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Abstract The Arctic cryosphere is a critically important

component of the earth system, affecting the energy bal-

ance, atmospheric and ocean circulation, freshwater stor-

age, sea level, the storage, and release of large quantities

of greenhouse gases, economy, infrastructure, health, and

indigenous and non-indigenous livelihoods, culture and

identity. Currently, components of the Arctic cryosphere

are subjected to dramatic change due to global warming.

The need to document, understand, project, and respond

to changes in the cryosphere and their consequences

stimulated a comprehensive international assessment

called ‘‘SWIPA’’: Snow, Water, Ice, Permafrost in the

Arctic. Some of the extensive key SWIPA chapters have

been summarized and made more widely available to a

global audience with multi-disciplinary interests in this

Special Report of Ambio. In this article, an overview is

provided of this Special Report in the context of the more

detailed and wider scope of the SWIPA Report. Accel-

erated changes in major components of the Arctic

cryosphere are documented. Evidence of feedback mech-

anisms between the cryosphere and other parts of the

climate system are identified as contributing factors to

enhanced Arctic warming while the growing importance

of Arctic land-based ice as a contributor to global sea-

level rise is quantified. Cryospheric changes will result in

multifaceted and cascading effects for people within and

beyond the Arctic presenting both challenges and

opportunities.
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INTRODUCTION

The Arctic cryosphere is a critically important component

of the earth system. It affects the energy balance of the

earth that results in a net cooling of the earth’s surface; its

dynamic processes affect air and ocean circulation at a

global scale; it stores freshwater from seasonal to millen-

nial time scales and thereby regulates the availability of

freshwater during the growing season and affects sea level

and thus the extent and shape of the earth’s land masses,

which determine the surface available for human habita-

tion. Furthermore, the Arctic’s cryosphere is an important

regulator of the storage and release of large quantities of

greenhouse gases, such as methane and carbon dioxide.

Currently, major components of the Arctic cryosphere are

subjected to dramatic change due to climate warming. The

need to document, understand, project, and respond to

changes in the cryosphere and their consequences has

greatly stimulated recent research and assessment activi-

ties. In 2005, the Arctic Council (www.arctic-council.org/)

published the comprehensive report ‘‘Arctic Climate

Impact Assessment’’ (ACIA 2005), which drew global

scientific and political attention to the effects of climate

change in the Arctic. Observations of further cryospheric

change in the first decade of the 21st century spurred the

Arctic Council to launch a follow up assessment to

the ACIA: the ‘‘Snow, Water, Ice, and Permafrost in the

Arctic’’ (SWIPA; www.amap.no/swipa) project, the results

of which were published in 2011 (AMAP 2011).

The SWIPA report (AMAP 2011) is comprehensive,

containing 542 pages and 12 chapters (available from

http://www.amap.no/swipa/). Within a Special Report of

Ambio, ‘‘A Journal of the Human Environment’’, some of

the extensive SWIPA chapters have been summarized to
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make this information more widely available to a global

audience with multi-disciplinary interests. This has been

achieved by identifying and focusing on key issues from

many of the SWIPA chapters by the original lead authors

(Callaghan et al. 2011a [this issue]). In this article, we

provide an overview of the Special Report of Ambio in a

context of the more detailed and broadly based SWIPA

Report (AMAP 2011).

RESULTS

Changes in Climate

During the past decade, the Arctic has experienced the

highest temperatures of the instrumental record while

recent paleo-reconstructions show that current Arctic

summer temperatures are higher than at any time in the

past 2000 years (Walsh et al. 2011a, b [this issue]). The

Arctic Ocean has experienced enhanced oceanic heat

inflows from both the North Atlantic and the North

Pacific, and its heat storage has increased in newly sea-ice

free areas of the ocean. The increase in ocean heat storage

has had an increased influence on autumn atmospheric

temperature and wind fields and is consistent with

increased cloudiness. A detectable feedback between

sea-ice loss and Arctic air temperature has emerged since

the publication of the ACIA report in 2005. Storm events

and extreme high temperatures also show signs of

increases. Walsh et al. (2011a, b [this issue]) show large

year-to-year variability in precipitation over the land areas

north of 55�N, including some especially wet years during

the past decade, superimposed on an increase of about 5%

since 1950.

