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Foreword

The International Study of Arctic Change (ISAC) was initiated in 2003 by the International Arctic Science Com-
mittee (IASC) and the Arctic Ocean Sciences Board (AOSB) following the Study of Environmental Arctic Change
(SEARCH) Open Science Meeting in Seattle in October 2003. That conference brought together over 440 re-
searchers from around the world to present and discuss progress in research on rapid environmental Arctic Change.
At a following international implementation meeting, participants requested that IASC and AOSB facilitate the
development of an international program of arctic change research. In 2004 IASC and AOSB formed the Interna-
tional Study of Arctic Change Interim Science Planning Group (ISPG) and in January 2005 the ISPG published
the ISAC Science Overview Document (SOD) www.arcticchange.org. This document formed the basis for the
further development of the ISAC Science Program.

The intent of the ISAC Science Plan is to outline an open-ended international research program and a
framework for comprehensive study of arctic environmental change in all its dimensions. ISAC builds upon exist-
ing efforts to further our understanding of past, present, and expected arctic change to carry over new insights
into the public and the decision-making arenas. ISAC is an iterative program growing from the successes of past
arctic science programs and those initiated during the International Polar Year (IPY). The science plan provides
background information on recent arctic changes and frames science questions to guide integrated research. ISAC
includes both basic science and applied science and connects with national and international efforts to observe,
understand and respond to pan-Arctic environmental change. ISAC is presently supported by the Swedish Re-
search Council, the United States National Science Foundation, the Swedish Polar Research Secretariat, and the
International Arctic Research Center, University of Alaska Fairbanks.
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Executive Summary

The International Study of Arctic
Change (ISAC) is an open-ended,
international, interdisciplinary
science program. The goal of ISAC
is to provide scientific information
on rapid arctic change to society and
decision makers so they can respond
with informed strategies. This
requires observation and tracking of
arctic changes and understanding
their nature, causes, feedbacks and
connections among them. ISAC
encompasses pan-Arctic, system-
scale, multidisciplinary observations,
synthesis and modeling to provide
an integrated understanding of
arctic change and projections of
future change.

The ISAC Science Plan provides
a vision for integrating research
among diverse fields and varied users
and stakeholders. ISAC facilitates
international cooperative efforts to
understand the Arctic System and
all its components on a pan-Arctic
scale. ISAC is positioned to sustain
research and coordination activities

relevant to environmental arctic
change largely initiated during the
International Polar Year (IPY). As
an active science program ISAC
stimulates and provides guidance
to develop, maintain and evolve
observational activities and scien-
tific understanding. This approach
ensures a legacy of relevant high-
quality science in the Arctic for
decades to come.

ISAC is motivated by environ-
mental changes that are already large
enough to affect life in the Arctic.
The changes illustrated in this
document focus on the last decade
noting shrinking sea ice cover, rising
atmospheric temperature, thawing
permafrost, shifts in ecosystems, and
linkages to human systems. Substan-
tial future changes are projected to
have profound impacts on human-
kind. Ecosystems are changing,
species distributions shifting, and
wildlife populations and fisheries are
experiencing extraordinary pressures
— both natural and anthropogenic.

Recent changes in the Arctic
have already had significant impacts
on infrastructure, on food security,
on human health, and on industrial
development, and they are influenc-
ing domestic responses and interna-
tional relations. These changes can
be measured in economic, social,
political and cultural risks and costs
and are reflected in human decision-
making from the level of the
individual to the nation-state, at the
international scale, and in feedbacks
to the system as a whole. Future
system states are uncertain and the
lack of predictability hinders efforts
to develop strategies for adapting to
and managing a changing Arctic.

The following key science questions are prompted by observed changes and our current understanding

of the Arctic System.

Question 1.
Question 2.

Question 3.

How is Arctic Change linked to global change?

to natural variability?

Question 4.
Question 5.
Question 6.

Question 7.
of arctic change?

Question 8.

ultimately, viability of human communities?

Question 9.

adaptation, management, and mitigation?

The International Study of Arctic Change Science Plan

How persistent is the presently observed arctic change and is it unique?

How large is the anthropogenic component of observed arctic change compared

Why are many aspects of arctic change amplified with respect to global conditions?
How well can arctic change be projected and what is needed to improve projections?
What are the adaptive capacities and resilience of arctic ecological systems?

To what extent are social and ecological systems able to adapt to the effects

How does environmental change in the Arctic affect the resilience, adaptive capacity, and

How can new insight into arctic change and its impacts be translated into solutions for
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The ISAC science program is
structured around three concepts:
Observing, Understanding and
Responding to arctic change. All the
components of the Arctic System
must be observed across time and
space to understand the scope and
evolution of change. Understand-
ing how the system functions and
projecting future changes requires
models using data that flow from
the comprehensive arctic observing
system. Moving beyond description
to understanding change in the
past, present, and future is critical.
In the integrated ISAC program
the observing, understanding and
responding components have been
developed in concert around a set of
objectives. These are:

e Observing the Arctic System
covering all domains includ-
ing the anthroposphere, the
atmosphere, the biosphere, the
cryosphere, and the hydrosphere.
This is based on existing and new
long-term observing sites and
networks as well as new observing
methods. (observing)

* Quantifying the anthropogeni-
cally-driven component of arctic
change within the context of
natural variability. (observing)

* Understanding the causes of pan-
Arctic changes, including changes
in the human component, in
the context of global change.
(understanding)

* Improving models to project
future changes in the Arctic
System, including impact assess-

VI

ment models for responding to
change. (understanding)

* Exploring options for adaptation
to and mitigation of arctic change
and suggesting ways that will lead
to a path of sustainable use and
development. (responding)

* Disseminating data and results
from ISAC activities to the sci-
entific community, stakeholders
and the general public. (cross-
cuts observing, understanding,
responding)

Implementation of ISAC is
underway, with activities designed to
collect specific information relevant
to addressing ISAC science ques-
tions. Among numerous programs
endorsed by IPY and that have
contributed to ISAC are the recently
sunsetted European Commission
funded DAMOCLES Integrated
Project (www.damocles-eu.org), and
the ongoing United States Inter-
agency SEARCH Program (www.
arcus.org/search/index.php). These
two initaitves were formally linked
through the EU/US SEARCH FOR
DAMOCLES initiative (www.arcus.
org/search/internationalsearch/
damocles.php). They provide an
example of how partnerships within
ISAC may work. Partnerships
within ISAC continue to expand
and program building activities are
planned in concert with participat-
ing programs.

An integrated observing system
that is designed for pan-Arctic
coverage is being developed, with

much progress on this initiative
made during the International Polar
Year. This evolving observing system
will constitute the ISAC Observing
component; it will ultimately cover
the atmosphere, ocean and sea ice,
hydrology, cyrosphere, marine and
terrestrial ecosystems, and aspects
of the human dimensions of the
Arctic System. The data flow within
each of the ISAC program elements
is coordinated by dedicated data
information systems following
standard data policies operated
by participating organizations,
programs and projects. Efforts are
underway within the ISAC Program
Office to coordinate the data
management functions among these
program elements.

Development of the ISAC
Understanding component is
also underway as modeling is
increasingly coordinated among
operational ISAC program elements.
These activities include model
comparisons, as well as coordination
of new modeling initiatives, and
in the longer-term, expansion of
these activities to specifically address
societal needs for understanding.

The Responding to Change
component of ISAC drives the
program with an emphasis on
societally relevant science. Imple-
mentation of the Responding to
Change piece began with planning
efforts during the IPY, and is one

of the major foci for the near future
activities of ISAC.

The International Study of Arctic Change Science Plan



The International Study of Arctic Change

The International Study of Arctic
Change (ISAC) is a science program
designed to understand the future
state of the Arctic System under
anthropogenic stress. The Arctic
System is defined to include all of
the Arctic land surface, ice, oceans,
atmosphere, and its people, and all
of the physical, chemical, biological,
and social interactions and controls.
It is a regional component and an
integral part of the Earth System.
To isolate the changes in the Arctic
System caused by human activity
from inherent variability on mul-
tiple time scales, ISAC research is
situated in the context of past and
present changes and variability.

The driving force behind ISAC
is the need to build capacity for
understanding and predicting Arctic
System changes and for developing
the necessary strategies to minimize
the adverse effects of such changes.
ISAC extends the study of the
Arctic from basic science to offer
insight into options for solutions
to the real world problems that are
intrinsic to a changing planet. ISAC
research encompasses the important
science activities outlined in previ-
ous initiatives while evolving into
an international program informed
by stakeholder-defined needs for
solutions. ISAC articulates the
scientific and societal rationale for
arctic observing and understand-
ing activities in collaboration with
arctic residents, policy makers,
non-governmental organizations
and governing institutions, through
the development of effective and
appropriate responses to change.

ISAC was initiated in 2003 by
the International Arctic Science
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Committee (IASC) and the Arctic
Ocean Sciences Board (AOSB)
following the Study of Environ-
mental Arctic Change (SEARCH)
Open Science Meeting in Seattle in
October 2003. In 2004 IASC and
AQOSB formed the International
Study of Arctic Change Interim
Science Planning Group (ISPG)
and in January 2005 the ISPG
published the ISAC Science Over-
view Document (www.arcticchange.
org). This SOD formed the basis
for the further development of the
ISAC Science Program. ISAC is an
International Polar Year (IPY) legacy

The International Study of Arctic Change Science Plan

presently supported by the United
States National Science Founda-
tion, the Swedish Research Council
(Vetenskapsridet), the Swedish Polar
Research Secretariat, IASC, and

the International Arctic Research
Center. ISAC is presently develop-
ing partnerships among programs
and projects in the USA, Canada,
the European Union and Asia.

A draft version of the ISAC
Science Plan was released for public
comment in March of 2009. This
document results from that review
process.



Why ISAC? Why Now?

ISAC is motivated by the environ-
mental changes that are now affect-
ing life in the Arctic and by projec-
tions of substantial future changes
that will have profound impacts on
humankind. Ice cover is shrinking,
atmospheric and ocean temperatures
are rising, permafrost is thawing,
and ecosystems are changing.
Wildlife populations and fisheries
are experiencing extraordinary
pressures — increasingly through
anthropogenic drivers. There are
significant impacts on infrastruc-
ture, food security, human health,
industry and geopolitics. These
impacts are measurable in economic,
social, political and cultural risks
and costs. Environmental change is
influencing decision-making from
individuals to the nation-states with
feedbacks to the Arctic System as

a whole. Uncertainty in the future
and the lack of reliable projections
poses a considerable challenge to
developing strategies for adapting to
and managing change.

The Arctic, due to its special
physical conditions, with extreme
climate and unique ecosystem dy-
namics, is responding fast and with
amplified signals to global anthro-
pogenically driven environmental
change. Thus, it is a key place for
early study of the challenges posed
by global change. It is a place where
the transition of an entire subsystem
of the Earth to a new state can
now be witnessed in real time. The
lessons learned from studies of this
ongoing transition, in addition to
relevant retrospective analyses, are of
immeasurable value for assessing the
effects of anthropogenically caused
change on other subsystems of
our planet, as well as on the global
system in its entirety.

Recognizing the uniqueness of
the changes playing out in the Arctic
System, the research community
has designed and implemented
programs to better understand the
nature, scale, and expected future
extent of environmental changes,
as well as possible responses to
these changes. Typically this has
occurred within national or regional
programs. However, in defining
the research needed to improve our
understanding of arctic environ-
mental change it has become clear
that individual and national efforts
will not suffice. The required data
and information span international
borders. The intellectual resources,
infrastructure for observing, capacity
for synthesis and modeling, and
transfer of scientific information
into solutions for responding to
change clearly exceed the capacities
of single nations and even that of al-
liances among several nations. Such
resources can only be mobilized in a
truly international effort.

ISAC will provide the
international framework for a
comprehensive study of arctic
environmental change with all its
physical, biogeochemical, ecological,
and human dimensions. ISAC will
build upon existing efforts with the
goal to integrate national programs
into an international initiative with
sufficient scope and intellectual
resources and infrastructure to ef-
fectively further our understanding
of past, present, and expected arctic
change, and to also carry over new
insights into the public and the
decision making arenas. ISAC will
promote, facilitate and coordinate
new initiatives for national and
international collaboration in arctic
environmental change research.

Decisive and efficient imple-
mentation of ISAC is essential. The
Arctic System is changing rapidly
and scientific information for
designing response options is needed
now. Adaptation is already under-
way but management and solution
strategies are underdeveloped. To
optimize adaptation, resilience, and
sustainability, and to implement
effective response measures, existing
and emerging knowledge has to be
translated quickly — almost in real
time — into action. The transition of
the Arctic System into a new state
due to human activities is an historic
moment that poses a momentous
challenge: how to rapidly gather
knowledge and translate this into
options for actions that can be
implemented on the same time scale
within which changes occur. ISAC
is designed to face this challenge.

A key scientific focus of research is
the clarification of the robustness of
arctic change, of the feedback pro-
cesses responsible, and of the extent
to which change is due to regional
and/or global processes and driven
by human activities. The arctic
science community must continue
to develop and expand collaborative
activities with support from a strong
alliance of nations affected by or
concerned with the consequences of
arctic change. The goals laid out in
the ISAC Science Plan can only be
achieved through cooperation that
transcends the disciplinary, institu-
tional and national boundaries of
existing arctic research programs.

