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Executive Summary

Context

This report presents a wide-ranging review of arctic climate impact science published since the
Arctic Climate Impact Assessment (ACIA) in 2005. It spans the width of subject areas, covering
impacts on physical and biological systems, as well as on humanity. The report presents the
scientific evidence for arctic climate change impacts in review sections, each of which targets a
particular arctic system or cross-cutting arctic theme. A separate bullet-point section highlights
what expert reviewers, authors, and editors rank as the most important findings.

One of the most significant scientific advances since the ACIA is the conclusion of the 4"
Assessment Report of the Intergovernmental Panel on Climate Change that climate change is
Aihighly | i peecentlikelifoed) hurhan-éhdde (IPCC 2007). This report can therefore
now use this cognition as a basis from which to showcase the recent evidence for arctic climate
impacts.

While human-made climate change is a global problem, by documenting the growing scientific
evidence on arctic climate change impacts along with the projected and potential consequences
of a changing Arctic for the globe, this report highlights the growing insight that the Arctic is not
only one of the places on Earth that is most vulnerable to climate change, but also place where
vulnerability is of urgent global relevance.

Main findings
When compared with the 2005 ACIA, this report, in summary, conveys three main messages.

1. Arctic climate change impact trends described in the ACIA continue throughout the Arctic.
None of the trends outlined in 2005 were found to have reversed. Understanding of arctic
climate change impacts improved for many of the systems studied, while for others the new
findings foremost highlighted the evidence of the complex reasoning of impacts.

2. Change is occurring on all arctic system levels, impacting on physical systems such as
atmosphere and oceans, sea ice and ice sheets, snow and permafrost, as well as on
biological systems such as species and populations, food webs, ecosystem structure and
function, and on human societies. It is the breadth of impacts across the report that is adding
weight to the conclusion that there is hardly a component of the Arctic that is not showing
signs of change.

3. For several key arctic systems, notably arctic sea ice and the Greenland Ice Sheet, recently
observed changes are happening at rates significantly faster than predicted in previous
expert assessments, notably ACIA and IPCC AR4, and therefore faster than accommodated
for in climate models. While this primarily reflects the current limits of scientific understanding
of the Arctic it also raises questions about the means and range of climate impact predictions
that guide arctic and global mitigation and conservation approaches.
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Most prominent changes.

In terms of the magnitude of impacts as well as their arctic and global significance the most
prominent change described in this report is the recent severely accelerated melting of both the
Greenland Ice Sheet and the arctic sea ice. Expert scientists now actively and openly discuss the
possibility that both these systems are approaching, or may have already reached, their tipping
point, at which time accelerating positive feedbacks are causing an even quicker melt.

The Greenland IceSheet.
With an ice volume of about 2.9 million km®, the Greenland Ice Sheet has the potential to
contribute much more to global sea-level rise than all of the other glaciers and ice caps combined
(excluding the Antarctic Ice Sheet). If the entire Greenland Ice Sheet were to melt, sea level
would rise by about 7.3 m (IPCC 2007), making its status a global concern. ACIA (which gave
equal space to the Greenland Ice Sheet and other arctic glaciers) reoported, a net mass loss of
the Greenland Ice Sheet was reported. Subsequent satellite findings (e.g. Chen et al. 2006,
Velicogna & Wahr 2006, Rignot & Kanagaratham 2006) have indicated that mass loss from the
Greenland Ice Sheet is accelerating, with much greater mass losses over the last few years. This
has led to speculations that the Greenland Ice Sheet will reach a tipping point, with accelerating
positive feedback causing its ever-more rapid decline, and will contribute much more than
previously estimated to global sea-level rise during the 21st century.

Two issues complicate this picture and currently make it impossible to predict the short or long
term future of the Greenland Ice Sheet with confidence (Sheperd & Wingham 2007). First, data
spans from such satellite studies are still relatively short (about one decade), making the long-
term response of the ice sheet to global climate change difficult to assess. Second, dynamic
responses of the ice sheet (i.e. increased glacier flow) to temperature changes, which are
believed to have caused most of the recent accelerated ice loss, are not adequately simulated in
existing ice sheet models.

