 30 years). However,
in the era of rapid change in the Arctic, water-column carbon distributions and
atmosphere-ocean carbon dioxide exchange rates are highly likely to change and be
responsive to a host of other factors and feedbacks, both on local and global scales.

Release of carbon from the arctic landmasses
Finally, freshwater inputs from arctic rivers and the transport of sediment and
dissolved materials such as land-derived organic carbon are also expected to increase1
(see Land Carbon Cycle Feedbacks chapter). For example, the eastern Beaufort Sea
shelf is highly affected by the Mackenzie River outflow of freshwater, and increased
open-water through sea-ice loss may increase the photochemical breakdown of
organic carbon to carbon dioxide in surface waters. Given the potentially large stores
of land-based carbon that may be released to the Arctic Ocean over the next few
centuries, the present Arctic Ocean carbon dioxide sink may reverse if significant
amounts of terrestrial organic carbon are broken down to carbon dioxide through
microbially mediated (i.e., through the activity of bacteria) and photochemical
processes.
A key finding is that the release of large stores of carbon from the surrounding
arctic landmasses through rivers into the Arctic Ocean may reverse the near-term
trend of higher atmosphere to ocean carbon flux over the next century, leading to a
net increase of carbon dioxide released to the atmosphere from this region.

“The release of large
stores of carbon from
the surrounding arctic
landmasses through
rivers into the Arctic
Ocean may reverse
the near-term trend of
higher atmosphere to
ocean carbon flux over
the next century, leading
to a net increase of
carbon dioxide released
to the atmosphere
from this region.”

Ocean acidification effects
in the Arctic Ocean
As a consequence of the ocean uptake of human-induced carbon dioxide
emissions, surface water carbon dioxide content has increased, while its pH has
decreased (a decrease in pH indicates an increase in its acidity) in the upper ocean
(over the last few decades in particular)36. This gradual process, termed ocean
acidification, has long been recognized by chemical oceanographers37, but more
recently brought to general attention. The predicted ocean uptake of human-caused
carbon dioxide, based on IPCC scenarios38, is expected to increase hydrogen ion
concentration (a measure of pH) by 185 per cent and decrease its pH by 0.3 to 0.5
units over the next century and beyond39, with the Arctic Ocean impacted before
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other regions as a result of the relatively low pH of polar waters compared to other
waters12, 13. The effects of ocean acidification are potentially far-reaching in the global
ocean, particularly for organisms that secrete pH-sensitive shells or tests of calcium
carbonate minerals (i.e., calcifying fauna)40, 41 and those organisms that feed on
calcifying fauna.
Ocean acidification and decreased pH reduces the saturation states of calcium
carbonate minerals such as aragonite and calcite, with many studies showing
decreased calcium carbonate production by calcifying fauna40, 41 and increased
dissolving of calcium carbonate in the water column and in sediments. Recently,
the effects of upwelling and impingement of corrosive waters on calcium carbonate
has been demonstrated42 on the west coast of the United States. In the Arctic Ocean,
potentially corrosive waters are found in the subsurface layer of the central basin43.
On the Chukchi Sea, waters corrosive to calcium carbonate seasonally affect the
shelf sediments and organisms that live near the seafloor, as a result of high rates of
summertime phytoplankton growth, the upward export of organic carbon, and the
buildup of carbon dioxide in subsurface waters that has been amplified by ocean
acidification over the last century14. Given the scenarios for pH changes in the
Arctic Ocean, the arctic shelves will be increasingly affected by ocean acidification
and presence of carbonate mineral undersaturated waters, with potentially negative
implications for shelled organisms that live on and near the seafloor as well as for
those animals that feed on the seafloor ecosystem.

The arctic marine carbon cycle is
very sensitive to climate change
At present, the Arctic Ocean continental shelves and central basin have lower
carbon dioxide content than the atmosphere. There are, however, localized areas of
surface seawater that are highly influenced by sea-ice melt and river inputs where the
opposite is observed, and these areas are potential sources of carbon dioxide to the
atmosphere. The carbon dioxide chemistry of the Arctic Ocean is highly influenced
by physical and biological processes, such as seasonal marine phytoplankton
photosynthesis and growth during summertime sea-ice retreat toward the pole, as
well as temperature effects (both cooling and warming), shelf-basin exchanges and
formation of dense winter waters, and river inputs of freshwater and land-based
carbon.
At present, although seasonal sea-ice cover provides a barrier to atmosphereocean gas exchange, the Arctic Ocean is a sink for carbon dioxide, taking up about
0.065 to 0.175 gigatonnes of carbon per year, contributing 5 to 14 per cent to the
global balance of carbon dioxide sinks and sources. The Arctic Ocean has become
an important influence on the global carbon cycle, with the marine carbon cycle and
64 ARCTIC CLIMATE FEEDBACKS: GLOBAL IMPLICATIONS

atmosphere-ocean carbon dioxide exchanges sensitive to Arctic Ocean and global
climate change feedbacks. In the near-term, further sea-ice loss and increases in
phytoplankton growth rates are expected to increase the uptake of carbon dioxide
by arctic surface waters, although mitigated somewhat by warming in the Arctic.
Thus, the capacity of the Arctic Ocean to uptake carbon dioxide is expected to
change in response to environmental changes driven largely by climate. These
changes are likely to continue to modify the physics, biogeochemistry and ecology
of the Arctic Ocean in ways that are not yet fully understood. Finally, in response
to increased marine phytoplankton growth and uptake of human-produced carbon
dioxide, the seafloor ecosystem of the arctic shelves is expected to be significantly
harmed by ocean acidification, which reduces the ability of many species to produce
calcium carbonate shells or skeletons, with profound implications for arctic marine
ecosystems.
A key finding is that the arctic marine carbon cycle and exchange of carbon
dioxide between the ocean and atmosphere is particularly sensitive to climate
change. Uptake and fate of carbon dioxide is highly influenced by physical and
biological processes themselves subject to climate change impacts, such as sea ice
cover, seasonal marine plant (such as phytoplankton) growth, ocean circulation and
acidification, temperature effects, and river inputs, making projections uncertain.

“The arctic marine
carbon cycle and
exchange of carbon
dioxide between the
ocean and atmosphere
is particularly sensitive
to climate change.”
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H E A R C TIC C ONTAINS the largest deposits of organic carbon of any region on Earth. Arctic
terrestrial ecosystems play an important role in the global carbon cycle, making large contributions
to fluxes of the greenhouse gases carbon dioxide and methane. Both outflows of carbon from and
inflows of carbon to Arctic terrestrial ecosystems have been altered as climate has warmed. As warming
continues in the future, carbon emissions from Arctic lands are projected to outpace uptake, further adding
to global warming.

Key Findings:
■ Arctic lands store large amounts of carbon. Arctic soils and wetlands store
large amounts of carbon. Including all northern circumpolar regions, they have twice
as much carbon as in the atmosphere.
■ Emissions of carbon dioxide and methane are increasing due to warming.
Current warming in the Arctic is already causing increased emissions of carbon dioxide and methane. Most of the carbon being released from thawing soils is thousands
of years old, showing that the old organic matter in these soils is readily decomposed.
■ Carbon uptake by vegetation is increasing. Longer growing seasons and the
slow northward migration of woody vegetation are causing increased plant growth
and carbon accumulation in northern regions.
■ Carbon emissions will outpace uptake as warming proceeds. Future arctic
carbon emissions to the atmosphere will outpace carbon storage, and changes in
landscape will result in more of the sun’s energy being absorbed, accelerating climate
change.
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Arctic terrestrial ecosystems play a significant role in the global carbon cycle,
making large contributions to fluxes of the greenhouse gases carbon dioxide and
methane. In recent decades, the cycling of these gases in the Arctic has accelerated
in response to persistent climate warming. Both outflows from and inflows to arctic
terrestrial ecosystems have been altered.
The flux of carbon from terrestrial ecosystems to the atmosphere occurs in the
form of carbon dioxide and methane, and into rivers and oceans it occurs in the form
of particulate and dissolved organic matter (Figure 1). This carbon originates from
the decomposition of organic matter deposited thousands of years ago that has been
stable as a result of low temperatures in the permafrost (soils frozen for more than
two consecutive years) in which it was stored. When permafrost thaws it creates
thermokarst, a landscape of collapsed and subsiding ground with new or enlarged
lakes, wetlands, and craters on the surface. In this landscape, carbon dioxide is the
predominant flux to the atmosphere in upland areas with good drainage and oxygen
available for microbial activity. Methane is the dominant flux in waterlogged areas
and in lakes where low-oxygen (anaerobic) conditions only allow for methanogens,
microbes that decompose organic matter and release methane as a by-product1.
Disturbances such as fires and insect damage in the forests of southern arctic regions
are responsible for additional carbon outflows.
Carbon inflows to arctic terrestrial ecosystems (atmospheric carbon sinks) are
increasing as a result of extended plant growth under longer growing seasons and
northward migration of woody vegetation due to a warmer climate. Higher levels
of atmospheric carbon dioxide also accelerate plant growth. The interplay of these
and other processes will determine the net effect of the arctic carbon cycle on
greenhouses gases. Warming in the Arctic will lead to a net increase of greenhouse
gas emissions, causing the arctic carbon cycle to be an accelerating influence on
climate change.