The International Study of Arctic Change Science Plan
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Some Recent Observations of Arctic Environmental Change

During the 1980’s coupled climate
models used for projections of
possible future climate scenarios
indicated that the effects of anthro-
pogenic climate change would be
seen early in the Arctic and that they
would have amplified signals. Sub-
sequent observations of the physical
climate system did indeed reveal
these predicted changes and, as also
predicted, the magnitudes of arctic
climate changes often exceed that
of globally averaged changes. Many
of these changes are also globally
driven by human activities focused
in the low and mid-latitudes.

Arctic environmental change
was recognized first in the physical
climate domain, where changes were
initially most apparent. The better-
known examples of Arctic change
include the observed summer

Figure 1: Arctic sea ice extent for September
2010 was 4.90 million square kilometers
(1.89 million square miles). The magenta
line shows the 1979 to 2000 median extent
for that month. The black cross indicates the
geographic North Pole. National Snow and
Ice Data Center, http://nsidc.org/arcticsea-
icenews/2010/100410.html

retreat of the Arctic Ocean sea ice
cover (Figures 1,2,3), the plight

of the polar bear (Sommerkorn

and Hamilton 2008 ; Durner et

al. 2009), and the changes to the
Greenland ice sheet (Figure 4).
However, cumulative and rapid
changes have been observed across
all components of the Arctic System.
From the atmosphere to the anthro-
posphere change is increasingly well
documented, although significant
gaps in understanding still preclude
an inclusive, optimized, and flexible
observing system and the develop-
ment of comprehensive and effective
response strategies.

Surface air temperatures (SAT)
in the Arctic continue to rise faster
than the global average (Kennedy
et al. 2007; Richter-Menge et al.
2008; Kaufman et al. 2009), even

as temperature trends vary spatially
and seasonally (Liu et al. 2008;
Moberg and Jones 2003; Serreze and
Francis 2006; Wang and Key 2005).
Other significant atmospheric
changes include large low-frequency
changes (Rigor et al. 2002; Serreze
et al. 2000), associated with changes
in the polar vortex (Overland et al.
2008a), and increasing intrusions
of subpolar/midlatitude weather
systems into the Arctic (McCabe

et al. 2001; Sorteberg et al. 2008;
Zhang et al. 2004).

All key parameters character-
izing arctic sea ice have also changed
during recent decades. Summer sea
ice extent has retreated from about
8 million km? in the late 1970’s to
4.52 million km? in 2008 (Serreze
et al. 2007; Richter-Menge et al.
2008). New records of minimum ice
coverage were set in the summers of

Figure 2: The graph above shows daily Arctic sea ice extent as of October 3, 2010, along
with daily ice extents for years with the previous four lowest minimum extents. The solid
light blue line indicates 2010; dark blue shows 2009, purple shows 2008; dashed green shows
2007; light green shows 2005; and solid gray indicates average extent from 1979 to 2000.
The gray area around the average line shows the two standard deviation range of the data.
National Snow and Ice Data Center, http://nsidc.org/arcticseaicenews/2010/100410.html
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Figure 3: This image compares differences
in ice-covered areas between September
12, 2009, the date of the 2009 minimum,
and September 16, 2007, the record low
minimum extent. Light gray shading
indicates the region where ice occurred in
both 2007 and 2009, while white and dark
gray areas show ice cover unique to 2009
and to 2007, respectively. (National Snow
and Ice Data Center. http://nsidc.org/
arcticseaicenews/2009/091709.html)

2002, 2005, and in 2007. Although
the ice extent for both 2008 and
2009 was larger than that for 2007,
the last five years are well below two
standard deviations lower than the
climatology. Most recently 2008
was a minimum year for sea ice
volume. Ice thickness has declined
significantly between the periods

of 1958-1976 and 1993-1997
(Rothrock et al. 2008). While only
a few thickness observations have
been collected since 1997, these
show that the thinning is continuing
in many regions of the Arctic Ocean
(Giles et al. 2008; Haas et al. 2008).
Buoy and satellite data show that the
thinning occurs in concert with loss
of older, thicker ice, both as a result
of decreasing summer ice extent and
increased ice-drift velocities. The
Transpolar Drift has accelerated by a

factor of two or more (Gascard et al.
2008; Hakkinen et al. 2008) while
the age of the sea ice is decreasing
with more and more multi-year ice
replaced by first-year ice (Maslanik
et al. 2007).

Arctic Ocean properties which
were believed to be in steady-state
when initial field campaigns were
begun in the late 1980’s were in fact
already in the midst of transition,
with significant changes in water
mass properties and distributions
through the upper layers (Morison
et al. 1998). These changes could be
linked to emerging observations of
changes in other domains includ-
ing SAT, sea ice cover, permafrost,
vegetation distribution, and ice
sheets (e.g. Hinzman et al. 2005;
Serreze et al. 2000). The penetration
of warmer waters into the central
deep basins Wang et al. 2008), the
shrinking and thinning sea ice cover,
and shifts in the dominant atmo-
spheric pressure field all suggest that

the Arctic Ocean might become sea

ice-free during summer sooner than
was previously expected (e.g. IPCC
2007). This is of international inter-
est as nations lay claim to sea routes
and ocean and mineral resources.

In the past difficult ice conditions
have presented a natural obstacle to
traffic and exploration but with the
decreased sea ice cover and potential
for a longer open-water season inter-
national traffic is already beginning
to increase (AMSA 2009).

Marine ecosystems and marine
biogeochemistry are being influ-
enced by changes in physical ocean
variables linked to climate change
(Jin et al. 2009). This includes
changes in water temperature,
salinity, vertical mixing, currents
and sea-ice-cover (Morison et al.
2006). These variables can influence
primary productivity, as well as the
reproductive health, and growth and
development of key species and thus
impact fish population dynamics
over multiple time scales (cf. Finney
et al. 2002; Ottersen et al. 20006). In

Figure 4: Changes in Greenland’s ice mass as measured by NASA’s Gravity Recovery
and Climate Experiment (Grace) mission between September 2005 (left) and September
2008 (right). Ice losses which have been increasing over the past decade in the southern
region, are now spreading rapidly up the northwest coast. The loss of ice sheet mass
nearer to the ice sheet margins suggests the flows of Greenland outlet glaciers there are
increasing in velocity (Velicogna et al. 2009). (NASA/JPL. http://www.jpl.nasa.gov/

news/news.cfm?release=2010-100)
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recent years there have been shifts in
the geographical extension of plank-
ton species (Census of Marine Life
2009), and changes in the distribu-
tion of some fish species (Loeng

and Drinkwater 2007). Some
predator-prey interactions have also
shifted (Dingser et al. 2007). Other
observed changes are the acidifica-
tion of the surface water caused by
the oceanic uptake of anthropogenic
carbon dioxide, especially in the
Canadian Basin (Shadwick et al.
2009). Fisheries productivity is
influenced by these changes as well
as by fishing effort and fisheries
policies. The fishing grounds of the

arctic-influenced North Atlantic

and North Pacific are among the
most productive in the world (ACIA
2005), and while fishing constitutes
a significant source of income for
many local residents, it also contrib-

The coastal zone is the inter-
face through which land-ocean
exchanges are mediated; it is the
transition zone between onshore
and offshore permafrost, and it is

utes significantly to the food security where much human activity occurs

and economic prosperity of the
arctic nations more broadly and to
the global economy (AHDR 2004).
Local and commercial fisheries now
face new and significant economic,
social and environmental challenges
and fisheries managers are already
beginning to respond to arctic
change through the drafting of new
fisheries management measures (cf.

NPFMC 2008).

in the Arctic. Coastal processes in
the Arctic are strongly controlled by
specific phenomena such as sea ice
cover, landfast ice (Mahoney et al.
2007), and the existence of onshore
and offshore permafrost. The ice-free
period is becoming longer (ACIA
2005), and the ice-rich, permafrost-
dominated coastlines are rapidly
eroding (Rachold et al. 2005; Jones
et al. 2009). Gas seepage is occur-
ring in the arctic seas and may be
connected with the decomposition
of gas hydrates trapped by degrading
subsea permafrost (Shakova and
Semiletov 2007; Matveeva et al.
2008; Shakova et al. 2010, Figure
5). On land, methane seeps from
thaw lakes have also been recently
been detected (Walter et al. 2006,
2007), and the pervasiveness of
these and the aggregate released

to the atmosphere are unknown
(Zhuang et al. 2009).

Onshore permafrost zones have
experienced significant subsurface
warming in regions of Siberia and
North America (Figure 6a,b) This
warming is consistent with increased
air temperatures over northern land
areas and with the shrinkage of lakes
and wetlands in areas of discontinu-
ous (“warm”) permafrost. By con-
trast in areas of continuous (“cold”)
permafrost, the areas of lakes and
wetlands appear to have increased
as a result of increased surface melt

(Smith et al. 2005).

Figure 5: Gas seepage detected by seismic records in the
Laptev Sea. (Mateeva et al. 2008.)
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Figure 6a: Location of the long-term MIREKO and the Earth Cryosphere Institute permafrost observatories in northern Russia. Left
below: Changes in permafrost temperatures at 15-m depth during the last 20 to 25 years at selected stations in the Vorkuta region. Right:
Changes in permafrost temperatures at 10-m depth during the last 35 years at selected stations in the Urengoy (above) and Nadym
(below) regions. (Romanovsky et al. 2009.)

Figure 6b: Mean annual ground temperatures at
Fairbanks (Bonanza Creek), Alaska, from 1930-2008.
Note that the temperature just 1 meter below the
surface has risen very close to the melting point of

0 degrees Centigrade. (Data from the Geophysi-

cal Institute Permafrost Lab, University of Alaska
Fairbanks, courtesy V. Romanovsky)
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Changes in the cryosphere,
including the thawing of permafrost,
present substantial challenges to the
preservation and development of
infrastructure. Coastlines, which in
many areas are low in elevation and
vulnerable to thaw, are increasingly
threatened by a combination of the
loss of their protective sea-ice buffer,
changes in atmospheric cyclonic
activity, the slow rise of sea level and
high wind events. Global sea level
rise represents a threat to coastal
communities in many parts of the
world, including in the Arctic.
Roughly 60% of the current rate of
eustatic sea level rise is due to the
melting of mountain glaciers and

icecaps (Meier et al. 2007), and the
Arctic contains the largest area of
these on the planet—covering close
to 300,000 km?.

High wind events are generating
large waves more frequently as the
open water season lengthens and
erosion is causing some coastlines
to retreat at average rates of several
meters per year (Jones et al. 2008).
At risk to damage and loss are roads,
runways, pipelines, water and sewer
systems, housing, public buildings,
and cemeteries (Larsen et al. 2007),
and in many places the cultural and
environmental histories that are pre-
served in coastal and permafrozen

deposits are also endangered (PAN

2007). Damage to infrastructure
from thawing permafrost is observed
and expected not only in coastal
areas but in the entire permafrost
domain where thawing occurs.

The warming of the Arctic may
be forcing both a ‘greening’ of Low
Arctic tundra landscapes and a
“browning” of high latitude boreal
regions as detected in both satellite
imagery and the annual growth
rings of deciduous shrubs (Goetz et
al. 2005; Verbyla 2008; Forbes et al.
2010 Figure 7). These changes are
almost certainly the result of signifi-
cant increases in the length of the
snow-free growing season, increases
in temperatures during the growing

Figure 7: The warming of the Arctic in recent decades is linked to a distinct “greening” of the arctic land surface during the summertime,
as well as a significant “browning” in much of the boreal region, as in this map of Alaska by Verbyla (2008). The greening and browning
are measures of light reflectance as seen by satellites; they are related to increases (greening) or decreases (browning) in carbon fixation by

the vegetation (e.g., Goetz et al. 2005).
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season, and increased absorbed solar
radiation (Euskirchen et al. 20006).
This leads to higher productivity
and in many areas shrub expansion
into the tundra, lending to changes
in surface energy exchange and in
carbon and nutrient turnover. Both
large (Post and Pederson 2008) and
small mammal tundra herbivores
(Ims and Fuglei 2005) also signifi-
cantly impact vegetation structure
and primary productivity (Van der
Wal 2006). The forest structure,
composition, and interactions
among plants, soils, and animal
populations of boreal ecosystems are
changing (Hinzman et al. 2005).
The apparently lower productivity
(“browning”) in northern boreal
regions may be due to increased
water stress resulting from changes
in precipitation and evaporation.
The lengthening of the warm season
has also led to increased severity

of forest fire outbreaks in North
America and Eurasia (Balshi et al.,
2008), and to increased vulner-
ability of northern forests to insect
outbreaks; these outbreaks are now
spreading into the European Arctic
(Jepsen et al. 2008). The number
of fires has increased and the area
burned in North America’s boreal
forest spanning Alaska and Canada
doubled from the 1960’s to the
1990’s even as human-caused fire
starts declined (Kasischke and
Turetsky 20006).