For this reason, the IPCC excluded the uncertainties surrounding ice dynamics from estimates of

increases in sea levels in their 4th Assessment Report, stating that understanding of these

processes is too limited to provide a best estimate or upper boundary. This can lead the public to

incorrectly believe that predicted sea level rise is moderate, and in fact, less than in the previous

3rd Assessment Report, which did include ice dynamic uncertainties for Greenland in its

calculations of sea level rise (Hansen 2007). Recent studies have used methods that do not

require an estimation of t he Gredicegivlbabseadevdirsee Sheet 6s cc
Rahmstorf (2007) made use of semi-empirical methods and Rohling et al. (2008) used studies of

past sea-level rise, both coming up with estimates of sea level rise far greater than those of the

IPCC 4™ Assessment Report.

Arctic Sea Ice
The decreasing trend in extent of summer arctic sea ice has massively accelerated since
publication of ACIA, with the two lowest years on record occurring in 2005 and 2007. In
September 2007, the sea ice reached a low extent of 4.3 million km?, or 39% less than its 1979-
2000 mean, the lowest since satellite monitoring began in 1979 and also the lowest for the entire
20th century based on monitoring from ships and aircraft (NSIDC 2007). Although it is believed
that cloud and wind conditions have contributed to the summer 2007 ice minimum, the primary
factor for the 2007 low is understood to stem from arctic warming that reduced both the area and
thickness of multi-year ice, making the remaining ice more prone to summer thaw (NSDIC 2007).



Nearly all models now predict enormous sea ice retreat this century, with a few respectable
models predicting a nearly ice-free Arctic by mid-century. However, the recent acceleration in

sea-i ce retreat is not captured by most model s.

pointo coul d s oo nhnulaplepositive fleesllthck effects will kendcsea ice into a
low from which it cannot recoverd a process which is inadequately simulated in models. After the
2007 low in sea ice extent, scientists at the National Snow and Ice Data Center (NSIDC)
speculated that an ice-free Arctic Ocean in summer could occur by 2030 (NSIDC 2007). And in a
recent synthesis of model results with observations, Whelan et al. (2007) predicted that there will
be no summer arctic sea ice by 2013.

There is evidence that some feedback effects are already occurring, and the events of summer
2007 are of particular concern in this respect. The extreme low in sea ice extent and thickness in
summer 2007 resulted in more absorption of solar radiation, causing autumn freeze-up to
progress slowly (NSIDC 2007). The winter 2007/2008 maximum of sea ice was slightly more than
in recent years, but still below the 1979-2000 average. Because an unprecedented percentage of
the ice is now thin new ice, experts believe that it is almost certain that sea ice extent in the
summer of 2008 will also be well below average (NSDIC 2008).

Arctic sea ice is regarded as one of the first and clearest indicators of climate change in the Arctic
(Meier et al. 2007). Melting of arctic sea ice will have not only global effects, through positive
feedback to global warming from reduced ice albedo and effects on ocean circulation, but many
regional implications for the Arctic as well. The potential for coastal erosion, effects on the
livelihoods of indigenous peoples, effects on marine organisms, and increased marine transport
and access to resources were all well documented in ACIA. At least one of these projected
impacts became more of a reality in the summer of 2007, when the Northwest Passage was free
of ice for the first time.

Conclusions

The increasing range, magnitude, and unexpected pace of arctic climate change impacts outlined
in this report highlight the added risks that are emerging from an Arctic subject to climate change.
Consequently, the conclusions from this report that require the most urgent policy action are:

1. Mitigation. At this point, the radical impacts on important arctic systems are caused by global
warming that is only half of what humanity is already committed to experience, and what

Many

according to current policiesisconsi dered t o be #fAnot Therefogeetheo us o

dramatic impacts on the Arctic that are now being observed challenge the magnitude of the
predicted impacts of climate change at both arctic and global levels. The Arctic is a key

component of the Earthos cldinma tlimateschgasge taster a n d

than previously understood, there is a substantially heightened risk for arctic positive
feedback mechanisms to contribute to faster and stronger global climate change than
previously predicted.

2. Vulnerable carbon pools. More potential for feedbacks
store in the Arctic, in the form of carbon contained in permafrost soils and sediments. An
unknown part of this vast pool is vulnerable to be released to the atmosphere as CO, or
methane through climate change impacting on thermokarst formation, on the interactions of
soil temperature and water conditions, as well as on vegetation. Even though this report
provides only localised evidence of climate impacting on the permafrost carbon pool to date,
the magnitude of the potential feedbacks in combination with a limited scientific
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understanding of the dynamics and thresholds defining this pool, is a matter of concern. No
permafrost carbon dynamics are currently incorporated in climate models.