“Warming in the Arctic
will lead to a net
increase of greenhouse
gas emissions,
causing the arctic
carbon cycle to be an
accelerating influence
on climate change.”

Carbon pools and fluxes
At a global scale, atmospheric carbon dioxide is rising because of an imbalance
between inputs of carbon dioxide to the atmosphere (from fossil fuel combustion
and land-use change) and removals from the atmosphere by land and ocean carbon
dioxide sinks. In 2007, total inputs amounted to 10 gigatonnes of carbon per year (1
gigatonne of carbon equals 1 billion tonnes of carbon) and total removals to about
5.5 gigatonnes of carbon per year (divided roughly equally between land and ocean
sinks), leaving 4.5 gigatonnes of carbon per year to accumulate in the atmosphere
and raise the atmospheric carbon dioxide concentration by about 2 parts per million
(current concentration is 385 parts per million)2.
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Figure 3. Frozen soil sediment
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Arctic terrestrial ecosystems make an important contribution to terrestrial carbon
fluxes (Figure 1). They remove about 0.3 to 0.6 gigatonnes of carbon per year (about
10 to 20 per cent of the total global land carbon dioxide sink), they add about 0.03 to
0.1 gigatonnes of methane to the atmosphere (about 5 to 15 per cent of all methane
sources into the atmosphere at present), and they contribute relatively smaller but still
significant carbon export as dissolved organic matter into arctic rivers and eventually
into the oceans3. These quantities represent important natural fluxes that contribute to
the global carbon dioxide and methane budgets.
The arctic terrestrial carbon cycle is unique in that it includes the largest deposits
of organic carbon of any region on Earth. This carbon was deposited over millennia
of slow growth by mosses, grasses and woody plants. As these plants decayed to
litter and eventually to soil carbon, there was little release of the stored carbon
to the atmosphere as a result of prevalent low temperatures that did not allow
microorganisms to break down the organic matter. The result was a slowly growing
deposit of carbon that over many millennia became one of the largest deposits on
Earth (Figure 2a).
Most of these carbon deposits are presently locked away from the atmosphere in
frozen ground and so are not contributing significantly to the build up of atmospheric
greenhouse gases (Figure 3). As the climate continues to heat up, parts of this vast
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Figure 2.
Estimated
distribution of
soil organic
matter in (a)
global terrestrial
ecosystems27,
and (b) the
circumpolar
permafrost
region4.
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arctic carbon store are being exposed to conditions favourable to
decomposition and, as a result, releasing greenhouse gases to the
atmosphere. These emissions will act to accelerate climate change
by causing it to feed on itself as more carbon is released to the
atmosphere, causing the climate to warm even more rapidly.
Arctic vegetation accounts for about 60 to 70 gigatonnes of
carbon3, but a much larger amount is stored in the soil. A new
assessment has estimated that there are 1,650 gigatonnes of carbon
stored in the northern circumpolar permafrost region4, more than
twice the amount of carbon in the atmosphere (Figure 2b). For
comparison with other terrestrial regions, the tropics hold 340
gigatonnes of carbon in vegetation and 692 gigatonnes of carbon in
soils, temperate forests hold 139 gigatonnes of carbon in vegetation
and 262 gigatonnes of carbon in soil5. The new estimate of 1,650
gigatonnes of carbon for arctic soil carbon storage is more than double
what has been previously estimated and includes several new pools
that were not previously reported, such as such as the carbon content
across the region down to 3 metres (1,026 gigatonnes of carbon),
yedoma deposits (a carbon- and ice-rich permafrost soil) to an average
depth of 25 metres (407 gigatonnes of carbon), and delta deposits
(241 gigatonnes of carbon). Deposits located at river deltas are mostly
confined to large rivers such as the Mackenzie in Canada, Yukon in
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Alaska and Lena in Russia, but yedoma deposits, which are particularly vulnerable
to decomposing due to warming, extend more than 1 million square kilometres in the
northern plains of Siberia and Central Alaska.
The Arctic also has large stores of methane hydrates (in which methane is
chemically trapped in ice) in both marine and land environments. Land-based deep
permafrost layers have been estimated to contain 400 gigatonnes of methane hydrates
(see Methane hydrates chapter).6

Vulnerability of arctic carbon

Sergei Zimov

Figure 4. Methane emerging
from thermokarst lake in Siberia.

Large carbon pools are not necessarily a threat to climate; this carbon has been
stored in frozen ground for many millennia. It is the combination of large soil carbon
pools and amplified temperature increases in the Arctic both now and in the future
(at least double the global average warming) that makes carbon in the arctic region
particularly vulnerable and raises concern about its possible role as an accelerating
agent for climate change.
The extent of the vulnerability of carbon in permafrost has been shown by
recent measurements of the quantity and age of carbon emissions from thawing
soils in Alaska7. In areas where thawing has been occurring for decades, up to 80
per cent of all respired carbon came from soil organic matter deposited thousands
of years ago (old carbon). Overall, carbon emissions and sinks from plant growth
and soil respiration resulted in a net increase in the amount of carbon emitted to
the atmosphere. Contrary to earlier claims that old carbon could be quite inert and
difficult to decompose, these new results show that carbon accumulated thousands of
years ago is highly decomposable and capable of being released to the atmosphere
when provided with appropriate conditions through global warming and other climate
changes. These results add to earlier findings regarding the high decomposability of
organic matter in yedoma sediments in Siberia, where large amounts of plant and
animal residues make soil carbon easy to decompose under changed conditions8.
Even without permafrost thawing, subarctic peatlands also holding large
quantities of organic matter are highly sensitive to increased temperatures. Recent
experimental work shows that one single degree warming can release as much as 0.1
gigatonnes of carbon per year from this ecosystem worldwide9.
Vulnerability of carbon pools also comes in the form of disturbances, particularly
in boreal forests where fire and insect damage has been on the rise over the last
few decades due to longer summers and warmer winters respectively10, 11,. In these
systems, disturbances play a dominant role in the carbon balance, and it is thought
that they will become even more significant under warmer conditions.
In addition to carbon dioxide emissions, methane emissions are an important
component of the carbon balance in the arctic region (Figure 4). The global warming
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potential of methane is 25 times higher than carbon dioxide. arctic terrestrial
ecosystems currently emit between 0.03 gigatonnes and 0.11 gigatonnes of methane
per year, mostly from vast wetlands3. In some arctic regions, as much as 20 to 30 per
cent of the land area is covered with lakes12,13.
Methane emissions are tightly coupled to both the water cycle and temperature,
with higher emissions in flooded and warmer conditions. As a result of climate
change, the Arctic will experience higher precipitation and temperature14. Draining
waters from permafrost thawing also accelerates the water cycle and promotes
the formation and persistence of lakes and wetlands and, as a result, increases
methane fluxes. It will be the combination of all these factors with an evolving
landscape topography that will determine the ultimate balance between emissions
of carbon dioxide and methane. In recent years, methane concentrations in the
atmosphere have increased in association with rising global temperatures. After
more than a decade of stable concentrations, rapid growth of atmospheric methane
was observed in 2007 and 2008, coinciding with two years of unusually high arctic
temperatures15, 16. The higher temperatures on land were the result of increased
absorption of the sun’s energy in the arctic region, which was associated with the
record high sea ice retreat in the summer of 2007 and the near-record retreat in
200817. Current research suggests that wetlands in the northern polar region are
an important cause of the renewed growth of global methane, and isotopic studies
(based on small differences between methane molecules from different sources)
have ruled out the possibility that the increase is due to emissions from methane
hydrates18 (See Methane hydrates chapter). Methane emissions from hydrates on
land are largely the result of coastal erosion in the Arctic Ocean, and there is no
evidence of an increase in response to human-induced higher temperatures.