Plant and animal resources from
arctic marine and terrestrial systems
have been central to the cultures
and economies of indigenous arctic
peoples since the region was first
settled during the early and middle
Holocene (Damas 1984; Dumond
1987; Maxwell 1985; Pitulko and

Kasparov 1996; Murray 2008).
Since the Middle Ages the ecosys-
tems services of the Arctic have been
utilized by European, Euroamerican
and Eurasian societies (Amorosi
et al. 1994,1996; McGovern et al.
2006; Murray 2008), and in more
recent decades they have assumed
increased economic and strategic
importance in national and global
economies (AHDR 2004). In rural
arctic communities many people
derive a significant proportion of
their food from subsistence hunting
and fishing, collection of wild
plants, and small-scale gardening
(AHDR 2004; Loring and Gerlach
2010; Nuttall et al. 2005). Even in
areas where the proportion of food
acquired locally is small, local and
wild foods are culturally and ideo-
logically important to individual
and community identities. Changes
in resource productivity and acces-
sibility to resources combined with
shifting seasonality are influencing
decisions about diet, water and fuel
usage, transportation and com-
munity viabilicy (White et al. 2007).
Moreover, as different components
of arctic ecosystems change at dif-
ferent rates, the seasonal synchrony
of food availability and animal
movements is disrupted, leading to
nutritional stresses in some animal
populations (Griffith et al. 2001)
and exacerbating both animal and
human community vulnerabilities.
The seasonal timing of key
events (ice break-up and freeze-up,
caribou calving, seal whelping etc.)
is increasingly decoupled, impacting
not only the reproductive success
of species important to human
subsistence, but it is also hindering
the ability of people to plan their
annual activities, their movements

across the landscape, and to find and
put up food for themselves, their
families and their communities.
Local resources are becoming more
difficult to obtain and there is a shift
toward purchased and often im-
ported foods with many attendant
economic and health costs (Kuhn-
lein et al. 2004). There are already
many health risks for northern
peoples and these are compounded
by environmental change (Parkinson
and Butler 2005).

Arctic Change is complex and
manifest across domains on a pan-
Arctic scale (ACIA 2005; AHDR
2004; IPCC 2007; Bowden et al.
2006; Lachenbruch and Marshal
1986; Morrison et al. 2001; Over-
land et al. 2004; Overpeck et al.
2005; Peterson et al. 2002; Serreze et
al. 2000). Many component changes
are interrelated in time and in space;
changes in and of loss in biodiversity
are closely linked with changes in the
physical components of the system
and to shifts in land use, natural
resource exploitation, and social and
political activities at regional and
global scales (Chapin et al. 2000;
Hamilton et al. 2003; Riihland et al.
2003; Sommerkorn and Hamilton
2008). These changes are persistent
and will continue with impacts glob-
ally through climatic teleconnections
(McLean et al. 2001; Osvaldo et al.
2000). These teleconnections can
be influenced by regional feedbacks
from the Arctic (Dethloff et al.
20006). Changes will remain larger in
the Arctic than for other regions on
Earth (Holland et al. 2006; Serreze
and Francis 2006). However, pro-
jecting their future degree, extent,
and spatial patterns with the desired
certainty cannot be accomplished
before integrated, cross-domain,
long-term observing systems and
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improved models capable of reliable
projections are in place.

The lack of reliable projections
poses a considerable challenge
to the development of effective
strategies for coping with expected
future changes. Yet scientists, policy
makers, managers, arctic peoples,
and other stakeholders need to be
prepared to implement measures
that will reduce risk as the Arctic
System moves to a new state (Over-

peck et al. 2005). Attention needs
to be focused on changes for which
social and ecological systems may
be unprepared, as well as changes
which will challenge adaptation

and mitigation options (Alley et al.
2003; Bowden et al. 2005; Lemmen
et al. 2008). Meeting these scientific
and societal challenges requires
ISAC to enable the research com-
munity to continue and to acceler-
ate its move towards a novel way

of studying the Arctic; one that is
pan-Arctic in scale, highly interdis-
ciplinary, internationally linked, and
long-term in nature. ISAC will push
science forward through a program
that is grounded in understanding
and observing the pan-Arctic System
and its’ role within the Global
System. ISAC will provide the criti-
cal scientific information necessary
for the development of options for
responding to rapid and cumulative
change in all domains of the Arctic.

The International Study of Arctic Change Science Plan
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Fact Box 1

Changes in the Arctic Atmosphere

Surface air temperatures (SAT) are rising faster
over the Arctic than the global average. While the
global temperature increase since the mid-1960's
was ~ 0.6°C—(Climate Research Unit, http://www.
cru.uea.ac.uk ), the corresponding temperature
rise north of 60° was - 1.9-2.1°C (Richter-Menge
et al. 2008), almost four times as much. In some
regions, winter and spring temperatures have
warmed more than 2°C. The International Arctic
Bouy Program (IABP/POLES) near-surface data
from the Arctic Ocean indicate an annual change
of +0.23° C during the last two decades of the
20th century (Liu et al. 2008).

These changes show significant spatial and
regional detail. Satellite observations (Wang and
Key 2005), indicate a winter cooling trend in
the skin-surface temperatures over large portions
of the eastern Arctic consistent with the IABP/
POLES data, while land area data (Moberg and
Jones 2003), indicate positive trends for 1970-
2003 at most locations during the winter (Serreze
and Francis 2006), including some of the largest
for the period. All these trends confirm that the
Arctic is warming faster than other regions on
Earth and this is consistent with changes in other
parts of the climate system.

Reasons for this amplified warming are poorly
understood and not likely attributable to a single
process. The extent to which amplified warming is
confined to the near-surface air (e.g. Graversen et
al. 2008), is subject to intense discussion.

Other changes include increasing atmospheric
moisture and precipitation (Adam et al. 2007),
increasing cloud amounts in summer but decreas-
ing in winter (Key and Wang 2005), and changes
in atmospheric circulation (Graversen 20006); all
these factors likely contribute to the warming
trend. The leading mode of Arctic variability, the
Arctic Oscillation (AO), was previously believed
to be closely linked to many of these changes, but
has, since the late 1990s, returned to more neutral
values, even as rapid arctic change continues
(Graversen 2006; Overland et al. 2008).
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Figure A: Time series of surface air temperature for (a) the area
north of 60° N and (b) for the whole globe. The time series in (a)
shows the SAT anomaly to the whole of the 20th century average
while that in (b) shows the anomaly with respect to the 1961-1990
average.

Figure B: The spatial patterns of change of annual (left)
and winter (right) air temperature change over the past

50 years, based on data from NASA’'s Goddard Institute
for Space Studies. Areas of warming are shown in yellow
and red, areas of cooling in blue. Changes are evaluated as
differences between initial and final values of least-squares
best fit to temperatures at each grid point. (http://data.giss.
nasa.gov/gistemp/).

Figure C: Time series of the principle component of the first Empirical
Orthogonal Function (EOF) of Arctic Sea level pressure sometimes
used to express the Arctic Oscillation.
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Fact Box 2

Changes in Arctic Sea Ice Influence Human Activities—Locally and Globally

Along with the increased shrinkage of Arctic sea
ice during the summer, more first-year ice (FYI)

is populating the Arctic Ocean at the expense of
perennial/multi-year ice (MYI). From covering
about 6 million km? 20 years ago, MYI coverage
declined by half in 2007-2008. March 2008 had 1
million km?less MYI than March 2007 and March
2009 was still 25% below the 1979-2008 average
(NSIDC). The 2008 MYI minimum was an im-
mediate consequence of the 2007 extreme summer
sea-ice minimum extent. There has also been a
sharp increase in sea-ice drift-speed. Changed
atmospheric circulation wind regimes favor more
export of ice away from the Arctic Ocean into the
Greenland Sea (Watanabe et al. 2006, Wu et al.
2006, Wang et al. 2009). The length of the melt
season has increased and the number of freezing-
degree-days during winter has decreased leading

Figure A: These images show the change in ice age from
fall 2009 to spring 2010. The export of older ice out

of the Arctic was slower this year and as a result, the
percentage of ice older than two years was greater at the
end of March 2010 than over the past few years. Ice is
still primarily two- to three-year-old multiyear ice and
older thicker ice ice has continued to decline. Thickness
and weather patterns play an important role in summer
ice melt. (National Snow and Ice Data Center, courtesy J.
Maslanik and C. Fowler, CU Boulder).

The International Study of Arctic Change Science Plan

to thinned ice overall. Accordingly there is less second year ice
(SYI) available to replenish the MYI supply that melts or exits
the Arctic Ocean. During the summers of 2005 and 2007, no
net replenishment of MYT was observed (Kwok et al. 2009).
As a consequence of the loss of sea-ice, there is potential
for the opening of new shipping routes. The Northern Sea
route is the shortest route from Europe to the Pacific Ocean
and the Far East but severe ice conditions have presented
a natural obstacle and the period for navigation in ice-free
waters lasts only from August to November. With the potential
for a longer open-water season, international traffic will in-
crease substantially, in transit or under pressure to access arctic
natural resources. This may lead to local prosperity in some
places — at least in the short term. However, increased marine
access also raises issues of sovereignty and increases the risks of
accidents such as vessel groundings, and spills of oil, gas, and
cargo, and loss of human life (CRRC 2009), not just in Arctic
waters but in the adjacent waters through which transit must
occur in order to get to the Arctic. Other potential impacts of
increased shipping include a significant rise in regional (arctic
and subarctic) levels of emissions, and potential conflict over
the management and enforcement of regulations in multiple
use waters (AMSA 2009).

Figure B: Selendang Ayu on the north shore of Unalaska Island, Alaska,
December 8, 2004. This image shows the two halves of the vessel after it
foundered when the engines failed and towing attempts were unsuccessful.
Six of the crew died in the accident and 336,000 gallons of fuel oil and
diesel were spilled (NTSB 2006). This is the second largest spill in the
region, following the Exxon Valdez spill in 1989. The spill and marine ac-
cident history of the Aleutian Island provides a guide for understanding the
potential impacts of marine shipping incidents in the Arctic (CRRC 2009).
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FactBox 3

Changes in the Arctic Ocean

Despite its central role in global ocean circulation, there were few detailed studies of the Arctic
Ocean before the mid-1980’s. At the time when ocean observing systems were designed and
deployed in other parts of the world (e.g., tropical Pacific), studies of the Arctic Ocean were still
exploratory. The exceptions are Russia’s NP drift stations (1937 — 1991) and the Sever airborne
hydrographic surveys (1948 — 1993). The latter led to an established baseline for the Arctic hydrog-
raphy by the Environmental Working Group published in its 1997 atlas. In 1991, the first detailed
oceanographic sections deep into the central Arctic Ocean (Nansen, Amundsen, and Makarov
basins) were completed (Anderson et al., 1994) after traverses across the Nansen Basin and the
Gakkel Ridge by the German icebreaker Polarstern (Anderson et al., 1988), the ROSSYIA expedi-
tion (Quadfasel et al., 1993), and activities of the American icebreaker Polar Star.

These sections gave new insights into the water mass structure and circulation patterns of
the Arctic Ocean and clearly demonstrated that the Arctic Ocean was in the midst of significant
changes. These changes initially related mainly to water mass properties (e.g., increased tempera-
ture in the Atlantic core) or distributions (e.g., retreat of waters from the Eurasian domain towards
the Alpha-Mendeleyev Ridge). Subsequent basin-scale observations of the Arctic Ocean conducted
from nuclear submarines in the framework of the SCICEX program revealed that the changes were
present throughout the upper layers of the Arctic Ocean (Morison et al., 1998).

Analyses of the few existing repeat observations and climatologies (e.g., EWG climatology),
together with new observations, confirmed initial findings of a rapidly changing Arctic Ocean.
There is now overwhelming evidence of rapid changes in the properties of the waters that feed the
Atlantic layer in the Arctic Ocean. These waters are much warmer than those seen in climatologies;
the thickness of the Adlantic layer is increasing and its upper boundary moving higher up in the
water column thereby placing its increased heat content closer to the sea ice cover. The warmer
layer of Atlantic water can be seen at many locations in the Arctic Ocean and more warm water is
on its way into the Arctic Ocean from the North Atlantic through the Norwegian Sea (Polyakov et
al. 2007).

Changes in the fresh and buoyant North Pacific water, entering the Arctic Ocean through
Bering Strait, are also important. Heat transported by ocean currents at shallow depths can influ-
ence sea-ice growth in winter and early onset of sea-ice melting (Sumata and Shimada 2007;
Shimada et al. 2006; Wang et al. 2009). Storage of solar heat in the upper ocean during summer
due to early sea-ice melting in the East Siberian, the Chukchi, and the Beaufort Seas is delaying the
onset of fall freezing by several weeks in this region (Shimada et al. 2006). Most of the Canadian
archipelago and the Northwest Passage, recently sea-ice free during the summer, is influenced by
North Pacific water.
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Figure A: From Polyakov et al. 2010. Vertical cross sections of water temperature and mooring-based time series of water temperature
anomalies (°C) from the Laptev Sea slope (top; see cascaded plots marked with letter a) and the vicinity of Svalbard (middle, see cascaded
plots marked with letter b). Maximum lagged correlation is used to define the anomaly propagation speed (V). These observations
provide evidence of unprecedented warming of the Arctic Ocean. Plot marked ¢ shows evidence of warming of AW (observed to a depth
of 100 meters) propagating northward to the Fram Strait near Svalbard. Plot marked d shows evidence of warming propagating to the
Fram Strait from the North Atlantic. The map gives locations of the time series of sea surface temperature data (red dots).
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Fact Box 4

The Synergystic Effects of Climate Change and Human Activities

In the Barents Sea cod fish (Gadhus morhua) recruitment is dependent on higher than average tem-
peratures (Dingser et al., 2007). This may be a result of higher primary production when the ice-free
area is larger, a greater influx of zooplankton carried by the increased inflow of Atlantic water masses
from the southwest and higher temperatures promoting higher biological activity at all trophic levels.
A positive NAO index typically results in warm conditions in the Barents Sea and a corresponding
correlation between the NAO index and cod recruitment has been reported (Ottersen and Stenseth
2001), and possibly also between temperature and cod condition (Sandeman et al 2008).