3. Resilience. Recent changes observed over a wide range of arctic ecosystems in response to
climate change are affecting species distribution, composition, and population numbers, and
through it food webs and human subsistence harvests and husbandry. Under these diverse
pressures, the resilience of many arctic ecosystems appears severely stretched. However,
despite considerable research demonstrating impacts on arctic ecosystem structure and
processes, there remains a limited scientific basis for predictive forecasting of arctic socio-
ecological systems dynamics in response to climate and other anthropogenic pressures. As
these pressures increase, there is a real danger for arctic ecosystems to change beyond
critical thresholds before an understanding of the changes can be achieved and concrete
measures can be taken to avoid passing these thresholds. Precautionary management
approaches that build ecosystem resilience are the appropriate and only tool available that
can keep arctic ecosystems stable under diverse pressures.

Given the state of the Arctic as outlined in this report WWF concludes that conservation in the
Arctic has reached a turning point. With the Arctic the stakes are global. The debate can no
longer focus only on creating protected areas and allowing arctic ecosystems to find their
balance. The magnitude of the physical and ecological changes in the Arctic creates an
unprecedented challenge for governments, the corporate sector, community leaders and
conservationists to reinforce the potential for natural systems to adapt, and to define a
sustainable future for the people and ecosystems of the Arctic.

Addressing the root causes of climate change requires a global response. WWF& Arctic Network
Initiative works to create the momentum for such a response. In answer to the challenges facing
the arctic environment, WWF advocates a two-pronged strategy: first, reducing global emissions
of greenhouse gases to levels that will avoid the continued warming of the Arctic and the
anticipated resulting disruption of the global climate system and, second, simultaneously reducing
the vulnerability of social and environmental systems of the Arctic by reducing immediate threats
and building inherent resilience.
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Highlights and Discussions

Atmosphere

Confirmation by the IPCC (2007) of the oft-cited ACIA (2005) finding that temperatures in
the Arctic have increased at almost twice the rate of the global mean over the past few
decades. Further demonstration of the importance of feedback effects from the reduction
of snow and i crectcioov eamplni ftihd st iéaan. 6

Recent arctic surface air temperatures anomalies and associated sea-level pressure
fields shown to have a different pattern than during other 20th century periods of
warming, evidence of entering into a new and uncertain climate pattern.

Increased certainty that recent warming in the Arctic (and globally) is influenced by
human activities. (The ACIA had concluded that there was insufficient evidence to draw
conclusions on this point.)

Range of arctic warming projections from recent work remains close to the range of the
ACIA model projections, and, as with the ACIA, warming is projected to be greater in
autumn and winter.

Trends to increased precipitation as described in the ACIA continue. Improved modelling
of precipitation shows much greater increases in precipitation in the Arctic than the global
mean.

Oceans

Pronounced warming in Arctic Ocean peripheral seas particularly since 2000, with sea
surface temperature anomalies in summer 2007 of up to 5°C, and possible regional
interactions with sea ice decline.

Large natural variability in Atlantic Meridional Overturning Circulation (MOC), but decadal
trends are correlated with the Arctic Oscillation. The MOC is central to global ocean
circulation and strongly influenced by the Arctic Ocean and surrounding seas.
Advances in understanding mechanisms of potential MOC weakening T especially the
importance of changes in the Labrador Sea. Findings are not yet conclusive due to a
combination of high natural variability and lack of long-term observations.

The ACIA reported that most models projected weakening, but no abrupt transitions, of
the MOC during the 21st century and this is still the case.

Glaciers

Further evidence of continued and accelerating glacier decline (worldwide and in the
Arctic). Predictions of complete loss of glaciers in many areas in coming decades.
Trend reversal for northern European glaciers. Glaciers were reported as gaining ice
mass (Scandinavia) or no change in ice mass (Svalbard) in the ACIA. Recent studies
show trends of ice loss for both Svalbard and Scandinavia.

Particularly large ice loss from Alaskan glaciers i with a correspondingly large
contribution to sea-level rise.