“Disturbances driven
by warmer and drier
conditions have the
potential to lead to
rapid changes and
tipping points.”

Future climate effects
In the future, the arctic carbon cycle will undergo one of the biggest
transformations of any region. There will be consequences for fluxes of carbon,
nutrients, energy and water, for vegetation and biodiversity, and for interactions
between the Arctic and global climate.
Many changes will unfold rapidly with immediate effects on the function and
structure of the Arctic. For example, disturbances driven by warmer and drier
conditions have the potential to lead to rapid changes and tipping points. Increased
damage by insect attacks and fires have already tipped the carbon balance in parts
of Canada, changing it from a small carbon sink to a net carbon source in just a
decade9, 10. Likewise, fire in tundra regions overlaying permafrost has the potential
to trigger rapid thawing in areas that would not otherwise occur, as darker surfaces
absorb more of the sun’s energy, which increases soil warming.
ARCTIC CLIMATE FEEDBACKS: GLOBAL IMPLICATIONS 75

“As much as 90 per
cent of the near-surface
permafrost might
disappear by the end of
this century. This has
the potential to release
large amounts of carbon
into the atmosphere,
contributing significantly
to warming.”

Other changes will occur more progressively over the course of decades
and possibly extend over hundreds of years, regardless of climate stabilisation
pathways chosen by governments. For example, carbon dioxide emissions from soil
decomposition, resulting from higher temperatures, will contribute to such longterm fluxes. Current state-of-the-art modelling estimates that as much as 90 per
cent of the near-surface permafrost might disappear by the end of this century, with
most thawing occurring during the second half of the century19 (Figure 5). This has
the potential to release large amounts of carbon into the atmosphere, contributing
significantly to warming.
In addition to increased carbon dioxide and methane emissions from
decomposition of organic soil carbon, a small but widespread increase in
plant productivity has been detected over most northern ecosystems in recent
decades20, 1. A number of processes are involved, including northward movement
of treelines, increased woody vegetation encroachment into the tundra,
lengthening of the growing season, and the harder-to-measure carbon dioxide
fertilization effect on photosynthesis (a higher atmospheric carbon dioxide
concentration that enables increased plant photosynthesis if sufficient water
and nutrients are present). These processes have an opposite effect from that of
decomposition and disturbances because they remove carbon dioxide from the
atmosphere. However, it is likely that carbon dioxide removal by vegetation will
be outpaced by the release of carbon dioxide from thawing carbon-rich soils in
the long run1,7.
Carbon in vegetation can also be released as carbon dioxide to the atmosphere.
In fact, carbon in vegetation is more vulnerable than carbon stored in frozen soils
because of its exposure to disturbances such as fire and insect damage. Thus, the
transfer of carbon locked in frozen ground into living biomass adds an additional
long-term factor to those affecting the stability of carbon pools in the arctic region.
The net effect of the processes described above on the total carbon balance of
arctic terrestrial ecosystems is not yet clear. While there are uncertainties about the
magnitude of future warming, limitations in knowledge about various processes
and how to model them over the large arctic region are the major impediments to
projecting future carbon dynamics and their feedbacks with the climate system.
In fact, climate models participating in the last assessment of the
Intergovernmental Panel on Climate Change13 did not take into account the large
carbon stocks in the Arctic and the interplay between changes in hydrology and
fluxes of carbon dioxide and methane due to permafrost thawing. Other key drivers
of carbon fluxes were also ignored by the models including the role of disturbances,
the influence of mosses and other organic layers on soil heat and moisture dynamics,
the relative sensitivities of different plant types to climate change, and water and
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Figure 5. Simulated
permafrost area and active
layer thickness (a) 19801999 and (b) 2080-2099.
(c) Observational estimates
of permafrost (continuous,
discontinuous, sporadic, and
isolated). (d) Time series of
simulated global permafrost
area (excluding glacial
Greenland and Antarctica)17.
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nutrient constraints on the fertilization effect of rising atmospheric carbon dioxide on
photosynthesis3.
While most global climate models with simple representations of the global
carbon cycle suggest that the Arctic will be a carbon sink during this century21, more
comprehensive regional carbon models and field experiments dealing with many
of the processes listed above indicate that the Arctic will emit significant amounts
of carbon. Emission estimates over this century from these studies are between 50
to 110 gigatonnes of carbon — a similar amount of that predicted to be released by
some middle- to top-range global deforestation scenarios during the same period22,7.
Even if carbon emissions from arctic soils could be considered modest relative to
the large amounts of fossil fuel emissions, they are significant quantities that add to
other land- and marine-based carbon emissions, creating self-reinforcing cycles that
further increase warming. There is also the distinct possibility that global warming
may trigger a multi-century scale, irreversible process of thawing of permafrost and
associated chronic carbon dioxide and methane emissions. It has been suggested that
once deep-soil carbon mobilisation begins in warmer parts of the frozen yedoma
sediments, the process will become self-sustaining through the heat generated by the
activity of microorganisms (similar to the heat generated by the microbial activity in
a compost pile). This would lead to an irreversible greenhouse gas emission process,
taking place over hundreds of years and independent from the trajectory of humaninduced greenhouse gas emissions23.
Changes in the carbon cycle not only affect emissions and removals of
atmospheric carbon dioxide and methane but also lead to changes in the physical
landscape24. The most important change is a reduction in the reflectivity (albedo)
of the surface as permanent and seasonal snow cover is partially replaced by dark,
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“Arctic terrestrial
ecosystems are sites
of key vulnerabilities,
which will have
an important and
accelerating
influence on future
climate change.”

woody vegetated surfaces, leading to increased absorption of the sun’s energy
and more warming. As a result of these physical changes, it has been suggested
that reforestation in high latitudes may be a counterproductive climate mitigation
option25. Recent work in northern Alaska also concludes that decreased albedo due
to snowmelt advance under warmer conditions overrides all cooling effects from
increased carbon dioxide uptake by plant growth26.
There is no doubt that the arctic region will undergo massive transformations in
its biological and physical systems in response to climate change — in ways no other
region will experience. While the size of arctic carbon sinks is increasing (with more
carbon stored in living vegetation) leading to a reduced warming influence, emissions
of carbon are increasing from the release of carbon dioxide and methane from soils
and wetlands, leading to an acceleration of climate change. The increase in dark,
dense vegetation in the Arctic, which is absorbing more of the sun’s energy, is also
increasing warming. It is becoming more probable that the factors that are increasing
climate change will outpace those that are dampening it. Because of this, arctic
terrestrial ecosystems are sites of key vulnerabilities, which will have an important
and accelerating influence on future climate change.
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ETH A N E IS AB O U T 25 times as potent at trapping heat as carbon dioxide, and there is a huge
amount of it stored as methane hydrates in the Arctic. The amount of methane stored in hydrate
deposits is more than 13 times greater than the amount of carbon (as methane and carbon
dioxide) in the atmosphere. There is more carbon in methane hydrates than in all the fossil fuel deposits in
the world. As the climate warms, these deposits can be destabilised, with major climatic repercussions.