The statistical relationship between temperature and the recruitment of Barents Sea cod has been
strengthened during recent decades. This may be related to fishing induced changes in the age of the
spawning stock biomass; it was dominated by 13+ year old fish in the late 1940s and early 1950s but
by 6-8 year old fish in the 1990s (Ottersen et al., 2006). Retrospective fisheries data from Iceland
during the 11th-18th centuries indicates that recent fisheries management strategies of the 20th
century were probably based on erroneous assumptions about the distribution of age and size classes
in a ‘natural’ cod population (Amorosi et al. 1996). In combination, climate change, increased fishing
effort, and a management model utilizing what was probably an historically unusual cod population
structure of the 1970, forced the collapse of the fishery in many regions. This occurred in eastern
Canada (1991-92, the Newfoundland cod fishery), in Norway, and in West Greenland (Lilly et al.
2008). In each instance there was economic hardship and ensuing out-migration from many fisheries-
dependent communities, although some were able to profitably shift the focus of their fishery from
cod to shrimp (Hamilton et al. 2003).

Impacts of the collapse of these northern hemisphere fisheries are felt worldwide as imports from
other parts of the world are used to make up for the shortfall, placing increased pressure on other
fisheries. The intensification of commercial fishing to meet these demands and those of a growing
global human population has sometimes come at the expense of local, artisanal, and smaller sustain-
able fisheries in developing countries. Moreover, there has been a gradual decline in global landings
and a shift from inshore to offshore and from north to south (Pauly et al. 2004). The combined
influence of climate and fishing activities contributes significantly to difficulties in predicting future
fisheries production in the Arctic and globally (Brander 2007).
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Figure A: Interconnected changes in a social/ecological system around NW Newfoundland. The combination of overfishing with
adverse ocean/climate conditions led to an ecological collapse, followed by out-migration from the fisheries-dependent Northern
Peninsula (Hamilton et al. 2004). From top: minimum Cold Intermediate Layer temperature and maximum ice extent in the Gulf
of St. Lawrence; Canadian and total cod catches in the Northern Gulf; mean weight per fish of 8 indicator species from biological
surveys; and the total human population of the Northern Peninsula. Figure courtesy L. Hamilton.
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FactBox 5

Permafrost and Coastal Erosion:
Feedbacks to the Global System and to Infrastructure

In the coastal zone change is mostly expressed in erosion processes which result in fluxes of released material and
shoreline retreat. The coastal zone is a small, but important, part of the entire permafrost domain where recent
permafrost degradation has been observed. Permafrost degradation is connected with the release of permafrost-
bound greenhouse gases (GHG) and the volume of components eroded from coastal formations is sufficient

to play an important role in the global budget of the lithosphere, hydrosphere, and atmosphere (Romankevich

Figure A: Permafrost distribution in the Arctic. (2005). In UNEP/GRID-Arendal Maps and Graphics Library. Retrieved 22:53, May
4, 2010 from http://maps.grida.no/go/graphic/permafrost-distribution-in-the-arctic
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and Vetrov, 2001; Streletskaya et al.
2008). Offshore, subsea permafrost
contains gas hydrates, a solid phase
composed of water and gasses
formed under low-termparature
and high pressure. Large volumes
of methane in gas hydrate form are
stored below the subsea permafrost
and zone stability is sustained by
the permafrost. Its degradation

and consequent destabilization of
gas hydrates could significantly
increase the flux of methane to the
atmosphere (Rachold et al. 2007).
At the same time there is increased
interest and effort directed towards
extraction of gas hydrates for energy
purposes, possibly serving as a
bridge, in combination with carbon
capture and storage, to lower future
emissions of greenhouse gases (Krey
et al. 2009).

The rate of coastal erosion is
controlled by the type of coast:
lithified, glacial, or unlithified.
Lithified bedrock coasts are the most
stable and their rate of retreat is close
to zero. Glacial coasts on the other
hand are retreating more quickly in
part as a result of the shrinkage of ice
sheets; their rate of retreat is a func-
tion of thermal and mechanical in-
teraction with sea water (melting and
calving). The retreat of unlithified

ice-bonded permafrost coasts is most
rapid and it depends on thermal and
mechanical impact of waves and
seasonal/perennial thaw. In winter,

a thick and extensive sea-ice cover
protects the coastline from hydrody-
namic forcing. During the ice-free
period, which is increasing in length,
unlithified coastlines are rapidly
eroded. Retreat is observed during
the entire warm season, but mecha-
nisms differ in spring/summer and
late summer/fall. In early summer
thermal denudation dominates and
depends on SAT changes. Retreat
rate is dependent on SAT rather than
on wave action/sea ice coverage; the
warmer the summer temperature the
higher the rate of bluff destruction.
Storms cause thermal erosion of the
bluff base in late summer when sea
ice coverage is at a minimum. All
mechanisms are controlled by the
ice content in permafrost (Vasiliev
et al. 2005; Leibman et al. 2008). In
Alaska alone, it has been estimated
that thawing permafrost and coastal
erosion will add between $3.6 and
$6 billion dollars (10-20%) to
future costs just for publicly owned
infrastructure from now to 2030
(Larsen et al. 2008). Such problems
are increasingly pan-Arctic in
distribution.

The International Study of Arctic Change Science Plan

Figure B: Types of coasts: (1)
lithified, (2) glacial, and (3) unlith-
ified. Photos: (a) V. Khomutov, and
(b,c) M. Leibman
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Changes in Food Systems, Food Security, and Human Health

Northern livelihoods and food systems tend to be tightly connected to climate, weather, and ecosystems. People
have relied for millennia upon the land and sea for their food, whether through hunting, herding, gathering,
fishing, small-scale gardening, or a mix of all of the above. However the impacts of climate change as currently
understood threaten to undermine the viability of these essential ecosystem services (Hovelsrud et al. 2008;
Loring et al. 2008; White et al. 2007). In Alaska, for instance, residents have observed changes in the landscape
such as landslides and lakes drying, in some cases resulting in the complete or temporary loss of important
harvest locations. Many also report that “the world is not the way it used to be,” referring to observed changes
to weather, seasonality, and to the distribution, abundance, and migration patterns of fish and game (Krupnik
and Jolly 2002; McNeeley and Huntington 2007).

Access to these traditional “country foods” is thus decreasing, but alternatives are limited, especially in
remote communities, by a lack of employment opportunities, by the costs and challenges of transport to and
from urban supply centers, and by lack of agricultural and manufacturing infrastructure (Colt et al. 2003;
Goldsmith 2007:15; Martin et al. 2008;). Finding that their food needs cannot be met with locally-available
wild food resources, many now fill their cupboards with imported foods, purchased either from a village store
(for those communities with a store), or from costly periodic provisioning trips to urban supply centers (Kuhn-
lein et al. 2004; Receveur et al. 1997; Ford 2009).

In the North American Arctic, this dietary change, or “nutrition transition,” comes at great economic,
physical and psychological expense, with precipitous declines seen in both physical and psychological health.
Near-epidemic increases are being observed and projected for Type II diabetes, obesity, coronary heart disease,
and cancer, as well as for depression, substance abuse, alcoholism, and violence (ADHS 2006; Degal and Saylor
2007; Graves 2005; McLaughlin
et al. 2004; Wolsko et al. 2007).
The extent to and manner in which
these health trends are directly
and indirectly linked to changes in
community food systems, climate-
driven or otherwise, still needs
extensive research and quantifica-
tion, but it is clear that similar
trends are duplicated elsewhere
around the circumpolar north (cf.
Egeland et al 2010).

Figure A: Patrick Smith, Minto Village, Alaska, with fresh produce from the Minto
Village Community Garden. Gardening is both a customary and a traditional means
of supplementing subsistence foods in interior Alaska. Environmental, social and
economic factors condition the success of such activities. Photo: P. Loring.
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ISAC Objectives and Science Questions

ISAC will engage in pan-Arctic system-scale multidisciplinary observations and synthesis and
modeling activities to provide an integrated understanding of past and present arctic change
and projections of future changes. The ultimate goal of ISAC is to provide authoritative and
timely scientific information to society, stakeholders, and decision and policy makers so that
they can develop informed responses to rapid arctic change. ISAC will work to achieve a series
of critical objectives guided by key questions that are prompted by our current observations of
change and our present understanding of the Arctic System.

Open Questions Framing Arctic Change Programs

The need for better understanding and predictive capability, and therefore continued and
improved observations, is apparent not only for the ecosystem and human components of the
Arctic System, but also for the atmosphere-ocean-ice components that have historically been
the foci of much Arctic research.

ISAC Key Science Questions

1. How is the Arctic linked to global change?
2. How persistent is the presently observed arctic change and is it unique?

3. How large is the anthropogenic component of observed arctic change
compared to natural variability?

4. Why are many aspects of arctic change amplified with respect to global
conditions?

. How well can arctic change be projected and what is needed to improve
projections?

. What are the adaptive capacities and resilience of arctic ecological systems?

To what extent are social and ecological systems able to adapt to the effects of
Arctic Change?

How does environmental change in the Arctic affect resilience, adaptive
capacity, and, ultimately, viability of human communities?

. How can new insight into arctic change and its impacts be translated into
solutions for adaptation, management and mitigation?
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Atmosphere

While it is established that Arctic
atmospheric temperatures are
increasing more than twice as fast
as the global average, there is no
consensus as to specific reasons

for this sensitivity. Several positive
feedback processes have been sug-
gested but no single one explains
this process. This is true for changes
in other atmospheric parameters
and in many cases the data are
insuflicient to construct hypotheses
about changes. For example, the
atmosphere is believed to have
played a large role in the summer
sea ice loss of 2007, but it is unclear
if this was due to abnormal surface
radiation balance resulting from an
unusual cloud field, to an exceed-
ingly large transport of ice across
the Arctic resulting from anomalous
circulation, or to abnormal meridi-
onal sensible heat transport.

Ocean

The atmosphere is known to
be receiving anthropogenic inputs
manifested as increasing concentra-
tions of greenhouse gases as well
as changes in aerosol particles and
other chemical species. Yet the
Arctic’s role as sources and sinks of
these is poorly understood and is
subject to large quantitative uncer-
tainties (Hayes et al. 2007). Past
work has included i situ terrestrial
measurements of surface fluxes of
trace gases and has identified local
sensitivities, but a spatially and
temporally integrated perspective is
needed in order to assess the Arctic’s
role in global change. The role of the
Arctic Ocean in global carbon and
sulfur budgets is notably uncertain,
and it may be changing rapidly with
the reduction of the perennial sea
ice cover.

Another indication of large
uncertainties in our understanding
is the change of stratospheric ozone,
which appears to have stabilized
in recent years (Newchurch et al.
2003). This followed the concern
expressed about ozone depletion
that led to the Vienna Convention
for the Protection of the Ozone
Layer, the development of the
Montreal Protocol in 1987, and
subsequent amendments (UNEP
2000). However, the Arctic remains
vulnerable during very cold spring
seasons, which appear to have been
increasing in duration (Lemmen et
al. 2008). The atmosphere is also
a primary vehicle for contaminant
transport into the Arctic, bringing
poorly understood risks to humans,
wildlife and ecosystems (AMAP
1998, 2002, 2003a, 2003b, 2004,
20006).

The changes in the Arctic Ocean
and sea ice are related to changes
in the inflow of near-surface waters
from the North Pacific and North
Atlantic oceans. Pulses of abnor-
mally warm Atlantic Water have
been tracked from the Norwegian
Sea through Fram Strait and along
the shelf break of the Siberian seas
(Polyakov et al. 2007). Since the
surface and its sea ice cover are
shielded from this water by the
strong and cold halocline, a central
question is whether the enhanced
heat content of the Atlantic water
has played a role in the extreme ice
retreat north of Eurasia in recent
years. The warm Pacific water,
especially the Pacific summer water,
has been implicated in the ice retreat
in the Chukchi and East Siberian
sectors. Shimada et al. (20006)
have proposed a feedback loop that
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includes an enhancement of the
transmission of wind stress to the
ocean under conditions of reduced
sea ice concentration. Farther

to the south, there is evidence of
northward ecosystem migration in
the Bering Sea (Grebmeier et al.
2006) and in the Northeast Atlantic
(Edwards et al. 2010), where two

of the world’s largest fisheries are
important economic resources for
northern communities. The down-
stream consequences of enhanced
Pacific inflow to the Arctic require
additional investigation because of
the potential for increased migration
of Pacific marine species into the
Arctic Ocean.

Figure 8: Benthic samples, initial expedition to the Bering and Chukchi Seas (Arctic
Ocean), Russian-American Long Term Census of the Arctic (RUSALCA). Photo: B.