11



Greenland Ice Sheet

e Evidence of accelerating mass loss of ice from new satellite monitoring techniques --
considerably higher loss than predicted from models.

e Increased attention to the contribution of ice dynamics (mainly faster flow of glaciers) as
the dominant mechanism of shrinking of the ice sheet, as opposed to changes in surface
melting and runoff.

e Recognition that current models are not considering the mechanisms that dominate
recent mass losses and that IPCC model projections are therefore unrealistically
conservative. Recognition of the need to include dynamic, non-linear processes in
modelling.

e Increasing trends in (1) surface melting and runoff and (2) snowfall approximately
balanced out, resulting in little change in surface mass balance in the period 1958-2006.

e Estimates of contribution of mass loss from the Greenland Ice Sheet to sea level rise
revised increasingly upwards

o from 0.13 mm/yr (ACIA)

0 t00.14 to 0.28 mm/yr in the period 1993-2003 (IPCC 2007)
0 to 0.5-0.6 mm/yr currently (estimates in recent research papers).

Sea lce

o Marked acceleration of the decrease in arctic sea ice extent in recent years, with the 2007
minimum ice extent being 39% less than the 1979-2000 average. The decreasing trend in
winter ice extent has also accelerated in recent years (becoming a significant trend in
2004).

e Reduction in thickness and age of ice 1 less extent of multi-year ice.

¢ Improved understanding of the relative contributions of natural fluctuations and radiative
forcing from greenhouse gases in these changes in ice extent.

¢ Need for revision of the previous, conservative ACIA and IPCC projections on sea ice
decline in the Arctic and awareness of the possibility of reaching (or having reached) a
tipping point, leading to much faster disappearance of multi-year ice.

Snow Cover

e General decline in snow extent during the era of satellite measurements. Long-term
decline in spring snow extent during the past 20 years compared to the previous 60 or so
years (continuing the trend reported in ACIA).

e New and better projections for future changes in regional snow extent. While the overall
trend is to decreasing snow cover, snowfall is projected to increase in some arctic areas.

¢ Quantification of impact of feedback from changes in snow albedo, showing that
lengthening of the snow-free season has a major impact in accelerating local atmospheric
heating.

River and Lake Ice

e Reduction in ice-cover duration, characterised especially by earlier spring break-ups,
based on recent studies examining trends from the latter half of the 20th century at a
regional or continental scale, mostly in North America.

12
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Increasing trend in occurrence of mid-winter break-up events of river ice, potential causes
of severe flooding.

Permafrost

Continuation of the permafrost warming trend identified in ACIA. Better information
available for trends in many regions, including Siberia, Svalbard, Alaska and the
Mackenzie Valley in Canada.

Increasing evidence of changes in active layer thickness, though variability between
years and locations is great. ACIA did not report changes in active layer thickness.
Evidence of permafrost degradation and significant impacts on wetlands 7 drainage of
thermokarst ponds in areas with discontinuous permafrost and, in continuous permafrost
regions, creation of new water bodies by thermokarsting. Projections show widespread
disappearance of lakes and wetlands even in formerly continuous permafrost zones.
More information on carbon stored in permafrost, showing that permafrost is as large a
carbon reservoir as the atmosphere. Estimates of half of global permafrost stores of
carbon in yedoma (a type of carbon-rich permafrost) in parts of Siberia. Yedoma is
considered a globally significant potential source of carbon emissions in response to
permafrost thaw.

Evidence of a globally substantial source of atmospheric methane from thawing
permafrost below thermokarst lakes in Siberia.

Recognition of the need to incorporate permafrost (soil) carbon dynamics and feedback
processes into climate change models.

Ecosystems

Expanding research base since ACIA documenting impacts of climate change at species,
community, and ecosystem level in marine, terrestrial, and freshwater systems.

IPCC AR4 identifies sea ice biome as the marine ecosystem most likely to be especially
affected by climate change (confirmation of ACIA). Confirmation by evidence of declining
trends for a range of marine species of the sea ice biome, including some in the upper
trophic levels (e.g., ringed seals, some populations of ivory gulls, grey whales).

Work since the ACIA confirms the risks to polar bears from decline and earlier break-up
of arctic sea ice, with a conservative model projecting a two-third loss of the current
population by mid-century. Studies show impacts on body condition, size, and on
behaviour in several regions. Changes at population level changes are often complicated
by influence of harvest, but declines in two of 19 populations have been attributed to
climate change. Population surveys have been undertaken in some regions to establish
or improve baseline data.