Key Findings:
■ Large amounts of methane are frozen in arctic methane hydrates. Methane is
a powerful greenhouse gas. A large amount of methane is frozen in methane hydrates,
which are found in ocean sediments and permafrost. There is more carbon stored in
methane hydrates than in all of Earth’s proven reserves of coal, oil and natural gas
combined.
■ Continental shelves hold most of this hydrate. Most methane hydrates are
stored in continental shelf deposits, particularly in the arctic shelves, where they are
sequestered beneath and within the sub-sea permafrost. Since arctic hydrates are
permafrost-controlled, they destabilise when sub-sea permafrost thaws.
■ Thawing sub-sea permafrost is already releasing methane. Current temperatures in the Arctic are causing sub-sea permafrost to thaw. Thawed permafrost fails
to reliably seal off the hydrate deposits, leading to extensive methane release into
the ocean waters. Because of the shallow water depth of large portions of the arctic
shelves, much methane reaches the atmosphere un-oxidized (not changed to carbon
dioxide). It is not yet known how much this release contributes to current global
atmospheric methane concentrations. Methane is about 25 times more potent a greenhouse gas than carbon dioxide.
■ Hydrates increase in volume when destabilised. In addition, when methane
hydrates destabilise, the methane within these hydrates increases tremendously in
volume. The very high pressure that results may lead to abrupt methane bursts.
■ The most vulnerable hydrates are on the East Siberian Shelf. The largest,
shallowest, and thus most vulnerable fraction of methane deposits occurs on the East
Siberian Shelf. Increased methane emissions above this shelf have been observed, but
it is not yet known whether recent arctic warming is responsible for the increase in
emissions.
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Arctic marine ecosystems have not been widely considered to play a significant
role in the global carbon cycle or in the methane cycle in particular, for three primary
reasons:
1. The Arctic continental shelf represents only 2 per cent of the surface area of the
world’s oceans; thus, the amount of unfrozen sediments that accumulated during
the current warm period (Holocene epoch), along with severe climate conditions,
were not thought to be conducive for modern methane generation by microbes in
sediments.
2. Organic carbon that accumulated during previous time periods of the Earth’s
history, before the sea invaded the arctic shelves as the glaciers began to retreat
during the current warm period, was thought to be reliably preserved within the
sub-sea permafrost and methane that was produced earlier would remain frozen
within hydrate deposits.
3. Sub-sea permafrost was considered to be stable, and thus would prevent methane
escape from the seabed.
At the same time, it is well-known that because it is enclosed on all sides by
land, the arctic shelf has received a huge amount of organic carbon from land,
through both coastal erosion and input from arctic rivers. In the Siberian Arctic
Shelf alone, where the six great Siberian rivers deliver their waters, the amount of
organic carbon that accumulates annually in the bottom sediments approximately
equals that accumulated over the entire open-sea area of the World Ocean1. That is
why sedimentary basins in the arctic continental shelf are the largest and thickest
in the world (up to 20 kilometres), and the amount of carbon accumulated within
them is called the “arctic super carbon pool”2. A large portion of this carbon is stored
in methane hydrate deposits. The amount of methane currently stored in hydrate
deposits (about 10,400 gigatonnes; 1 gigatonne of carbon equals 1 billion tonnes of
carbon)3 is more than 13 times greater than the amount of carbon (as methane and
carbon dioxide) in the atmosphere (about 760 gigatonnes)4.
The stability of sub-sea permafrost is key to whether methane can escape from
seabed hydrates and other deposits5. Relict sub-sea permafrost, which underlies the
arctic continental shelf, is an overlooked sibling to on-land permafrost. They formed
together, but sub-sea permafrost was flooded by the sea in the so-called “Holocene
transgression,” 7,000 to 15,000 years ago when glaciers melted in a warming climate6.
This area is now several times larger than that covered by Siberian wetlands. Sub-sea
permafrost is potentially much more vulnerable to thawing than land-based permafrost.
Prior to the recent rapid climate warming, the temperature of the sub-sea permafrost’s
environment had already increased by 12 to 17°C when it was flooded7, because the
average temperature of seawater is much higher than the average temperature of the
arctic atmosphere. In contrast, when the current, warm Holocene epoch replaced

“The amount of
methane currently
stored in hydrate
deposits is more than
13 times greater than
the amount of carbon
in the atmosphere.”
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“Recent observational
data obtained from the
largest and shallowest
arctic shelf — the East
Siberian Arctic Shelf
— indicate that methane
is already being released
from seabed deposits.”

the previous colder glacial epoch, the atmosphere and, thus, terrestrial permafrost,
warmed by only about 7°C8. This means that sub-sea permafrost is much closer to the
temperature at which it thaws than is terrestrial permafrost.
The Arctic is warming more quickly than the rest of the world, and this warming
is most pronounced in the arctic shelf4,9. The main reason for this is that arctic
rivers bring to the arctic shelf continental-scale signals of the terrestrial ecosystems’
response to global warming11. That is, the degradation of terrestrial permafrost leads
to increasing river runoff, which warms the shelf water, which, in turn, transports
heat down to shelf sediments and sub-sea permafrost. Shelf water and bottom
sediments constitute the sub-sea permafrost environment. Like all physical systems,
sub-sea permafrost must reach a thermal equilibrium with its environment, which
is significantly warmer than the environment of terrestrial permafrost. The thermal
environment of sub-sea permafrost fluctuates from slightly below to slightly above
0°C11,12. Since sub-sea permafrost is salty, it thaws even at temperatures slightly
below zero13. Such temperatures of sub-sea permafrost have been observed recently
on the Siberian arctic shelf14. When it thaws, sub-sea permafrost loses its ability to
seal off the seabed deposits of methane, including hydrates5,7.
Recent observational data obtained from the largest and shallowest arctic shelf
— the East Siberian Arctic Shelf — indicate that methane is already being released
from seabed deposits15,16,17. This is a worrisome indication that methane emissions
from arctic seabed deposits of methane, including methane hydrates, will increase
with the warming that has been predicted for the Arctic during this century, with
unpredictable consequences for the future climate.

Large amounts of methane are
frozen in arctic methane hydrates
Origin and amount of hydrates
Gas hydrates are compounds in which the gas molecules (20 per cent of the
volume) are trapped in crystalline cells consisting of water molecules (80 per cent)
held together by hydrogen bonds. Gas hydrates can be stable over a wide range of
pressures and temperatures. For example, a unit volume of methane hydrate at a
pressure of 26 atmospheres and 0°C contains 164 times that volume of gas; thus,
164 cubic metres of gas are contained in a hydrate volume of 0.2 cubic metres. The
dissociation of hydrates in response to increasing temperature is accompanied by a
substantial increase in pressure5. For methane hydrates that formed at 26 atmospheres
and 0°C, it is possible to obtain a pressure increase of as much as 1,600 atmospheres
upon dissociation. Hydrates are found in the Arctic and in deep water18. They can occur
in the form of small nodules (5 to 12 centimetres), as small lenses, or even as pure
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layers that can be tens of metres thick19. Hydrates generally form in a sub-sea sediment
zone where the combination of pressure and temperature guarantees their stable
existence within the so-called hydrate stability zone5,18. In the regions where permafrost
exists, hydrate-bearing sediment deposits can reach a thickness of 400 to 800 metres19.
There are three types of hydrate deposits:
1. Primary deposits are formed from gases dissolved in reservoir water under
conditions of low bottom temperature and high pressure exerted by the overlying
water. They form where the water column is more than 700 to 1,000 metres deep
(primarily non-arctic deposits) or more than 200 metres deep (primarily arctic
deposits). These deposits can be stratigraphic, meaning that they do not depend
on geological structures, have no seals, and occur in a widely dispersed (not
localised) state or in the form of nodules. They can also be structural. In contrast
to stratigraphic type hydrates, structural hydrates are usually massive, consisting
of lumps of nearly pure hydrate. Alteration of the climate cycle affects the
stability of these hydrates by changing the position and thickness of the hydrate
stability zone5, leading to release of some free gas to the water column, where it is
usually altered by the presence of oxygen and does not reach the atmosphere19.
2. Secondary deposits usually originate under extremely low temperatures and high
pressure exerted by the overlying rock on arctic lands. They consist of gas frozen
within the hydrate stability zone and free gas located above and beneath it5,11, at
depths as shallow as 70 metres beneath the seafloor and in layers up to 110 metres
thick19. Permafrost seals off and controls the release of gas from these deposits.
3. Relic deposits are found within permafrost as shallow as 20 metres, and are thought
to be formed when shallow fields of natural gas froze during the ice ages, when the
arctic shelves were above sea level20, 21.
The Arctic Ocean contains all three types of hydrate deposits: primary arctic
deposits, and secondary and relic hydrate deposits that formed when the arctic
shelves were above sea level. Specific features of arctic hydrates include:
1. very high spatial concentration11, 19 (Figure 2a);
2. extremely high pore saturation, from 20 to 100 per cent of pore space. In contrast,
primary oceanic (non-arctic) hydrates occupy only 1 to 2 per cent of pore space19;
3. extreme sensitivity to warming. Destabilising hydrates that formed at
temperatures below 0˚C (primary arctic hydrates, secondary and relic) requires
only one-third the energy required to destabilise hydrates that formed at
temperatures above 0˚C5 (primary non-arctic hydrates);
4. very thick layers (up to 110 metres)19; and
5. offshore occurrence, more than three times more frequent than onshore
occurrence20.
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Continental shelves hold most
of the methane hydrate
“Release to the
atmosphere of only 0.5
per cent of the methane
stored within arctic shelf
hydrates could cause
abrupt climate change.”