Bluhm.
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Sea Ice

The reduction of Arctic Ocean

sea ice cover is one of the most
dramatic signs of arctic and global
environmental change. However,
the understanding of these sea

ice changes is complicated by the
interaction of thermodynamic and
dynamic processes which con-
tribute to melting and freezing as
well changes in ice motion and
deformation. The present changes
may have been initiated by high
rates of ice export during the late
1990s and early 2000s. During
this time, the Arctic Oscillation was
predominantly in a positive phase
and the associated wind patterns
facilitated increased export of sea
ice. This preconditioning led to a
thinning and areal reduction of ice
extent that has continued through

the most recent decade despite a
more neutral Arctic Oscillation. The
relative importance of short-term
wind forcing, enhanced inputs of
surface radiation and heat provided
by the underlying ocean remains to
be determined.

For a more complete assessment
of Arctic sea ice changes, informa-
tion about the volume of ice from
thickness measurements is critical.
Only a few ice thickness observa-
tions have been collected since
the 1990s. However, these show
that the thinning is continuing in
many regions of the Arctic Ocean,
and that it affects the thickness of
level ice as well as the thickness
and frequency of ridges. Buoy and
satellite data show that the thinning
is in concert with reductions of

multi-year ice, as a result of both
decreasing summer ice extent and
increased drift speed of the ice.

Of critical importance to the
energy balance of the ice surface
is the distribution and size of the
snowmelt ponds that appear during
the summer (Figure 10). These areas
of melted snow on top of the ice are
difficult to observe with satellites
but they have a dramatic effect
on the reflectivity of the ice and
must be included in modeling of
the ice energy balance. In general,
our understanding of the spatial
and temporal variability of ice
cover needs to be improved as does
our understanding of the impacts
of changing ice cover on marine
productivity and ecosystem services.

Figure 9: Melt ponds are typical features on the surface of Arctic sea ice in the summer. Due to their low albedo they play a crucial role
in sea ice mass balance during the summer. Changes in melt pond coverage and their relation to ice thickness require further study.

Photo: M. Tjernstrom.

The International Study of Arctic Change Science Plan
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Ecosystems

In the marine ecosystem changes in
biogeochemistry are largely a result
of changes in the marine climate,
e.g. changes in ocean dynamics,
seawater temperature, seasonal sea
ice coverage, surface water light
regime, input by river runoff, etc.
Beyond this direct coupling to the
marine climate the exchange of
gases between the atmosphere and
sea surface water can have a direct
impact on the chemical status of
the seawater, e.g. the decrease in
pH is caused by increased uptake
of carbon dioxide from the atmo-
sphere. However there is no simple
coupling between changes in the
marine climate and biogeochemi-
cal processes. For example, with
decreased summer sea ice coverage
the light penetration increases,
boosting primary production as
enhanced river runoff adds nutrients
to the photic surface water zone. At
the same time less sea ice coverage
increases coastal erosion and adds
particles to the water column, as
does increased runoff, which in
turn hampers the light conditions
and thus primary production.
Decreased sea ice coverage may also
increase stratification and hamper
mixing of nutrients from below

to the photic surface water. To
determine how primary production
might be impacted by these changes
one must know the relative effect
of each individual process. This is
only possible with sufficient process
knowledge in combination with a
process-resolving modelling activi-
ties. Thus it is essential to closely
combine process-oriented fieldwork
with model development, and have
sufficient time series data to force
the models once they are adequately
developed.
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Decreased sea ice coverarge resulting in more summer sea ice melt
Increased river runoff

Primary production
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water conditions

Figure 10: Schematic illustration of one example of multiple feedbacks of the same change
in the forcing factor. Green arrows relate to the green box and red arrows to the red box.
The resulting balance is determined by the balance of the red and green arrows.

The effect of changes in the
arctic climate, sea ice, and marine
biogeochemistry on the sea ice
biome, including primary produc-
tivity, biodiversity and biogeography
are uncertain (Frey et al. 2007; Hop
et al. 2006; Wassman et al. 2000,
2008). Some higher trophic organ-
isms, such as polar bears (Ursus
maritimus), have already shown
sensitivity to changes in the arctic
environment (Derocher et al. 2004;
PBSG 2006). In areas there are de-
clining population trends for marine
species, such as ringed seals (Phoca
hispida) (Stirling 2005; Kovacs
and Lydersen 2008), and salmon
(Onchorhychus sp.) (BEST 2004).
Although we have some understand-
ing of the levels of sensitivity of
arctic marine mammals to climate
induced habitat changes (Laidre et

al. 2008), the adaptive capabilities
of these and of other arctic species
remain unclear. Arctic biodiversity
inventories are incomplete, and
historic and paleo-ecological base-
line data is scarce in many instances
(ABA 2009; McRae et al. 2010).
Challenges to arctic species from
arctic change, whether marine or
terrestrial, can be grouped in four
categories 1) habitat modification,
2) ecosystem alteration, 3) stresses
to condition and health, and 4)
human interaction (cf. Moore and
Huntington 2008). Observation
and modeling of impacts and
feedbacks at the species, commu-
nity and ecosystem level in marine,
terrestrial and freshwater systems are
critical. On land, where the growing
season is changing, the impacts on
wild plant resources, horticulture,
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agriculture and forestry are only
partially understood. For example,
the extent to which existing forestry
practices may influence the adapta-
tion of peripheral forest zones and
of managed forests to arctic change
is unknown (cf. Guariguata et al.

People

2008). Other examples come from
the recently documented ‘greening’
of the Arctic detected by satellite
(Goetz et al. 2005, Raynolds et al.
2008; Verbyla 2008), and related
changes in the growing season
(Karlsen et al. 2009). In freshwater

systems the drying and draining

of lakes in permafrost regions is

of concern (Smith et al. 2005,
Hinzman et al. 2005), and the
impact of thermokarst development
on hydrobiogeochemistry and
vegetation is still poorly understood

(Gooseff et al. 2009).

Among many other issues, it is criti-
cal to know how changing access to
resources will impact health, well
being, human security, including
food security, and individual, com-
munity and cultural identity. The
feedbacks from arctic environmental
change to local interests, to national
and international economies and
geopolitics, and to global sustain-
ability are not clear. There is great

uncertainty in our understanding
of how these variables interact to
either amplify or mitigate arctic
changes (cf. Huntington et al. 2007).
Understanding change is the basis
for providing good stewardship

of ecosystem services (cf. BEST
2004), and ensuring community
viability, yet the measures that could
and should be taken to facilitate
such resilience are underdeveloped

(Sommerkorn and Hamilton 2008).
Moreover it is uncertain to what
extent changing human demograph-
ics, plans for development, and the
varied governance strategies of the
Arctic countries and other nations
will facilitate the implementation
of response strategies for mitigating
and adapting to change in the wider
system (ACIA 2005; AHDR 2004;
Sommerkorn and Hamilton 2008;
Larsen et al. 2010).

Figure 11: Reindeer herding in the Russian Arctic. Photo: E. Andreeva.
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Detailed Science Questions

ISAC key science questions are broadly conceived. They encompass the issues that need addressing in the context

of rapid environmental change in the arctic while at the same time highlighting problems that have been identified
as of pressing scientific and societal concern (cf. ACIA 2004; AHDR 2004; BEST 2006; Bowden et al 2006; IPCC
2007; SEARCH 2005; Sommerkorn and Hamilton 2008).

Question 1: How is the Arctic linked to global change?

There is a wide scientific consensus
that global climate change is anthro-
pogenically driven (IPCC 2007).
However it is not clear to what
degree the corresponding changes
in the Arctic are driven primarily
by processes outside and imported
into the Arctic or are due to internal
Arctic System processes, such as
local and regional feedbacks (ACIA
2004).

External processes include
emissions into the atmosphere of
increased amounts of greenhouse
gases and changes in aerosols that
occur primarily in lower latitudes,
and that are then transported into
the Arctic. Of particular interest are
the emissions of greenhouse gases
such as methane, and aerosols with a
potentially more direct impact in the
Arctic, such a black carbon (soot).

Atmospheric circulation experi-
ences natural modes of variability
(the North Atlantic Oscillation e.g.
Hurrell 1995; the Arctic Oscillation
e.g. Thompson and Wallace 2000;
the Pacific Decadal Oscillation,
Quadrelli and Wallace 2004; and
the recently identified Arctic Rapid
Change Pattern, Zhang et al.
2008b), that play major roles in the
meridional fluxes of heat and mois-
ture into the Arctic, thereby altering
temperatures over timescales of
days to decades. The effects of these
circulation modes often overwhelm
the direct radiative effect of slowly
increasing greenhouse gas forcing
and contribute significantly to the
internal variability (e.g. Graversen
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2006). Changes in the moisture
content of the global atmosphere
also have the potential to modify
Arctic climate through water vapor
transport into the Arctic from
middle latitudes, causing changes

in cloudiness and in the radiation
balance; water vapor is the major
greenhouse gas (Graversen and Wang
2009; Vellinga and Wood 2002).
Variations in the oceanic transport of
heat into the Arctic, through North
Atlantic pathways and the Bering
Strait, are also likely players in arctic
change (Smedsrud et al. 2008).

As Arctic warming is greater
than the average global warming,
the pole-to-equator temperature
differences must change. This should
have effects on the global circulation
in the atmosphere but we only have
a limited understanding of this. The
Arctic also has the potential to affect
the global climate through feedbacks
involving the surface exchanges of
greenhouse gases (carbon dioxide
and methane), for example through
thawing permafrost (Zhuang et
al. 2009), impacts on deep ocean
convection and thus thermohaline
circulation, and changes in the
surface heating associated with
changes in the coverage of snow
and sea ice (Perovich et al. 2007).
The potential importance of these
feedbacks has long been recognized,
but quantitative understanding is
lacking because the individual feed-
back loops are notoriously difficult
to identify and evaluate in a complex
system with interacting processes.

Figure 12: A tethered sounding is made
ready during the Arctic Summer Cloud-
Ocean Study (ASCOS). Tethered soundings
provide a possibility to sample inside clouds
in remote areas difficult to reach with
research aircraft.
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An enhanced melting of the
Greenland ice sheet has the potential
to both affect both global sea-level
rise and global thermohaline circula-
tion. While the summer-melt area
has increased over the time of the
satellite record (ACIA 2004; Tedesco
et al. 2008), it is unclear if recent
enhanced outlet-glacier melt is part
of a long-term trend. The processes

that govern this are poorly under-
stood. Changes in the mass balance
of the ice sheet are complicated;
there is accelerating ice mass loss but
little change in surface mass balance
(Sommerkorn and Hamilton

2008; Box et al. 2006). Similarly
the melting of smaller ice caps and
glaciers will contribute significantly
to global sea level rise, with some

Detailed Questions Needing Attention

e What determines the modes of natural atmospheric variability and how are they likely to evolve and affect
arctic change over the coming decades?

* To what extent is arctic change driven by changes in temperature and humidity?

* To what extent are emissions of the different greenhouse gases and aerosols (e.g. methane and ‘black carbon’)
outside the Arctic affecting arctic change?

* How will amplified Arctic warming affect the large-scale northern hemisphere atmospheric and oceanic

circulation?

estimates placing their current
contribution to eustatic rise at as
much as 60% (Meier et al, 2007).
This has serious ramifications for
the global community, with social
and economic impacts from sea level
rise widespread, and varying in cost,
well-fare, and land loss

(Anthoff et al. 2010).

* How will the spatially aggregated effect of changes in trace gas fluxes from Arctic surfaces alter global con-

centrations of greenhouse gases?

* What roles do oceanic exchanges of heat and freshwater between the Arctic and lower latitudes play in

arctic-global climate linkages?

* How is the Greenland ice-sheet mass balance changing and how are such changes related to the mass flux
from outlet glaciers. Is this accelerating?
* What are the consequences of accelerated melting of the Greenland ice-sheet on global sea-level rise and

thermohaline circulation?

* What are the consequences of melting of the smaller ice caps and glaciers?

Question 2: How persistent is the presently observed arctic change and is it unique?

The Arctic System demonstrates a
larger internal variability than that
observed in many other regions on
Earth (Manabe and Stoufer 1996;
Johannessen et al. 2004; Overland
et al. 2008a). This is the signature of
a sensitive system, one consequence
of which is difficulty detecting
trends in the presence of excessive
noise. For example, the Arctic
experienced a substantial warming
towards the end of the first half of
the 20™ century. Although not fully
understood, changes during this
period seem to have been regional in
character, mostly confined to within
the Arctic, and not part of a global
signal (Delworth and Knutson
2000; Bengtsson et al. 2004; Over-
land et al. 2008b). In contrast, the
current Arctic temperature ampli-

fication is part of a global warming
trend and it is pan-Arctic in nature.
The traditional methods for sep-
arating secular trends from intrinsic
variability, and for comparing trends
against long-term observations, have
limited value as instrumental records
of climate indicators are shorter
in the Arctic than elsewhere. This
places high priority on establishing
quasi-permanent long-term observ-
ing systems in the Arctic and at the
same time on the production of
multi-parameter proxy records of
environmental variables including
those for paleoclimate (temperature
etc.), paleoenvironment, salinity,
vegetation, ice cover, ecosystem
structure and function, species
population dynamics, and use of

The International Study of Arctic Change Science Plan

ecosystem services. For example,
recent analysis of paleo shrub-tundra
fire regimes in the early Holocene
suggests the potential for an analo-
gous period of greater fire activity as
shrub expansion and warming con-
tinue in the 21* century (Higuera

et al. 2008). However, the influence
of climate on the fire regime is

not straightforward—temperature
rise does not explain increased

fire frequency during the early
Holocene and effective moisture and
vegetation composition must also be
considered. There is a general need
for more emphasis on modeling to
determine the climate sensitivity
and the signal-to-noise ratios in this
system, and to determine the quality
of the models.
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Detailed Questions Needing Attention
* What conditions govern the presence of the perennial Arctic ice cover and for how long has the perennial ice

been present?