Increasing air and water temperatures and a reduction in sea ice have coincided with a
major shift from an arctic to sub-arctic ecosystem in the last decade in the northern
Bering Sea. Preliminary evidence for similar effects in Barents Sea and Laptev Sea with
potential to decrease harvestable fish production.

Evidence of treeline advance, and an increase in the abundance and extent of shrubs in
tundra areas in many arctic regions attributable to climate change. Projections for this
trend to continue. Evidence for both these vegetation shifts to contribute substantially to
regional warming, through lower albedo.

Photosynthetic activity (atmospheric CO2 uptake) increased for tundra vegetation, but
decreased for boreal forest over the last 25 years.

13



Recognition of large feedback potential of arctic terrestrial ecosystems to increase
atmospheric concentrations of CO2 and methane. Findings show increased CO2
emissions from tundra soils under shrubs and increased methane emissions from
thawing permafrost under thermokarst lakes. Projections are not yet conclusive mostly
because of uncertainties in interactions with hydrological cycle. Recognition of the need
to incorporate ecosystem carbon dynamics and feedback processes into climate change
models.

Shifts in species phenology with significant advances observed in plant growth and
flowering, invertebrate emergence, and egg-laying in numerous bird species across
different regions. Evidence from the high Arctic indicates that timing of ice and snowmelt
is the most important factor for most ecological processes.

Vegetation changes, ice crust formation due to freeze-thaw events, freezing rain, and
collapse of under snow spaces are affecting the population dynamics of some key
herbivores, including caribou, and predators.

Evidence of arctic ponds and lakes becoming more productive and changing pH, with
impacts on populations and diversity. High arctic pond ecosystems have desiccated due
to increased evaporation.

Human Dimension

14

Recognition of Health Impact Assessments as an approach to understanding health
outcomes of climate change.

Since the ACIA, the research community has prioritised exploring how existing policy
structures and resource management regimes will interact with the down-scale impacts of
climate change, and how the findings of human dimension research can inform new
innovations in policy-making to affect more sustainable response strategies.

Recognition of the need for locally- and regionally-scaled projects capable of detecting
interactions between climate and other drivers of change, of identifying differently-
impacted sub-groups (e.g. household, community), and of identifying the specific
pathways by which change translates into localised impacts.

Together, vulnerability, adaptation and resilience are the most frequently discussed
analytical frameworks in human dimension climate change literature since 2004.
However, they continue to be used without standardisation or cross-referencing across
the literature, despite attempts to reconcile definitions and frameworks.
Acknowledgement that an understanding of ecological processes is essential for effective
adaptive governance. Studies argue for open collaboration in social-ecological research
Suggestions for an approach to facilitating climate-change adaptation to be
mainstreaming it within policy areas outside climate change, such as poverty alleviation,
education, healthcare and sustainable development.

Actively involving communities in the research process is seen as an important way in
linking research to adaptation-friendly policy outcomes. Interventions to reduce
vulnerability are regarded to be more successful if they are identified and developed in
co-operation with local actors.
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1. Atmosphere
Temperature

Recent changes in temperature

Temperatures in the Arctic have continued to increase in recent years at rates greater
than the global average. Like ACIA (2005), the IPCC AR4 (2007) reported that surface
air temperatures (SAT) in the Arctic have increased at almost twice the rate as the global
mean over the past few decades. Annual surface air temperatures over land have been
consistently above the 20" century average since the early 1990s; over the last decade,
the temperatures have been about 1.0°C above the 20" century average (Overland et al.
2007b; Overland and Wang 2007) (Figure 2.1). According to the Goddard Institute for
Space Studies (GISS) analysis, 2007 tied with 1998 as the second warmest year in the
period of instrumental data beginning in 1880, behind the record warmth of 2005; the
greatest warming occurred in the northern high latitudes and Arctic (Hansen et al. 2007;
Hansen et al. 2006) (Figure 2.2).

Figure 2.1. Arctic-wide mean annual surface temperatures over land from 1880 through
2006. Anomalies are relative to the average temperature over 1961-1990. (Source:
UNEP/GRID-Arendal. 2007. Arctic temperatures in the 20th century, modeled and
observed. UNEP/GRID-Arendal Maps and Graphics Library.)
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