Terrestrial permafrost is estimated to contain 400 gigatonnes of methane hydrates,
while sub-sea continental shelf reservoirs are estimated to contain 10,000 gigatonnes
of methane hydrates3. For comparison, all recovered and non-recovered fossil
fuels (coals, oil and natural gas) are estimated to contain about 5,000 gigatonnes of
carbon3. Since the arctic continental shelf makes up 25 per cent of the entire area of
the world’s oceanic continental shelves (7 million square kilometres of the ocean’s
area, 28.8 million square kilometres), it is estimated to contain 2,500 gigatonnes of
carbon in the form of methane hydrates, which is more than 3 times greater than the
amount of carbon currently stored in the atmosphere and more than 600 times greater
than the current atmospheric content of methane4. Release to the atmosphere of only
0.5 per cent of the methane stored within arctic shelf hydrates could cause abrupt
climate change22.

Vulnerability of hydrates and
the role of permafrost
Since most hydrate deposits in the Arctic are permafrost-controlled, permafrost
stability is key to hydrate stability. Permafrost is defined as soils (on-land permafrost)
or sediments (sub-sea permafrost) that are frozen year-round. Anything that is frozen
can thaw, and permafrost is no exception. Permafrost can degrade in two ways. It
can thaw from the top downward, in which the active layer expands downward,
creating taliks (bodies of thawed permafrost)23. The active layer is the upper layer
of permafrost soils or sediments that thaws in summer, and is usually not more than
1 metre thick. However, beneath water more than 2 metres deep it can be thicker,
because the water insulates the permafrost and prevents it from completely refreezing during winter. Permafrost also can degrade from the bottom up as a result
of geothermal heat flux, when heat from the interior of the Earth radiates upward,
causing the frozen sediment to thaw from below24. Permafrost can be degraded from
the top down and from the bottom up at the same time.
The temperature regime of sub-sea permafrost is determined by the annual
temperature of the surrounding seawater (Figure 1), just like the thermal regime of
terrestrial permafrost is determined by the arctic surface temperature. Annual average
arctic shelf water temperature is more than 10°C higher than terrestrial arctic surface
temperature. An increase in surrounding temperature changes the thermal regime
of permafrost, and the permafrost temperature will slowly adjust to achieve a new
equilibrium with its thermal environment. This process may take thousands of years.
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Figure 1. Illustration of how changes
in sea level affect the stability of
arctic hydrates: a) cold epochs: sea
level is low, the arctic shelf is exposed
above the water surface, average
annual temperature is -17˚C; b) warm
epochs: sea level is high, the arctic
shelf is submerged, average annual
temperature of sea water is -1˚C.
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In the case of arctic sub-sea permafrost, this process began long ago, when the sea
flooded the arctic shelves 7,000 to 15,000 years ago, increasing the temperature
of the environment of the newly submerged permafrost by 12°C or more24. As the
sub-sea permafrost moved toward thermal equilibrium, its temperature increased to
near its thawing point11, which for salt-containing permafrost occurs at temperatures
slightly below 0°C13. Any further increase in temperature, resulting from, for
example, continued global warming, will lead to thawing.

Thawing sub-sea permafrost is
already releasing methane
Insufficient attention has been paid to using numerical models to project changes
that might occur in sub-sea permafrost as a result of global warming. Modelling
results have suggested that sub-sea permafrost should be stable across most of the
arctic shelf. For example, permafrost on the East Siberian Arctic Shelf was predicted
to be stable from the coast to a water depth of 70 metres24, which encompasses more
than 90 per cent of the shelf area. However, recent observational data obtained in the
East Siberian Arctic Shelf showed that extensive methane release from the seafloor
is occurring at depths ranging from 6 to 70 metres16, 17, emerging as huge clouds
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East Siberian Arctic Shelf
contains the shallowest hydrate deposits,
most vulnerable to release

Predicted hydrate
deposits

Water depth
less than 50 metres

Figure 2. a) Map of predicted
hydrate deposits (blue)30, and b), map
showing the sea floor topography of
the Arctic Ocean 31; red color refers
to depths less than 50 metres. The
largest, shallowest, and thus the most
vulnerable fraction of the arctic shelf
is the East Siberian Arctic Shelf, is
enclosed by the square.

of bubbles rising through the water column. This bubbling release of gas is called
ebullition. Oxidation in the water column usually prevents methane released from
oceanic hydrates in deep ocean waters from reaching the atmosphere. However,
because the East Siberian Arctic Shelf is extremely shallow (more than 75 per cent
of its entire area of 2.1 million square kilometres is shallower than 40 meters; Figure
2b), the majority of the methane gas released from the East Siberian Arctic Shelf
seafloor avoids oxidation in the water column and is released to the atmosphere.
Atmospheric concentrations of methane above the sea surface were found to be as
much as 4 times greater than normal atmospheric levels18 (Figure 3). Such outburstlike emissions have also been observed from shallow hydrate deposits at lower
latitudes, where no permafrost seals exist to prevent methane release from hydrate
deposits25.
It has been widely assumed that no methane could be emitted from the arctic
shelf during the winter ice-covered period. However, new observational data suggest
that methane ebullition and other emissions occur throughout the year. Flaw leads
(openings between sea ice) and polynyas (winter ice-free areas) compose 1 to 2 per
cent of the winter shelf area. Methane fluxes from European arctic polynyas were
found to be 20 to 200 times higher than the ocean average and, where concentrations
of dissolved methane in the bottom water do not exceed 50 nanomoles (1 nanomole
of methane = 16 billionths of a gram of methane per litre of water), can reach 20,000
tonnes of methane a year26. Where ice seals the water surface, methane accumulates
beneath the ice. In some areas of the East Siberian Arctic Shelf, for example,
concentrations of dissolved methane measured in winter beneath the ice were as
high as 20,000 nanomoles27; when this ice melts in spring, methane is released to
the atmosphere. A similar phenomenon has been observed in lakes on land. The
isotopic signature of methane bubbles in seawater over the East Siberian Arctic Shelf
indicates a mixture of a few possible sources, including hydrates16. This is true for
summer as well as winter methane emissions. (Isotopic signatures are determined by
small differences in the weight of molecules that make up gases such as methane.)
It is suggested that the natural degradation of sub-sea permafrost that occurs as a
result of the combined effect of bottom-up geothermal and top-down seawater heat
fluxes, possibly accelerated by amplified arctic warming, is leading to the partial
destabilisation of sub-sea permafrost. As a result, methane is already being released
from widespread seabed deposits, and vents extensively to the arctic atmosphere. In
the East Siberian Arctic Shelf, which constitutes about 30 per cent of the entire arctic
shelf area, more than 50 per cent of the area studied is currently releasing methane to
the atmosphere.