* What are the differences in system-scale changes between the current warming, that in the mid 20th
century, and that of earlier periods in the Holocene, and in the more distant past (i.e., mid-Pliocene)?

* During the Holocene, did the Arctic experience ecosystem changes similar to those presently observed?

* To what extent were past changes in the human component of the Arctic System coupled to and/or forced
by aspects of arctic environmental change and global change?

Question 3: How large is the anthropogenic component of observed
arctic change compared to natural variability?

The large changes observed in the
Arctic environment over the past
decades pose a unique challenge to
attribution. The inarguable increases
of greenhouse gas concentrations
and aerosol loadings, globally as well
as in the Arctic, are consistent with
a warming which may be amplified
locally or regionally by feedbacks
within the Arctic System (Serreze
and Francis 2006; Serreze et al.
2007). On the other hand high-
latitude winds and ocean currents
are characterized by substantial
natural variability and by poorly
understood feedbacks. These winds
and ocean currents directly affect
the climate of the Arctic. While
anthropogenic forcing does contrib-
ute to arctic change there are still
unanswered questions concerning
its relative importance, especially
on the regional and local scales. The
complex spatial changes of Arctic
temperatures during winter imply

that answers concerning attribution
will vary by location (Serreze and
Francis 2006).

Two particular examples high-
light the challenges of distinguishing
anthropogenic and natural compo-
nents of observed arctic change. The
first is the warming of the early-
middle 20" century, 1920s-1940s
(Johannessen et al. 2004; Overland
et al. 2008b). This warming was
likely a consequence of natural vari-
ability in the atmospheric and ocean
circulations, and had increasing am-
plitude with northerly latitudes. Yet
greenhouse gas and anthropogenic
aerosol concentrations had begun to
change and the subsequent cooling
of the decades from 1940-1970 has
been linked to increase in anthro-
pogenic aerosol concentrations. A
second example is the recent retreat
of summer sea ice in the Arctic. The
extreme 2007 minimum has been
related to interannual variations of

Detailed Questions Needing Attention
* To what extent are abrupt changes in the Arctic climate affected by preconditioning that may have been

anthropogenically driven?

the atmospheric circulation (wind-
forcing), and cloudiness (Kay et al.
2008; Overland et al. 2008b; Zhang
et al. 2008a). However, the 2008
summer minimum occurred in the
absence of unusual wind forcing
during the spring and summer.
Preconditioning through a warming
of the Atlantic layer of the Arctic
Ocean, together with a wind-driven
thinning of the Arctic’s sea ice over
the preceding decade, have also been
cited as factors in the 2007 retreat
(Kay et al. 2008; Schweiger et al.
2008).

To separate anthropogenic
influences from internal variability
we need to know both how internal
variability manifests itself and also
how it may change in a changing
Arctic. In addition, anthropo-
genically driven trends need to
be quantified. This requires the
synthesis of observations, modeling,
and reanalysis.

e What role, if any, did anthropogenic forcing play in the mid-20th century warming and subsequent cooling

of the Arctic?

* How can the effect of natural variability be removed from the patterns of recent change in order to identify

the anthropogenic fingerprint?

 Will natural variability, particularly the interannual to multidecadal modes of variability, be affected by
anthropogenic forcing in the future?
* What observations are most critical in order to constrain reanalysis efforts for the Arctic?
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Question 4: Why are many aspects of arctic change amplified
with respect to global conditions?

The high sensitivity of the Arctic
System has two aspects; high inter-
nal variability and high response to
forcing. This is because of several
feedback processes that occur on
global, regional and local scales.
This also includes human feedbacks;
actions and reactions to change by
society which may enhance arctic
change at least on a local and re-
gional scale. Many of the reasonably
well understood feedback processes
in the Arctic have a positive feed-
back, i.e. act to enhance change.
On the broader scale, changes
in global climate might alter the
general circulation in the atmo-
sphere and oceans, thereby changing
the meridional transport that in
turn alters the import of heat and
water vapor into the Arctic; this
could cause the Arctic to warm
faster (cf. Graversen et al. 2008).
On the regional scale, the loss of
ice and snow changes the surface
albedo also leading to an amplified

warming. Loss of sea ice increases

the absorption of solar energy to the
Arctic Ocean in summer (Perovich
et al. 2008); the ice/ocean albedo-
feedback (Ikeda et al. 2003, Wang
et al. 2005). Clouds remain an
uncertainty in Arctic climate.

Change in acrosol emissions
may alter the optical properties of
the clouds such that they either cool
or warm the climate additionally.
Increasing acidity of aerosols in
winter may enhance their ability
to act as freezing nuclei, thereby
limiting the amounts of liquid water
in clouds in winter. This enhances
precipitation, reducing the lifetime
of clouds and the water vapor in the
atmosphere (Blanchet and Girard
1994). A larger number-concentra-
tion of aerosols in summer could
act to make the clouds brighter; the
“indirect effect of aerosols” (Covert
et al 1996; Curry et al. 1996;
Heintzenberg et al. 20006).

Our understanding of the rate
and nature of Arctic ecosystem
and societal changes is increasing

Detailed Questions Needing Attention

* How are conditions (temperature and its’ spatial structure, cloud and surface albedo, cloudiness and cloud
properties etc.) changing across the central Arctic Ocean and how do these changes relate to

global feedbacks?

although feedbacks to environment
from society are articulated only

in very general terms. The extent

to which human activities in the
Arctic accelerate change is unclear.
For example in the Canadian High
Arctic human influence on the
terrestrial system has been limited
as compared to in more southern
latitudes. Nevertheless human
activities, beginning in the mid-
Holocene, have contributed to the
development of spatially constrained
ecosystems in locations of human
settlement (Forbes 1996). These
areas are comparatively highly fertil-
ized serving as locations of increased
biological productivity; to what
extent might they function as places
where new and invasive species can
take hold? As human activity in

the Arctic increases due to chang-
ing local and global political and
economic processes, we can expect
many as yet unidentified feedbacks
that may amplify changes in both
terrestrial and marine settings.

* What feedback mechanisms are most important for amplification and are they specific to the Arctic System?
* What controls changes in the vertical structure of the Arctic atmosphere and ocean?
e What ecological changes are accelerating?

* Are ecological vulnerabilities amplified with respect to global conditions?

* Are human vulnerabilities amplified with respect to global conditions?

The International Study of Arctic Change Science Plan
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Question 5: How well can arctic change be projected and what
is needed to improve projections?

The combined effects of high sensi-
tivity to change with many poorly
understood feedback processes limits
the ability to predict the Arctic
System as compared to other regions
(Chapman and Walsh 2007; Walsh
et al. 2002). In practical terms, this
issue also reflects back on the quality
and the resolution of the models
that are used to generate projections
for the Arctic. For example, to the
extent that Arctic-specific feedbacks
are important and not properly
included in global climate models,
the realism of projections for the
Arctic may be called into question.
This problem concerns parts of

the physical climate system such

as the descriptions of clouds and
aerosols, permafrost, and sea-ice
dynamics. If the models are not
capable of describing the current
climate, even the most ambitious
ensemble scenario calculations may
be questionable.

Coupled modeling is vital
in order to explore the inter-
relationships between different
parts of the system, and to benefit
from the inclusion of those parts of
the system that may enhance the
predictability. Special attention thus
needs to be given to the coupling
between different scales and spheres
and to avoid artificial constraints in
the coupling.

Detailed Questions Needing Attention

* How robust are Arctic projections from global models?
* How well are drivers of arctic change known and how is the forcing evolving?

e How well do we understand the dynamics of the whole system and especially the links among the different

subsystems?

Current state-of-the-art global
climate models do not have the
resolution to provide useful informa-
tion to policy makers and effects
on ecological or societal system are
therefore often modeled off-line.
There needs to be a coordinated
effort to downscale information from
the global models, but also to include
processes from the biosphere and
the human domain directly into the
projections, from both regional and
global modeling. System-change pro-
jections rather than climate-change
projections are needed. Such models
will be valuable tools for manage-
ment and mitigation of future
changes and should include spatially
explicit projections of change.

* How well can we downscale global projections to the Arctic System and how should interdependencies
among the different components of a coupled system be incorporated into downscaling?

e [s predictability achievable on seasonal and interannual scales and for how far into the future?

e How can spatial and temporal scales be integrated to enable projections of ecosystems productivity and

sustainability?

Question 6: What are the adaptive capacities and resilience of arctic ecological systems?

Arctic plants, animals, and ecosys-
tems are well-adapted to the extremes
of the current and recent past arctic
environment and are notably resilient
to variation within the ranges of the
climate and disturbance regimes in
which they evolved. Arctic ecosys-
tems are also heterogeneous in their
composition and their distribution,
including a diverse array of organ-
isms of different “functional types”
that represent a broad potential
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range of responses to new climates
and disturbance regimes. What is
unknown, however, is how arctic
ecosystems will respond to novel
changes in climate and disturbance
regimes, changes that are outside the
range of variability they have experi-
enced in the past.

Predicting the adaptive capaci-
ties and resilience of arctic ecological
systems in future climates and
disturbance regimes (catastrophic,

episodic, and cumulative) will
require long-term observations and,
experimental manipulations. It

also requires understanding of how
these systems responded to similar
changes in the past. Key issues
include improved understanding of
ongoing and anticipated changes in
relation to rate of change in climate,
sustainability of initial responses,
and changes in timing and syn-
chrony of interacting processes.
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Detailed Questions Needing Attention

How will changes in composition and physical structure of arctic ecosystems feed back on the drivers of
climate change?

Can changes in arctic plant and animal populations and ecosystem processes keep up with the rate of
change in climate?

Which components of arctic ecosystems will change most slowly or rapidly and how will lags in response
affect the overall trajectory of change?

What components of arctic ecosystems are more or less well-buffered against change?

How will changes in the seasonality and synchrony of ecosystem processes and animal movements affect the
response of arctic ecosystems to climate change?

How will changes in composition and structure of arctic vegetation feed back on changes in surface energy
balance and soil processes that maintain permafrost and drive carbon and nutrient turnover?

How will large-area changes in disturbance regime (e.g., fires, thermokarst, ocean acidification, etc.) interact
with direct effects of changes in climate factors like temperature and precipitation to determine overall
change in the arctic ecosystems. land and seascapes, and biota?

Figure 13: Tundra ponds near Council, Alaska
(64°51_N, 163°42_W) that have decreased in
surface area over the last 50 years (from Hinzman
et al. 2005), probably due to degradation of
shallow permafrost (Yoshikawa and Hinzman

2003).

Question 7: To what extent are social and ecological systems able
to adapt to the effects of arctic change?

The principal cause of ongoing
climate change as manifest within
the Arctic is believed to be the
historically recent increase in
greenhouse gases within the global
atmosphere coupled with direct
and indirect feedbacks derived from
this buildup. The extent to which
such a broad scale driver can be
mitigated is beyond the scope of
ISAC. Some scientists argue that
by reducing emissions of pollutants
with a shorter atmospheric residence
time, e.g. ‘black carbon’ or soot,

it would be possible to achieve
some reduction of radiative forcing
targeted on the Arctic. However, it
is not certain that the benefits from

such a geopolitically complex and
costly initiative will be sufficient to
manage the shorter-term aspects of
change affecting arctic ecosystems.
A more practical approach may
be to assess potential climate change
adaprtation strategies at spatial and
temporal scales (e.g. local to region-
al) subject to management via the
existing political institutions (com-
munity, state, federal, international
etc.). These vary considerably within
and between nations (AHDR 2004).
In other words, effective adapta-
tion strategies developed in North
America may not be transferable to
Europe, just as European approaches
might not work for neighboring

The International Study of Arctic Change Science Plan

Russia. By the same token, even in
regions already experiencing rapid
climate change, local populations
may be faced with other factors,
such as industrial development, that
present greater day-to-day challenges
in terms of mitigation. Key issues
include improved understanding

of the pace and extent of recent
ecological changes, of the linkages
across trophic levels in terrestrial,
freshwater and marine ecosystems,
of the implications for the human
communities dependent upon
them, and the identification and
evaluation of potential adaptation
strategies to best manage these.
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Detailed Questions Needing Attention
e Can we develop integrated approaches for adaptation that encompass linked social-ecological systems and

functions across scales?

* If we cannot develop integrated approaches for adaptation is it appropriate to target ecosystem components
and services that are deemed less well buffered against change?

e How can we transcend the institutional barriers to developing and implementing more comprehensive
adaptation governance in cases where the threats are reasonably recognized or anticipated?

* Are there viable models of flexible resource management approaches such as adaptive co-management for
involving northern residents in decision-making when renewable resources are at risk?

* To what extent are mitigation regimes transferable across political and cultural borders?

Question 8: How does environmental change in the Arctic affect the resilience, adaptive
capacity, and ultimately, viability of human communities?