The above noted changes are consistent with the trends

projected by global climate models (GCMs) as described in

the modeling chapter of the SWIPA report (Overland et al.

2011) and the trends described should continue and should

dominate Arctic environmental change by the later decades

of the 21st century. Although details depend on location,

time of year, model, and assumed future increases in

greenhouse gas emissions, the consensus suggests a general

increase in Arctic-wide autumn and winter surface air

temperatures of 3–6�C by 2080, a nearly sea ice-free

September by 2050, and a general increase in precipitation

over future decades.

Owing to the random influence of natural variability, the

future that we will experience will differ somewhat from

the smooth average of the range of possible future trajec-

tories derived from GCMs. For example, the observed

sea-ice loss in summer 2007 was greater than most tra-

jectories projected by the GCMs (Meier et al. 2011).

Changes in Snow Cover

The widespread warming and increasing winter precipita-

tion in the Arctic during the past 40–50 years have resulted

in different regional snow-cover responses (Callaghan et al.

2011b, c [this issue]). The largest decreases in snow-water

equivalent (SWE) and snow-cover duration (SCD) occur-

red over maritime regions and the most prolonged

decreases in snow cover and snow depth have occurred in

the North American sector. Although snow depths are

increasing in many regions of Eurasia, warming and more

frequent winter thaws are contributing to changes in snow-

pack structure. GCMs project increases in maximum SWE

of up to 15% over much of the Arctic by 2050 but SCD is

projected to decrease by about 10–20% (Callaghan et al.

2011c [this issue]).

These projected changes will have far-reaching conse-

quences for the climate system, biogeochemical cycling,

hydrology, ecology, and human well-being (Callaghan

et al. 2011b, d [this issue]; Hovelsrud et al. 2011a, b [this

issue]; Prowse et al. 2011a, b [this issue], c [this issue];

Vincent et al. 2011a, b [this issue]). Snow cover plays a

major role in the Arctic system through its influence on the

surface energy balance (e.g., reflectivity), water balance

(e.g., water storage and release), thermal regimes (e.g.,

insulation), vegetation, and trace gas fluxes (Callaghan

et al. 2011b, d [this issue]). The livelihoods and well-being

of Arctic residents and many services for the wider popu-

lation depend on snow conditions so changes have

important and far-reaching consequences (Hovelsrud et al.

2011a, b [this issue]): winter thaw events and rain-on-snow

conditions have negatively affected commercial forestry

and reindeer herding while the physical and emotional

health of Arctic residents could be compromised. However,

there are also likely to be benefits of changing Arctic snow

conditions, such as more stable snowmelt runoff that is

projected to benefit the hydropower industry.

Permafrost

Permafrost presence and its dynamics are major drivers of

hydrological and geomorphological processes in the Arctic

that affect ecology, biogeochemical cycling, water

resources, and infrastructure maintenance and develop-

ment. The SWIPA report (AMAP 2011) documents

increases in permafrost temperatures that have occured

throughout the Arctic despite high regional variation in the

rates and magnitudes of climate warming (Callaghan et al.

2011e). Increasing permafrost temperatures are generally

consistent with changes in the thickness of the active layer

(the surface layer above permafrost that thaws in summer)

that has already increased progressively over much of

Eurasia and central Alaska where there has also been a
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recent loss of permafrost from several lower latitude sites

formerly characterized by discontinuous permafrost. Pro-

jections indicate that by 2100 there will be widespread

permafrost degradation throughout much of the Arctic. The

multiple consequences of these changes for landforms

(e.g., ground slumping and slope instability), ecosystems

(e.g., drying of wetland habitats in some areas and pond

formation in others), biogeochemical cycling (e.g.,

increases in methane emissions from new wetlands and

release of significant amounts of carbon stored in, or cap-

ped by permafrost), and infrastructure (particularly along

coastlines with ice-rich unconsolidated materials) can be

profound (Callaghan et al. 2011e). Some of the possible

important risks of thawing permafrost, particularly the

release of methane from continental shelves, are highly

uncertain.