88 ARCTIC CLIMATE FEEDBACKS: GLOBAL IMPLICATIONS

Climate change and
future methane release
from arctic hydrates
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The potential of climate change to destabilise arctic hydrates has
7
significant implications both for the global climate and for arctic
ecosystems. Previous results, based on studying less than 1 per cent
6
of the total area of the arctic shelf and extrapolated to the entire
area of the arctic shelf, implied that annual methane emissions to
5
the atmosphere from decaying hydrate deposits could be equal to
about 100,000 tonnes of methane28. However, more recent estimates
suggest the amount of methane that could be released from the
4
arctic continental shelf, which covers an area of 7 million square
kilometres, could be two orders of magnitude greater. Indeed,
3
methane release measured from the East Siberian Arctic Shelf
alone (30 per cent of the arctic shelf seas) suggested total emissions
2
as high as 5 million tonnes of methane15. If ebullition from arctic
continental shelves is similar in proportion to that from northern
lakes, then current annual emissions of methane from the arctic
1
shelves could vary from 10 million to 50 million tonnes of methane.
This estimate is based on findings from the East Siberian Arctic
80
90
Shelf alone and does not include non-gradual releases of methane
associated with hydrate deposit decay, because the time scale and
spatial distribution of such episodes are still unknown. Therefore,
the contribution of the arctic shelves to methane release is currently underestimated.

The most vulnerable hydrates are
on the East Siberian Shelf
The amount of methane that could theoretically be released from decaying
hydrate deposits in future episodic events could be enormous. As the East Siberian
Arctic Shelf is the largest and the shallowest part of the arctic shelf, methane
emissions from the East Siberian Arctic Shelf would contribute the most significantly.
Given that this shelf comprises about 30 per cent of the arctic shelf, the amount of
methane stored within its seabed could be as much as 750 gigatonnes. It is currently
suggested that about two-thirds of the methane preserved in hydrates is stored as
free gas11, which would add about an additional 500 gigatonnes. Because sub-sea
permafrost is similar to its terrestrial counterpart, the carbon pool held within it is
comparable to that within terrestrial permafrost; about 500 gigatonnes of carbon is
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Figure 3. Mixing ratio of methane
in the air above the water surface
measured along a ship’s route in
September 2005. The dotted line
shows the Latitude-specific monthly
average of 1.85 parts per million by
volume established for the Barrow,
Alaska, USA, monitoring station at
71° 19’ N, 156° 35’ W (http://www.
cmdl.noaa.gov/ccgg/insitu.html); this
is the normal level of methane in the
atmosphere at this latitude.
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contained within a 25-metre thick permafrost body, which is available for methane
or carbon dioxide production when the permafrost thaws29. Thus, the entire amount
of carbon stored in the East Siberian Arctic Shelf (1,750 gigatonnes) is equal to
that held in the entire remaining area of the Arctic continental shelf as hydrate
deposits’ carbon. Recent studies have examined two possible cases of how surface
air temperature could respond to release of only 2 per cent (50 gigatonnes) of the
total amount of methane preserved in arctic continental shelf hydrate deposits if this
amount is released in either of two ways: slowly over 50 to 100 years, or quickly
over approximately 5 to 10 years. When methane is released quickly over the brief 5
to 10 year time period, the maximum temperature increase is higher by about a factor
of three compared to the “slow” case. This greater temperature response is more
likely to produce irreversible consequences.
Conservative modelling shows that about 5 to 10 per cent of the East Siberian
Arctic Shelf area may be underlain by open taliks24, which provide a pathway for
methane to escape from deeper parts of the sediments to the water column. The
amount of methane that could potentially be released from disturbed hydrates might
reach 37.5 to 75 gigatonnes, and the shallow waters of the East Siberian Arctic Shelf
would allow a large fraction of this methane to reach the atmosphere. Multi-year
observational data obtained in the East Siberian Arctic Shelf suggest that, contrary to
modelling results, more than 80 per cent of bottom water and 50 per cent of surface
water in the study area is supersaturated with methane by a factor of 10 to 1,000
relative to the background level of 3.5 nanomoles18. That means that very likely
more than 5 to 10 per cent of the East Siberian Arctic Shelf area is already affected
by sub-sea permafrost destabilisation. Nevertheless, it is still very uncertain whether
this methane enters the water column after slowly diffusing through the sediments,
allowing part of it to be oxidized within the upper sediment layers, or if it could burst
out suddenly from time to time in a violent episodic event that would allow no time
for oxidation before the methane is released to the atmosphere.

References
1

Vetrov, A.A., and E.A. Romankevich 2004. Carbon Cycle in the Russian Arctic Seas. Springer-Verlag
Berlin Heidelberg, 330pp.

2

Gramberg, I.S., Kulakov Yu. N., Pogrebitsky Yu.E., and D.S. Sorokov 1983. Arctic oil and gas super basin,
X World Petroleum Congress. London, p 93-99.

3

Dickens, G.R. 2003. Rethinking the global carbon cycle with large, dynamic and microbially mediated gas
hydrate capacitor, Earth and Planetary Science Letters 213 (3-4): 169-183.

4

IPCC (2007) Climate Change 2007: The Physical Science Basis. Contribution of Working Group I to the
Fourth Assessment Report of the Intergovernmental Panel on Climate Change [Solomon, S., D. Qin, M.
Manning, Z. Chen, M. Marquis, K.B. Averyt, M. Tignor and H.L. Miller (eds.)]. Cambridge University Press,
Cambridge, United Kingdom and New York, NY, USA, 996 pp.

90 ARCTIC CLIMATE FEEDBACKS: GLOBAL IMPLICATIONS

5

Makogon, Y.F., Holditch, S.A., Makogon T.Y. 2007. Natural-gas hydrates - A potential energy source for
the 21st Century, Journal of Petroleum Science and Engineering 56: 14–31.

6

Fleming, K., Johnston, P., Zwartz, D., Yokoyama, Y., Lamneck, K. and J. Chappell 1998. Refining the
eustatic sea-level curve since the last glacial maximum using far- and intermediate-field sites, Earth and
Planetary Science Letters 163: 327-342.

7

Romanovskii, N.N., H.-W. Hubberten, A.V. Gavrilov, V.E. Tumskoy, G.S. Tipenko, M.N. Grigoriev and
Ch. Siegert 2000. Thermokarst and land-ocean interaction, Laptev Sea region, Russia, Permafrost and
Periglacial Processes 11(2): 137-152.

8

Houghton, J. 1997. Global warming: the complete briefing. Cambridge University Press, Cambridge, UK,
251 pp.