Arctic environmental change
encompasses multiple drivers,
including rapid and long-term
shifts in climate as well as land use.
Resilience and adaptive capacity

are expressed at several levels from
individuals to ecosystems and
humans are an integral part of the
system. At the same time, there is a
large degree of geographic variation
in anthropogenic drivers of change,
as well as the susceptibility of Arctic
ecological systems (Forbes et al.
2004). An optimal strategy would
seek to build resilience and adaptive
capacity across scales from local

to regional by enhancing adaptive
governance of linked social-ecolog-

ical systems, rather than focusing

on select ecosystem components

in isolation from one another (cf.
Berkes and Folke 2000; Forbes et

al. 2009). Resource relationships
vary widely from urban centers
dependent on large outside subsidies
(energy, food, raw materials) to
smaller and relatively self-sufficient
communities relying greatly on local
resources. This degree of contrast
across the inhabited portions of the
northern high latitudes translates
into a significant degree of hetero-
geneity in terms of vulnerability to
arctic change (Forbes et al. 2004).
In the worst-case scenarios, some
communities are already faced with

Detailed Questions Needing Attention

* To what extent are arctic communities exposed and sensitive to anticipat-
ed changes in the composition and structure of arctic terrestrial, marine

and freshwater ecosystems?

* To what extent are arctic communities exposed and sensitive to antici-

pated changes in the physical components of the system that may impact

infrastructure, economies, and well-fare?

e To what extent are communities, institutions, industries, and other
stakeholders that are located outside the Arctic exposed and sensitive to
anticipated changes in the Arctic System?

* What are the relevant scales of reference for historical or palacoecological

cases of successful adaptation to past arctic change?
* As new models anticipate even more rapid environmental change, are

contemporary governance structures adequate for responding to change?

abandonment and their viability is
therefore in question.

For most communities, serious
threats to their viability presently
seem theoretical, providing them
with some time to explore the
possible pathways for strengthening
resilience and adaptive capacity.

Key issues and challenges include
drawing the appropriate lessons
from the diverse array of ongoing
examples of Arctic Change across the
circumpolar North (i.e., Lynch and
Brunner 2007; Forbes et al. 2009),
as well as cases from the historical
and archaeological records in which
communities have either survived or
collapsed in the face of past changes.

Figure 14: Thermokarst depression on the edge of the Geophysical Institute University of Alaska Fairbanks parking lot (Fairbanks,
Alaska). Surface disturbance related to the parking lot construction triggered permafrost degradation and ground ice melting. From:
http://www.arctic.noaa.gov/essay_romanovsky.html Photo: V. Romanovsky
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Question 9: How can new insight into Arctic Change and its impacts be translated into
solutions for increased adaptatation, management, and mitigation?

Arctic regions and communities
differ dramatically in terms of
whether or not they see Arctic
Change as a threat to their own
long-term viability. The degree to
which future adaptation and mitiga-
tion are deemed necessary is partly
a function of framing and agenda-
setting on the part of scientists and
policy makers, and the related ques-
tions of how local residents do or
do not perceive elements of change
affecting community-level vulner-
ability. Overall, arctic indigenous
peoples, as well as many long-term
non-indigenous residents, have a
long history of adapting to shifting
conditions (environmental, social,
economic), and recognize their
own abilities in this regard (Forbes
et al. 2009). Understanding and

responding to arctic change must
therefore include the exchange of
knowledge and experience relevant
to adaptation, adaptive capacity,
and resilience, rather than a set of
inquiries and activities based purely
on conventional modes of develop-
ing scientific knowledge (Forbes and
Stammler 2009).

Arctic societies have adapted to
strong climatic and resource-driven
pressures over millennia and any
effort must strive to build on the
lessons available from historical and
palacoecological data sources. In the
past shifting settlement strategies
was a primary adaptive mechanism
for dealing with change on the local
and regional scale (cf. Damas 1984).
However, over the last century,

Detailed Questions Needing Attention

* Can arctic observing networks be successfully exploited to incorporate relevant input from communities
experiencing arctic change and to address stakeholder needs for information?

* What information about arctic change and related impacts is needed to enhance adaptation, adaptive capac-

ity and resilience?

settlement options in most regions
of the Arctic have become increas-
ingly fixed and movements on land
and sea therefore restricted; this is
exacerbated in the face of unprec-
edented development and globaliza-
tion (ACIA 2005; AHDR 2004).
Thus adaptation to rapid change is
becoming ever more challenging.

In some cases, the impediments

to adaptation to change are more
institutional than societal or ecologi-
cal; removing these impediments
requires the melding of diverse lines
of inquiry as well as action. Key
issues include anticipating trends
and potential non-linear feedbacks
that could threaten community vi-
ability and enhancing resilience and
adaptive capacity to handle surprises

and absorb shocks.

* Can relevant research findings be efficiently translated to human communities to support adaptation to

change?

* Can relevant research findings be translated beyond particular cases to facilitate and enhance adaptation

within the Arctic and beyond?

* What effective science-based management strategies are needed to maintain a sustainable and diverse Arctic?

Figure 15: Community of Varde, coast of the Barents Sea, Finmark, Norway. Photo

source: www.barentsinfo.org
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Figure 16: Houses at the retreated coast
of the Kara Sea. Photo: I. Streletskaya.
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Meeting ISAC Objectives

The ISAC science program is
structured around three broad
activities — observing, understanding
and responding to Arctic Change.
The Arctic System must be well-
observed across time and space and
all components in order understand
the nature, scope and evolution of
change. Understanding how the
system functions and projecting
future changes requires models
using the data that flows from

these observations. Moving beyond
description to understanding of
past, present and future change is
critical for responding to change.
This requires an integrated program
whereby observing, understanding
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and responding components are

developed in concert around a set of

clear objectives which include:

* Developing an integrated Arctic
observing system covering all
domains including the anthro-
posphere, the atmosphere, the
biosphere, the cryosphere, and
the hydrosphere. This is based
on existing and new long-term
observing sites as well as new
observing methods. (observing)

* Quantifying the anthropo-
genically driven component arctic
change within the context of
natural variability. (observing)

* Understanding the causes of pan-
Arctic changes, including changes
in the human component, in

Figure 17: ISAC components.

the context of global change.
(understanding)

Improving models to project
future changes in the Arctic
System, including impact assess-
ment models for responding to
change. (understanding)
Exploring options for adaptation
to and mitigation of arctic change
and suggesting ways that will lead
to a path of sustainable use and
development. (responding)
Disseminating data and results
from ISAC activities to the sci-
entific community, stakeholders
and the general public. (cross-
cuts observing, understanding,
responding)

The International Study of Arctic Change Science Plan



ISAC Components

Observing, Understanding, and Responding to Arctic Change

Arctic change is a matter of urgency.
As laid out in the previous chapters,
the ISAC science program requires
strong observing, understanding and
responding to change components
in order to meet its objectives.

The speed of change and the

rapid evolution of our knowledge
of how changes are materialized

and how they interact require a
flexible approach. Flexibility will

ensure continued acquisition of the
necessary scientific data and will
ensure that these data are effectively
translated into information that is
useful for meeting the scientific and
societal challenges of arctic change.
The individual components of ISAC
are described below along with ways
for using the results from different
activities within ISAC to inform one
another.

Pan-Arctic Observing System

Figure 18: Wave-cut cliff near the Varandei
oil terminal, Perchora Sea (Ogorodov 2005).

Critical to achieving ISAC objec-
tives is the documentation of

arctic change at multiple spatial
and temporal scales, and across all
system components. This is too
large a task for any one nation and
therefore requires a multinational
commitment to long-term, multi-
disciplinary, system-scale observing
programs to record past, present,
and future changes. These observ-
ing programs must be sustained to
establish meaningful time series,
and they must be flexible enough

to respond to changing scientific
requirements, new insights and
shifting theoretical, methodological,
and political frameworks. They must
be integrated into an international,
pan-Arctic Observing System that
will build upon and grow from
efforts initiated prior to and in the
context of the International Polar
Year (NRC 2006). Examples of
such initiatives include the recent
European Union Sixth Framework
Integrative Project “Developing
Arctic Modeling and Observing
Capabilities for Long-Term Envi-
ronmental Studies” (DAMOCLES),

the U.S. interagency Study of
Environmental Arctic Change
(SEARCH) Program. Other
related arctic observing efforts are
those of the Arctic Net Networks
of Centres of Excellence Canada,
the Japan Agency for Marine-
Earth Science and Technology
(JAMSTEC), the Russian-Amer-
ican Long-Term Census of the
Arctic (RUSALCA), and some of
the activities of the International
Union for Circumpolar Health
(IUCH) to note just a few. Such
existing platforms and programs
form a solid foundation for
collection of the observations
required for ISAC. Over the
long-term, the design of the
Arctic Observing Systems should
ultimately draw on the data
generated through it, as well as
from modeling activities and the
needs for responding to change.

New efforts to enhance
already existing observation
activities and infrastructure that
form the basis for the Arctic Ob-
serving System must be relevant
to addressing ISAC questions

The International Study of Arctic Change Science Plan

about system-level arctic change.

Such enhancements should focus on

current gaps. There is a particular

need for:

* better spatial coverage of the
terrestrial sphere,

* improved efforts on the subarctic
seasonal ice zones,

® more information on the marine
biological system, including
higher trophic levels,

* hypothesis targeted monitoring
of biodiversity and ecosystem
resilience

* focused efforts on paleodata
collection,

e data collection for studies of the
human dynamics relevant to
arctic environmental change.

International collaboration in
synthesis activities indicates that
there are also gaps in observations
of the atmospheric boundary-layer

characteristics (SEARCH 2008),

and of the broader features of the

vertical structure of the atmosphere.

Other observation needs with

immediate global relevance include

increased information on ice sheets,
freshwater input to the Arctic
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Ocean, sea level rise (Floser et al.
2007, SEARCH 2008), greenhouse
gas fluxes from permafrost zones
(Zhuang et al. 2009), acidic inputs
into arctic and subarctic coastal
ecosystems (Salisbury et al. 2008),
and observation of changes in
marine and terrestrial biodioversity
(CAFF 2010).

Effective use of arctic change ob-
servations requires an integrated ap-
proach that allows for easy merging
of the data streams that low from
the different elements of the observ-
ing system. Such integration must
be focused around central science
questions and address past and
current changes in all components
of the Arctic System. To capture
the signals of change, observations
are needed in all seasons (cf. BEST
2004). Similarly observing efforts
must consider societal needs — in the
Arctic these include, among others,
the need for information on snow

and ice cover, ecosystem services,
ocean conditions, and information
for the maintenance and develop-
ment of infrastructure and observa-

tions needed for weather forecasting,.

Thus observation activities must
include data that is of relevance
to people’s lives and to decision-
making and policy.

A special focus of the ISAC
observing efforts should be directed
towards observing-system design
(cf. Dickson 2008, 2009). There
is presently no readily accessible,
fundamental theoretical framework
for such design. As such, ISAC
should utilize available tools such
as Observing System Simulation

Experiments (OSSESs) to move
towards an objective and scientifical-
ly grounded procedure for optimiza-
tion of the Arctic Observing System.
This system must be responsive to
the needs of the understanding and
responding to change components
of ISAC as well as to stakeholders
and society at large.

The Arctic Observing System
must also be integrated with global
observing systems such as the Global
Earth Observing System of Systems
(GEOSS). ISAC is designed with
the right scope and connections
among many arctic research pro-
grams to facilitate this integration
into the global context.

BT
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Figure 19: Different aspects of the DAMOCLES
observing system. Panel A shows pictures from the
Tara ice drift across the Arctic, with continuous
observations of various surface variables at and
around the ship Tara. Superimposed are tempera-
ture profiles from a spring experiment showing the
cold halocline below the ice and the strong Arctic
inversion in the atmosphere above the ice, from
CTD casts and tethered soundings, respectively.
Panel B shows the different arrays of moorings set
up to follow the path of the Atlantic warm water
into the Arctic basin.
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Understanding Change: Synthesis and Modeling

Understanding change is a key
component of ISAC; without it
projections of future change are not
possible. Such projections underpin
any response option and thus any
structured design of solutions to
problems arising from arctic change.
The limits of our understanding de
facto determine our capability to
utilize science for addressing societal
issues stemming from or linked to
rapid arctic change.

There is a need to understand
the Arctic system as both a “func-
tioning unit, and as a set of interact-
ing parts” (Ritchey 1991). Such
understanding has to be developed
through synthesis of results from the
observing system and from process
studies, as well as from studies of
system dynamics and modeling
activities on several levels of sophis-
tication, reaching from conceptual
models to high-resolution coupled
numerical models. Naturally, the
modeling activities will be informed
by data streams from the observ-
ing system—some in a real-time
mode—and they will also be
informed by synthesis results. These
activities must incorporate multiple
and diverse datasets drawn from the
human component of the Arctic
System, and where relevant, the
global system (Huntington et al.
2007). Moving beyond coordinated
observation efforts to integrated
synthesis (cf. Fisher et al. 2000;
McQGuire et al. 2002), and a new
generation of collaborative modeling
activities (Allen and Ingram 2002;
Rastetter et al. 2003), requires
syntheses activities to acknowledge
and account for the different
processes that operate within the
Arctic System, whether these are
biogeochemical, physical, or social.
Synthesis activities within ISAC are

aiming to produce results that take
into account the complexity of the
system approach in a fashion that
is suitable for planning effective
response to change (cf. Fisher et al.
2000).