Lake and River Ice

Lake and river ice are interwoven into the arctic terrestrial

landscape through major water flow and storage networks.

As such, they significantly affect numerous bio-physical

and socio-economic systems (Prowse et al. 2011a, b [this

issue]). The effects of freshwater ice on climate mostly

occur at the local/regional scale, with the degree of influ-

ence dependent on the magnitude, timing, location, and

duration of ice cover, and the size of the water body.

Freshwater-ice formation, growth, decay, and break-up are

influenced by climatic variables that control surface heat

fluxes, but these differ markedly between lakes and rivers

(Prowse et al. 2011a, c [this issue]). Despite the importance

of freshwater ice, there has been a recent reduction in

observational recordings (Key 2011).

Palaeolimnological and instrumental records indicate

that some Arctic lakes may have crossed an important

ecological threshold as a result of recent warming and

long-term trends that exhibit increasingly later freeze-ups

and earlier break-ups (Prowse et al. 2011a, d [this issue]).

These trends are projected to continue in the future and will

be accompanied by decreasing ice thickness, and changes

in ice cover composition, particularly white-ice. Such

changes will also produce a variety of effects on hydro-

logic, ecological, and socio-economic systems (Prowse

et al. 2011a, b [this issue]; Hovelsrud et al. 2011a, b [this

issue]).

Mountain Glaciers and Ice Caps

Observations assessed in the SWIPA Report show general

declines in mass and volume of mountain glaciers and ice

caps in the Arctic over the past century with substantial

increases in rates of decline since 1995 (Sharp et al. 2011).

The total mass losses may have exceeded 150 Gt per year

over the past decade (comparable to the mass loss from the

Greenland Ice Sheet: see below), making Arctic glaciers a

significant contributor to global sea-level rise. Half of the

loss is from glaciers in the Canadian Arctic and southern

Alaska. Continuing losses due to warming are projected,

with the greatest losses projected for the Canadian Arctic

and Alaska, followed by Svalbard and the Russian Arctic.

The consequences of declines in mountain glacier ice cap

mass and volume include exposure of new land and altered

drainage and water output patterns, initial increases in

runoff followed by eventual declines as glacier area

decreases, and water outbursts of several types, e.g., glacier

lake dams fail. Increased iceberg formation and continued

break-up of ice shelves (until they disappear completely

from the Arctic) are also expected, and these may create

hazards in the marine environment.

The Greenland Ice Sheet

The Greenland Ice Sheet is the second largest body of

stored freshwater on Earth. Until 1990, the total amount of

ice added to and lost each year from the Greenland Ice

Sheet was roughly in balance (Dahl-Jensen et al. 2011a).

However, mass losses by both meltwater and ice discharge

have increased since 1990 and the inputs and losses are no

longer in balance. The estimated recent rate of net mass

loss from the Greenland Ice Sheet is four times that of

earlier estimates (i.e., 205 ± 50 Gt per year for 2005–2006

compared to 50 ± 50 Gt per year for 1995–2000).

Increased ice discharge is primarily due to accelerated flow

in many of the fast-flowing glaciers that terminate in ocean

water in the fjords apparently triggered by contact with

warmer ocean water. The major impact of the loss of ice is

an increasing contribution to sea-level rise while other

consequences relate to coastal and marine habitats (see

below). Impacts on the near-surface stratification of the

subpolar North Atlantic Ocean are also possible.

Sea Ice

Arctic sea ice extent has declined over all seasons since

1979, although less in other seasons than summer. The

average extent of the summer (September) minimum sea

ice cover has declined by 25–30% since estimates based on

satellite information began in 1979. The decline in Arctic

summer sea ice extent has accelerated over the past

10 years and the last 5 years (2007–2011) have had the five

lowest extents in the record. Sea ice has also thinned and

older, thicker ice types have been lost and not been

replenished, and the majority of the ice in the Arctic Ocean

is now composed of young first-year sea ice which is more

susceptible to summer melt (Meier et al. 2011). The retreat

is faster than previously predicted by IPCC models and
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summer ice-free conditions are likely over most of the

Arctic basin by mid-century or earlier, with increasing

variability in the ice cover in the intervening years. The

decline in Arctic sea ice reduces albedo and results in more

heat absorption by open water that in turn would enhance

Arctic warming; effects on other aspects of regional and

global climate are also expected (see above). Changing sea

ice and snow-cover patterns will shift the balance between

primary production by ice algae and phytoplankton, and

there will be further uncertain consequences throughout the

rest of the Arctic food web. Some ice-associated ecosys-

tems are at risk of complete loss while others will change

significantly.