9

http://www.eoearth.org/article/State_of_the_Arctic_Report

10 Savelieva, N.I., Semiletov, I.P., Vasilevskaya, L.N., Pugach, S.P. 2000. A climate shift in seasonal values of
meteorological and hydrological parameters for Northeastern Asia, Progress in Oceanograpgy, 47 (2-4):
279-297.
11 Soloviev, V.A., G.D. Ginzburg, E.V. Telepnev, and Yu.N. Mikhaluk 1987. Cryothermia and gas hydrates in
the Arctic Ocean, Sevmorgeologiaß, Leningrad, 150pp.
12 Osterkamp T.E., and W.D. Harrison 1985. Sub-sea permafrost: Probing, thermal regime, and data
analyses, 1975-1981. Summary report. Geophysical Institute, University of Alaska Fairbanks, 108pp.
13 Himenkov, A.N., and A.V. Brushkov 2006. Introduction into the structural cryology, Science Press,
Moscow 279 pp.
14 Rachold V., Bolshiyanov D.Y., Grigoriev M.N., Hubberten H.-W., Junker R., Kunitsky V.V., Merker F.,
Overduin P., and W. Schneider 2007. Eos 88 (13): 149-156.
15 Shakhova, N. E., Sergienko, V. I. and I. P. Semiletov. 2009. The Contribution of the East Siberian Shelf
to the Modern Methane Cycle. Herald of the Russian Academy of Sciences, 2009, Vol. 79, No. 3, pp.
237–246 (translated by Pleiades Publishing, Ltd., 2009, ISSN 1019-3316).
16 Shakhova N. , C. Sapart, I. Semiletov, D. Kosmach, and T. Roeckmann 2009. First isotopic data on
methane from the East Siberian Arctic Shelf, Geophysical Research Abstracts 11: EGU2009-3333.
17 Shakhova, N., Semiletov, I., Salyuk, A. N., Belcheva, N.A. 2007. Anomalies of methane in the atmosphere
above the East Siberian Arctic Shelf, Transaction of Russian Academy of Science, 414 (6): 819-823.
18 Kvenvolden, K.A. 2002. Methane hydrates in the global carbon cycle, Terra Nova 14 (5): 302-306.
19 Hyndman R.D., and S.R. Dallimore 2001. Natural gas hydrates studies in Canada. Recorder 26: 11-20.
20 Chuvilin, E.M., Yakushev, V.S., and Petrova, E.V. 2000. Gas and possible gas hydrates in the permafrost of
Bovanenkovo Gas Field, Yamal Peninsula, west Siberia. Polarforschung 68: 215-219.
21 Yakushev, V.S. 1989. Gas hydrates in the cryolithozone. Geology and Geophysics 11 (in Russian).
22 Archer, D.E., and Buffett, B. 2005. Time-dependent response of the global ocean clathrate reservoir to
climatic and anthropogenic forcing, Geochem., Geophys., Geosy. 6(3): doi: 10.1029/2004GC000854.
23 Romanovskii, N.N., and H.-W. Hubberten 2001. Results of permafrost modeling of the lowlands and shelf
of the Laptev Sea Region, Russia. Permafrost and Periglacial Processes 12 (2): 191-202.
24 Romanovskii, N.N., H.-W. Hubberten, A.V. Gavrilov, A.A. Eliseeva, and G.S. Tipenko 2005. Offshore
permafrost and gas hydrate stability zone on the shelf of East Siberian Seas. Geo-mar. Lett. 25: 167-182
25 Leifer, I., Luyendyk, B.P., Boles, J., and J.F. Clark 2006. Natural marine seepage blowout: Contribution to
atmospheric methane. Global Biogeochemical Cycles 20: GB3008, doi:10.1029/2005GB002668.

ARCTIC CLIMATE FEEDBACKS: GLOBAL IMPLICATIONS 91

26 Damm, E., Schauer, U., Rudels, B., Haas, C. 2007. Excess of bottom-released methane in an Arctic shelf
sea polynya in winter, Continental Shelf Research 7: 12-18.
27 Semiletov I.P. 1999. On aquatic sources and sinks of CO2 and CH4 in the Polar regions. J.Atmosph. Sci.
56: 286-306.
28 Kvenvolden, K.A., Lilley M.D., Lorenson T.D., Barnes P.W., McLaughlin E. 1993. The Beaufort Sea
continental shelf as a seasonal source of atmospheric methane. Geophys. Res. Lett. 20 (220): 2459-2462.
29 Zimov, S.A., E.A.G. Schuur, and F.S. Chapin III. 2006. Permafrost in the global carbon budget. Science
312: 1612-1613, DOI: 10.1126/science.1128908.
30 Soloviev, V.A. 2002. Gas-hydrate-prone areas of the ocean and gas-hydrate accumulations. Journal of the
Conference Abstracts, 6(1), 158 (abstract/poster).
31 Jakobsson, M., Macnab, R., Cherkis, N., Schenke, H-W., et al., 2004. The International Bathymetric
Chart of the Arctic Ocean, map scale 1:6,000,000, World Data Center for Marine Geology & Geophysics,
Boulder, Research Publication RP-2.

92 ARCTIC CLIMATE FEEDBACKS: GLOBAL IMPLICATIONS

Author Team

NICHOLAS R. BATES
Nick Bates is a senior research scientist and associate director of research at the
Bermuda Institute of Ocean Sciences. He earned a Ph.D. in Oceanography from the
University of Southampton (U.K.) in 1995. His research interests focus on carbon
dynamics and processes in the ocean, including ocean biogeochemical cycling of
carbon, nitrogen and dissolved organic matter, and physical and biological processes
influencing ocean-atmosphere gas exchange of carbon dioxide. Bates contributed
to the Intergovernmental Panel on Climate Change Fourth Assessment report and
to the Surface Ocean-Lower Atmosphere Study-Integrated Marine Biochemistry
and Ecosystem Research (SOLAS-IMBER) joint carbon implementation plan. He
was also a recent member of the Intergovernmental Oceanographic CommissionScientific Committee on Oceanic Research International Ocean Carbon Coordination
Project scientific steering group and the SOLAS-IMBER working group on surface
observations. He is a member of the U.S. Carbon Cycle Scientific Steering Group for
the federal Carbon Cycle Interagency Working Group.

JOSEP G. CANADELL
Josep G. Canadell is a research scientist at the Commonwealth Scientific and
Industrial Research Organization, Division of Marine and Atmospheric Research,
and the executive director of the Global Carbon Project, a joint project of the Earth
System Science Partnership. His work involves internationally coordinated research
on global and regional carbon budgets; vulnerable carbon stores and sinks including
permafrost and peatlands; human-induced carbon trends; and climate mitigation
strategies to stabilize atmospheric carbon dioxide. He also works with policymakers
and governments on climate change science and policies. Canadell was an author
of the Intergovernmental Panel on Climate Change Fourth Assessment report that
received the Nobel Peace Prize in 2007.

ARCTIC CLIMATE FEEDBACKS: GLOBAL IMPLICATIONS 93

ANNY CAZENAVE
Anny Cazenave is a senior scientist at the Laboratoire d’Etudes en Géophysique
et Océanographie Spatiale, Centre National d’Etudes Spatiales, Toulouse, France.
Her research interests include satellite geodesy and space research and she has led
several space missions. She has published more than 165 papers in international
journals and was the lead author of the Intergovernmental Panel on Climate Change
Fourth Assessment chapter “Oceanic Climate Change and Sea Level”. She has also
served as the international secretary of the American Geophysical Union (2002-2006)
and president of the Geodesy section of the European Geosiences Union (19992004). Cazenave is a fellow of the American Geophysical Union, a member of the
French Academy of sciences and is a foreign member of the U.S. National Academy
of Sciences and the Indian Academy of Sciences.

CECILIE MAURITZEN
Cecilie Mauritzen is a senior scientist at the Climate Department of the
Norwegian Meteorological Institute. She is a physical oceanographer, specialising
in large-scale ocean circulation and its role in the Earth’s climate system. She
obtained her Ph.D. from the Massachusetts Institute of Technology/Woods Hole
Oceanographic Institution Joint Program in 1994, where her studies focused on
mapping the northernmost overturning of the global thermohaline circulation
as it extends into the Nordic Seas and the Arctic Ocean. She has worked as an
oceanographer in the United States, France and Norway. She was a lead author of
the Intergovernmental Panel on Climate Change Fourth Assessment report, which
was published in 2007. Her current research is concerned with observations of ocean
circulation using modern automated platforms including profiling floats and gliders,
and development of ocean observatories for long-term observations. She led or was
involved in four international Arctic projects during the International Polar Year.

MICHAEL R. RAUPACH
Michael R. Raupach is a research scientist in Commonwealth Scientific and
Industrial Research Organization, Division of Marine and Atmospheric Research.
He is a Fellow of the Australian Academy of Science and a Fellow of the Australian
Academy of Technological Sciences and Engineering. From 2000 to 2008, he was
an inaugural co-chair of the Global Carbon Project of the Earth System Science
Partnership. His research encompasses global and continental carbon and water
cycles, carbon-climate-human interactions, land-air interactions, fluid mechanics and
particle transport, and is a frequent contributor to the policy and public debate on

94 ARCTIC CLIMATE FEEDBACKS: GLOBAL IMPLICATIONS

climate change. He contributed to the Intergovernmental Panel on Climate Change
Fourth Assessment report that received the Nobel Peace Prize in 2007.