Sea Level

Sea-level change is one of the more serious consequences of

climate change because vast numbers of people live on or

use resources on lands that are likely to be inundated. While

climate change during the last century has affected sea level

primarily through thermal expansion of oceanic waters,

reductions in the amount of freshwater currently stored as

ice on land (glaciers and ice sheets) now add significantly to

sea-level rise through melt and ice discharge (Dahl-Jensen

et al. 2011b). Present (2003–2008) mass losses from Arctic

glaciers and the Greenland Ice Sheet contribute a total

increase of 1.3 mm per year to the rise in global mean sea

level, which is an increase since 1995. Current projections of

total sea-level rise by 2100 resulting from all sources,

including the Antarctic Ice Sheet and non-Arctic glaciers

range from 0.79 to 2.01 m. However, the confidence in the

projections is low and a range of 0.9–1.6 m is considered

more plausible by the authors of the SWIPA assessment

(Dahl-Jensen et al. 2011a, b). Nevertheless, significant

effects of rising sea level will become increasingly evident

by mid-century although regional variation will be high.

Effects from sea-level rise include significant inundation of

low-lying areas adjacent to coasts and possibly complete

submergence of some small islands. Other more imminent

effects include coastal flooding, erosion, infrastructure

damage, environmental impacts on ecosystems, and salt-

water intrusions into groundwater.

Feedbacks

Changes in Arctic climate are a result of complex inter-

actions between the cryosphere, atmosphere, ocean, and

biosphere. More feedbacks from the cryosphere to the

climate system are positive (resulting in warming) than are

negative (Callaghan et al. 2011f, g [this issue]). Feedbacks

operate at different spatial scales: many, such as albedo

decreases, will have significant local/regional effects

whereas others, such as possible increases in release of

subsea methane (CH4), could have large global effects,

although uncertainty is high. Already, feedbacks are

implicated in some recent climatic changes. For example,

the extent to which the date of spring melt has become

earlier is greater than the extent to which the date of snow-

on has become delayed, and this is consistent with a greater

early-season albedo feedback effect. Also, air warming in

autumn is consistent with a feedback from reduced mini-

mum sea ice cover. With continued climate warming it is

highly likely that the Arctic’s changing cryosphere will

play an increasingly important climatic role. These could

occur at large geographical scales through teleconnections

between the Arctic and other regions and effects on

atmospheric and oceanic circulation. However, the net

effect of all the feedbacks is difficult to assess and even

more difficult to project with current GCMs.

Consequences for Ecology

The substantial, but geographically variable changes in

snow, water, ice, and permafrost in the Arctic are allowing

some habitats and their associated ecosystems to expand,

while others are undergoing rapid contraction (Vincent et al.

2011a, b [this issue]). The warming of the Arctic cryosphere

is limiting the habitat range for cold-adapted biota, while

less specialized taxa including invasive species from the

south are likely to become increasingly common in the

future. Extreme climate events such as thawing in mid-

winter are likely to become more frequent and may accel-

erate shifts in community structure and processes. Many

Arctic ecosystems are interdependent, and changes in the

cryosphere are altering the physical, biogeochemical, and

biological linkages within and between Arctic ecosystems,

as well as causing positive feedback effects on atmospheric

warming, for example through reduced albedo and increased

emissions of greenhouse gases. All of these climate-related

effects are compounded by rapid socio-economic develop-

ment in the North, creating additional challenges for eco-

system management and for sustaining the traditional

lifestyles of northern communities that depend on Arctic

ecosystem provisioning services (such as provision of food).