ERIC RIGNOT
Eric Rignot a Professor of Earth System Science at University of California
Irvine, USA, and a Joint Faculty Appointee at NASA’s Jet Propulsion Laboratory in
Pasadena, California, USA. He received a Ph.D. in electrical engineering from the
University of Southern California. He is a principal investigator on several NASAfunded projects, including studies of the mass balance of the Greenland and Antarctic
ice sheets using radar interferometry combined with other methods; the interactions
of ice shelves with the ocean; and the development of high-order, high-resolution
numerical models of ice sheet flow constrained by satellite observations. He was
a contributing author to the Intergovernmental Panel on Climate Change Fourth
Assessment report.

IGOR SEMILETOV
Research Associate Professor Igor Semiletov leads the Russia-U.S. Marine
Carbon Group at the International Arctic Research Center, at the University Alaska
Fairbanks and the Pacific Oceanological Institute, Far Eastern Branch of the Russian
Academy of Sciences, where he founded the Laboratory of Arctic Studies. He also
has been the head of the International Arctic Science Committee’s Bering Sea Impact
Study project in Vladivostok, Russia, and has served on the steering committee of
the Russian-American Initiative on Shelf-Land Environments in the Arctic. Since
early 1990s, Semiletov has studied the Siberian Arctic seas extensively and has
published more than 80 papers and chapters on the area, including projects with
the Russian Foundation for Basic Research, the National Atmospheric and Oceanic
Administration and the U.S. National Science Foundation.

MARK C. SERREZE
Mark C. Serreze received a Ph.D. in geography from the University of Colorado,
Boulder, in 1989, where he studied Arctic sea ice variability. Subsequently, he has
been a research scientist at the National Snow and Ice Data Center’s Cooperative
Institute for Research in Environmental Sciences at the University of Colorado.
His Arctic research interests are wide-ranging and include atmosphere-sea ice
interactions, synoptic climatology, boundary layer problems, numerical weather
prediction and climate change. He has conducted fieldwork in the Canadian Arctic
on sea ice and icecaps and on the Alaskan tundra. Efforts over the past 10 years have
ARCTIC CLIMATE FEEDBACKS: GLOBAL IMPLICATIONS 95

increasingly focused on trying to make sense of the rapid environmental changes
being observed in the Arctic.

NATALIA SHAKHOVA
Senior Research Scientist Natalia Shakhova leads the Russia-U.S. Methane Study
at the International Arctic Research Center, at the University Alaska Fairbanks and
the Pacific Oceanological Institute, Far Eastern Branch of the Russian Academy of
Sciences. She is also a leading research scientist at the Laboratory of Arctic Studies
at Pacific Oceanological Institute. Since 2004, she has been a leader in methane
studies on the East Siberian Arctic Shelf, with a focus on climate-driven feedbacks.
Over the last five years, she has published more than 20 papers and chapters,
including projects funded by the Russian Foundation for Basic Research, National
Oceanic and Atmospheric Administration and U.S. National Science Foundation.
Shakhova is also an author of the Intergovernmental Panel on Climate Change
Fifth Assessment report.

JULIENNE STROEVE
Julienne Stroeve received a Ph.D. in geography from the University of Colorado,
Boulder, where she studied the surface energy balance of the Greenland Ice Sheet
using satellite imagery and has extensive experience in remote sensing of polar
regions using satellite imagery. Currently, she is a research scientist at the National
Snow and Ice Data Center at the University of Colorado. Stroeve has participated in
several field campaigns in Greenland and the Arctic in order to confirm data obtained
from spacecraft, including sea ice concentration, surface temperature and surface
reflectivity. Current research projects include monitoring the rapid decline of the
Arctic sea ice cover and investigating how the transition toward a seasonally ice-free
Arctic will affect climate in the Northern Hemisphere.

96 ARCTIC CLIMATE FEEDBACKS: GLOBAL IMPLICATIONS

Editors
MARTIN SOMMERKORN
Martin Sommerkorn is Senior Climate Change Advisor to WWF’s International
Arctic Programme. His current main focus is on communicating both the impacts
and the global relevance of arctic climate change to the public and to policy-makers,
particularly targeting the international process for the mitigation of atmospheric
greenhouse gases. In 2008, Martin joined WWF after more than 15 years of carrying
out research in the circumpolar Arctic, and an even longer time of travelling and
working there. An ecologist by training his own research is in the field of ecosystem
ecology, where he focuses on how climate change affects the flows of carbon in
arctic tundra.
SUSAN J. HASSOL
Susan Joy Hassol is a climate change communicator, analyst, and author known
for her ability to translate science into English, making complex issues accessible
to policymakers and the public for two decades. In 2009, Susan worked with a
team of scientists to write Global Climate Change Impacts in the United States, an
authoritative yet accessible report from the U.S. Global Change Research Program.
Susan was lead author of Impacts of A Warming Arctic, the synthesis report of the
Arctic Climate Impact Assessment published in 2004. In 2006, Susan was honored
by the Climate Institute with its first ever award for excellence in climate science
communication.

The information contained in the Arctic Climate Change section of the Executive Summary was compiled from:
Sommerkorn M., Hamilton N. (eds.) 2008. Arctic Climate Impact Science – an update since ACIA. http://assets.panda.org/downloads/arctic_climate_impact_
science_1.pdf
J. Richter-Menge, J. Overland, M. Svoboda, J. Box, M.J.J.E. Loonen, A. Proshutinsky, V. Romanovsky, D. Russell, C.D. Sawatzky, M. Simpkins, R. Armstrong,
I. Ashik, L.-S. Bai, D. Bromwich, J. Cappelen, E. Carmack, J. Comiso, B. Ebbinge, I. Frolov, J.C. Gascard, M. Itoh, G.J. Jia, R. Krishfield, F. McLaughlin, W.
Meier, N. Mikkelsen, J. Morison, T. Mote, S. Nghiem, D. Perovich, I. Polyakov, J.D. Reist, B. Rudels, U. Schauer, A. Shiklomanov, K . Shimada, V. Sokolov, M.
Steele, M.-L. Timmermans, J. Toole, B. Veenhuis, D. Walker, J. Walsh, M. Wang, A. Weidick, C. Zöckler. 2008. Arctic Report Card 2008, http://www.arctic.
noaa.gov/reportcard <http://www.arctic.noaa.gov/reportcard>.

All figures in this report have been redrawn from the original sources referenced in the figure caption.

ARCTIC CLIMATE FEEDBACKS: GLOBAL IMPLICATIONS 97

ARCTIC CLIMATE FEEDBACKS:
GLOBAL IMPLICATIONS
Martin Sommerkorn & Susan Joy Hassol, editors
With contributions from:
Mark C. Serreze & Julienne Stroeve
Cecilie Mauritzen
Anny Cazenave & Eric Rignot
Nicholas R. Bates
Josep G. Canadell & Michael R. Raupach
Natalia Shakhova & Igor Semiletov
Reviewed by:
David Carlson
Robert Corell
First published by
WWF International Arctic Programme
August, 2009
2nd edition November, 2009
ISBN: 978-2-940443-00-0
Recommended citation:
Sommerkorn, M. and Hassol, S.J. (eds.) Arctic Climate Feedbacks: Global Implications.
WWF International Arctic Programme, Oslo, 2009. 97pp.
Cartography: GRID Arendal,
Riccardo Pravettoni in collaboration with
Laura Margueritte.
Editorial assistance: Marta Darby
Photos: Staffan Widstrand page 5, 17, 28, 39, 54, 69, 81
Cover: Ketill Berger, http://www.chamberlinproductions.org, NASA
Design: Ketill Berger, Film & Form

WWF IS O NE OF THE LARGEST and most experienced
independent conservation organizations, with almost 5 million
supporters and a global network active in
more than 100 countries.
WWF’s mission is to stop the degradation of the planet’s natural
environment and to build a future in which humans live in harmony
with nature, by:
- conserving the world’s biological diversity
- ensuring that the use of renewable natural resources is sustainable
- promoting the reduction of pollution and wasteful consumption.
WWF International Arctic Programme
P.O.Box 6784, St Olavs Plass
0130 Oslo
Norway
Tel: +47 22 03 65 00
arctic@wwf.no

www. pa nda . o rg/ar ctic

for a living planet