Provisioning services are further threatened by changes in

the cryosphere that could cause a redistribution and remo-

bilisation of anthropogenic contaminants in the Arctic

(Kallenborn and Macdonald 2011) with harmful effects on

wildlife. Furthermore, the important historical regulatory

ecosystem services, for example feedbacks to climate, could

be negated by a changing cryosphere.

Consequences for People

Changes in the Arctic cryosphere will affect economies,

infrastructure, health, and indigenous and non-indigenous
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livelihoods, culture and identity (Hovelsrud et al. 2011a, b

[this issue]). Arctic residents are resilient and highly

adaptive, but the rate and magnitude of change challenges

their current adaptive capacity. Cryospheric changes create

both challenges and opportunities with local, regional, and

international dimensions. Some changes, such as the loss of

summer sea ice, will provide better access to the Arctic and

its resources, thereby increasing human activities such as

resource extraction, shipping, and tourism. However,

cryospheric changes provide some challenges for interna-

tional governance, human rights, safety and search and

rescue efforts, and risks of environmental degradation from

accidents and spills. Human society is also affected by

indirect effects of a changing cryosphere, including

industrial developments, globalization, and societal chan-

ges, which contribute to shaping vulnerability and adap-

tation options. Combined with non-cryospheric drivers of

change, this will result in multifaceted and cascading

effects within and beyond the Arctic.

Synthesis

From the SWIPA synthesis of the multiple cryospheric

changes in the Arctic and their consequences, four espe-

cially important issues emerge: the nature and magnitude

of the changes, their timing relative to the seasonal/annual

cycle, the spatial and temporal scales on which they occur,

and their consequences for physical and biotic systems

(Reist et al. 2011). The SWIPA synthesis chapter evaluates

the combined impact of these issues on the Arctic envi-

ronment and its inhabitants. It concludes that the scope and

nature of cryospheric changes in the Arctic, in combination

with widespread climate variability, over large spatial and

temporal scales, and with human adaptive capacity, will

ultimately determine whether particular changes in the

cryosphere are viewed as opportunities or challenges (Reist

et al. 2011). The overwhelming consequence is a highly

variable and uncertain future for the Arctic. Developing

strategies and approaches for adaptation that take account

of such uncertainty as a basic consideration is the major

challenge to effective solutions. Planning for surprises or

unanticipated events is likely to be increasingly important.

Filling knowledge gaps by developing a more robust

observing system and improving climate and cryosphere

models is critical to effective planning.

CONCLUSIONS

The SWIPA assessment (AMAP 2011) documents an

accelerated change in major components of the Arctic

cryosphere such as sea ice, mountain glaciers and ice caps,

and the Greenland Ice Sheet. The SWIPA Assessment and

the current volume (Callaghan et al. 2011a [this issue])

detail and summarize indications that feedback mecha-

nisms between the cryosphere and other parts of the cli-

mate system are already contributing to enhanced Arctic

warming. The growing importance of Arctic land-based ice

as a contributor to global sea-level rise is obvious. Fur-

thermore, climate change in the Arctic is causing a change

in the distribution of water in its solid and liquid states and

in the timing of phase shifts that have profound effects on

the physical, chemical, and biological conditions in both

the Arctic and lower latitudes. The SWIPA assessment and

extracts from it in this Special Report show that predictions

made in the ACIA (2005) and IPCC AR4 (Solomon et al.

2007) assessments underestimate effects of climate change

on the Arctic cryosphere which, in turn, underestimate

cascading effects on eco- and human systems. Geographi-

cal variability in rates of change in some parts of the Arctic

cryosphere is not well understood, even though satellite

measurements and other long-range surveillance systems

have improved observational capacity. Improved surface-

based observations and better parameterizations of Arctic

cryospheric processes in GCMs are needed to improve the

understanding and projections of cryospheric change. The

net effect of all the feedbacks is unclear, so additional

observational and modeling studies are essential.

The speed, extent, and severity of local, regional, and

global effects of a changing Arctic cryosphere call for urgent

and improved understanding of their combined impacts.
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