Projecting arctic change relies
on model simulations. These models
are in turn informed by data streams
from the observing systems. They
have to be tested with respect
to their capability to reproduce
observed past and present patterns.
They also have to be designed in a
fashion that allows consideration
of impacts at local, regional and
pan-Arctic scales (SEARCH 2008).
Among others, the group of models
utilized for projections can include
community integrated systems
models (synthesizing knowledge
from disparate domains), and
models that can provide a unified
and coherent framework elaborating
on causal relationships and possible
system responses (Nicolson et al.

2002). Models must be improved

and further developed to consider
not just the physical components

of the Arctic System but also the
ecosystems and the human compo-
nent and to integrate among these.
Model output needs to be made
useable and relevant to local and re-
gional responding needs. There must
be effort placed on upscaling current
data through reanalysis activities and
downscaling pan-Arctic models to
the regional and local level. People
need regional and local scale infor-
mation on projected environmental
and ecosystem changes among many
others. Thus projections should

be targeted at specific parameters
(e.g., ice extent, marine mammal
reproductive viability), in regions
within the pan-Arctic (e.g., North-
ern Sea Route/Northeast Passage),
and at the probability of particular
responses within the system (e.g.,
extreme events such as catastrophic
fires, human relocations, shifting
biodiversity, and changes in ocean
circulation (cf. SEARCH 2008).

Figure 20: Schematic of earth system model. Dotted links await implementation.

From http://globalchange.mit.edu/igsm/#igsm.
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Responding to Change

Responding to rapid environmental
change is particularly challenging
in the Arctic because of the fragile
nature of the terrestrial and marine
ecosystems. There is increasing
convergence of rapid environmental
change, and socio-economic and
political change across the pan-Arc-
tic region, yet people still connect
to the Arctic System through the

ecosystems and their services -
whether through access to country
food (Loring et al. 2008) and water
resources (White et al., 2007), or
via mineral extraction possibilities,
for example. There is real need to
understand how ecosystems might
be restructured and how they might
function in the near and distant
future. Ecosystem management

——

Bering Sea

strategies that consider potential
alternatives, the recent and remote
past, and the present, and that are
responsive to ongoing rapid system
changes are needed. The resilience
and vulnerability of human com-
munities, and of individuals, are
dependent upon multiple variables —
many of which are tied to ecosystem
services and environmental condi-
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Figure 21a: Responding to change may require targeting specific parameters and regions. For example, what are the projected impacts
on other arctic predators as a result of declines in polar bears populations and how can these projections be used in management? Photo:
S. Romaine. Figure 21b: from Brigham and Ellis 2004, shows the major Arctic marine routes. What are plausible scenarios for ship-ice
interactions over the next century given improved projections of inter-annual and regional variability in ice conditions and of decreasing

summer sea-ice extent?
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tions. Socio-political, economic,
governance and health factors also
condition response to change and
influence capacity to absorb and use
scientific information for adapta-
tion, management, and mitigation
purposes.

Among other things, people
respond to changed spatial, tem-
poral distribution of resources and
changed access to the resources.

To do so effectively they must
develop strategies that are informed
by science (e.g., projections of
future environmental conditions in
individual regions of the Arctic),
and by society. An overarching
challenge for the science com-
munity is better understanding of
the human and policy decisions
that need to be made, as well as
improved understanding of how
those decisions are made and what

information is needed to make
them. Arctic stakeholder groups

are diverse, ranging from resident
rural small-scale farmers, fishers and
hunters, to urban dwellers, industry
and government, non-governmental
organizations and to the general
public globally. Each group has
unique and diverse needs and wants
and these must be factored into

the development of solutions for
coping with change. Responding to
arctic environmental change must
include stakeholder participation in
building research activities that lead
to useful observation and predictive
capabilities (Krupnick and Jolly
2002; AHDR 2004; ACIA 2004;

SEARCH 2005; Forbes et al. 2009).

Responding to arctic change
encompasses assessment of the ef-
fectiveness of institutional responses
to change, and developing scientific

Figure 22: Boat launch sign. In Alaska, important fishing and hunting areas are often
managed under state or federal jurisdiction. This sign stands at the Minto Village boat
launch, which is within the boundaries of a state game refuge. During prime hunting and
fishing seasons, boat launches such as this overflow with tourist activity, and local residents
face much competition for, and witness much waste of, the wild food resources on which

they depend. Photo: P. Loring
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guidance for the implementation
of integrated assessments (cf. MA
2005). It also includes the develop-
ment of co-management and risk
mitigation strategies, hazard as-
sessments, and planning initiatives
(cf. Floser et al. 2007; Kellert et al.
2000).

There are needs to access rel-
evant data in real-time, in formats
that are technologically, linguisti-
cally, and culturally accessible.

The utility of such data must be
continually assessed for relevance to
place-based interpretation and use,
even as global social and economic
systems influence arctic change

and are linked to arctic ecosystem
services. There is also great need for
data that is relevant and useful to
stakeholders outside of the Arctic.
ISAC science considers solving
real-world problems associated with
environmental change in the Arctic
as the driver behind the need for
international, interdisciplinary and
integrated system science. Transla-
tion and dissemination of good
scientific information to a wide
audience is therefore critical.

The three components of ISAC
proceed in concert. There are
specific needs that must be met for
responding to change and these
needs can, in conjunction with
needs for understanding, guide
observational priorities (SEARCH
2005). ISAC will find ways to
enable people to make informed
response decisions while at the
same time enable assessment of how
decision-making affects and drives
change more broadly. Scientific
observations need to be useful for
advancing scientific understanding
but also for adaptation and manage-
ment of the changing arctic.
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ISAC Implementation

The ISAC program and science
questions spring from over a decade
of consensus building among the
arctic research community, arctic
residents, and other stakeholders.
There are now identified a series of
critical scientific issues necessary to
investigate for a better understand-
ing of arctic environmental change
and for addressing related societal
needs (see for example ACIA 2004;
AHDR 2004; Allison et al. 2007,
2009; Dickson 2008, 2009; Bowden
et al, 2005; Floser et al. 2007;
Morison et al. 2001; SEARCH
2005, 2008; and Rapley et al., 2004
among many others). ISAC will be
successful in advancing research and
application of research findings to
real world problems through diverse
partnerships that enable implemen-
tation. The ISAC implementation
strategy defines ways in which ISAC
can guide observing, understanding
and responding to change activities
that are best suited for addressing
ISAC-relevant questions and that
build on the successes of the IPY
and prior initiatives. ISAC imple-
mentation is iterative, reflecting

the evolution of knowledge and the
changing needs of the international

arctic research community and of
stakeholder communities.
International collaborations
in arctic research are not new,
and they have increased in recent
years, especially as a result of the
IPY (Allison et al., 2009). They
must, however, continue to grow;
scientific questions are increasingly
more sophisticated and system-
oriented, and the societal relevance
of scientific inquiry in the Arctic is
evermore pressing. ISAC is an IPY
legacy that will provide a venue for
international co-ordination of activi-
ties that will guide arctic observation
efforts and that will contribute
to an integrated understanding
of arctic change and projections
for future changes (cf. Dickson
2008, 2009). The intent of ISAC
is not to duplicate ongoing and
developing arctic research activities
and programs but rather to inspire
programs and foster a community of
arctic researchers and stakeholders
that are united in efforts to remove
obstacles to observation, under-
standing and responding to arctic
change. As such, ISAC will provide
a framework for enabling national
arctic change research communities

Pan-Arctic Observing of Change

ISAC will be a venue for interna-
tional collaboration in the evalua-
tion of the Arctic Observing System
and for making recommendations
for optimization and addressing
gaps in observing as related to
ISAC goals. ISAC will ensure that
observing systems will continue

to evolve with respect to tracking
ongoing changes in the Arctic

38

including improving integration of
cross-disciplinary and international
observing efforts. Observing arctic
change for the purposes of under-
standing and real-world problem
solving requires the development
of a system that serves both science
and society. ISAC will facilitate
co-ordination among existing and
emerging observation programs

to improve international exchange

to achieve their goals and continue
to expand their collaborations at
the international level to the benefit
of society. International support is
critical for success.

There are a number of arctic
environmental change programs and
projects that are committed to ISAC
or have stated interest in ISAC as
structure for linking and coordinat-
ing small and large programs and
working towards common goals.
Many, both large and small, have
components that align with the
ISAC Science Plan and the general
objectives of ISAC. Some existing
programs are open ended while
others have a sunset date. ISAC
will be the international entity that
works to keep arctic change research
programs on a growth trajectory
and to ensure that programs that
are part of ISAC, and that have a
sunset clause, are replaced by new
initiatives. Collaboration with
the International Arctic Science
Committee (IASC) and its working
groups should facilitate communica-
tion of scientific information and
needs to appropriate national and
international agencies and entities.

of information and joint planning
and co-ordination of observation
programs. A focus on relevant
scientific questions and societal
needs can guide system design and
implementation. To fully develop
the Arctic Observing System will
require increased collaboration in
efforts to expand instrumentation,
improve methods for observation,
and further investment in logistics.

The International Study of Arctic Change Science Plan



Near-Term Implementa-
tion Activities

ISAC can play a role in providing
scientific guidance to the Sustaining
Arctic Observing Networks (SAON)
process and related activities (SAON
IG 2009). Collaboration can be ac-
complished by offering the scientific
rationale for arctic observations and
the continued update of the design
of an Arctic Observing System
informed by the results from arctic
change observing and understand-
ing studies as well as responding

to change needs. In the build-up
phase to the utilization of an Arctic
Observing System sustained through
SAON efforts, ISAC can link
existing arctic environmental change
observations through a Memoran-
dum of Understanding among the

Understanding Change in the Arctic System

Understanding the Arctic System
entails a wide variety of activities,
ranging from analysis of process
studies, analysis of pan-Arctic
observations including paleo-

data, to model development and
reanalysis of the whole system or
parts thereof using existing data and
models jointly. The development

of particular understanding tools
and activities may also be directed
by societal needs. Developing and
expanding the observational efforts
without building a strong under-
standing component is ineffective;
understanding rests on the observa-
tions. However, understanding also
feeds back to the observations in the
sense that improving understanding
highlights gaps in the observational
activities. Ultimately improved un-
derstanding is what makes informed
response, management and mitiga-
tion strategies possible.

programs that control the presently
deployed observing systems. In addi-
tion, to facilitate optimization of the
Arctic Observing system ISAC will
partner with the relevant groups to
initiate a series of Observing System
Simulation Experiments (OSSEs).
Partnerships with those working

to collect observational data on
arctic biodiversity and on ecosystem
parameters more broadly, as well as
those focused on physical system
observations and stakeholders who
need information from the observ-
ing system are key.

Implementation Over the
Lonsger-Term

ISAC will co-sponsor a series
of activities designed to provide
continued direction for future

Near-Term Implementa-
tion Activities

ISAC will participate in the plan-
ning activities of the Understand-
ing Change component of the
SEARCH program and in synthetic
activities that follow the SEARCH
for DAMOCLES (§4D) program,
including the recent Sea Ice
Outlook initiative (SEARCH 2008),
and the Sea Ice Outlook for Walrus
(SEARCH 2010). By building on
such collaborative science exercises,
ISAC will provide a venue for the
rapid interpretation and syntheses of
new data.

Implementation Over the
Longer-Term

Over the longer-term ISAC under-
standing activities will be directed
towards resolving mismatch in

The International Study of Arctic Change Science Plan

development of the Arctic Observ-
ing System. These will include
opportunities for international
collaboration on the identifica-

tion of what new technologies are
needed, and on methods for their
development and deployment. ISAC
will develop connections with global
observation programs including the
Global Earth Observation System
of Systems (GEOSS) to ensure that
arctic observation data and products
are shared for the widest possible
benefit. Working with the appropri-
ate entities, ISAC can facilitate
information sharing efforts at data
compatibility, and timely access to
data.

observed and predicted patterns of
change. This will require providing
a venue for discussions of data
compatibility, of scaling issues in
modeling, of scenarios for changes
in ecosystems and human systems,
and for capacity building. Expan-
sion of modeling efforts is critical.
The general lack of coordination in
this area is a barrier to progress on
responding to change.

ISAC will establish connec-
tions to programs with a global
perspective on system science and
which function to integrate regional
information into global databases
and into earth systems models (see
for example the International
Geobiosphere Program) for the
purposes of applying science to real
world problems.
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Responding to Change

In order to respond to change in an
effective matter there is a need to
prioritize what science is of immedi-
ate societal relevance. To the extent
that it is possible it is also necessary
to obtain more precise information
as to what will be needed in the
near and distant future. Current and
planned observing and understand-
ing activities should be evaluated
with respect to meeting societal
needs as well as scientific needs. As
the arctic scientific community is
increasingly engaged in conveying
information to the public, to policy
makers, and to resource managers
ISAC will serve as a venue for the
discussion of best practices for
communicating scientific informa-
tion including models results, and
predictions, (with error ranges), in
aid of decision-making. Effective
communication methods and com-
munication streams are necessary so
that it is clear what changes may be
mitigated, what changes may not,
where there are vulnerabilities in
the system and how best to facilitate
adaptation, management, and
mitigation, when it is an option.

Near-Term Implementa-
tion Activities

Through key workshops, building
in part on the human dimensions
of arctic environmental change
research successes of the IPY, a
framework for the Responding to
Change component ISAC will be
developed. In addition to the ISAC
environmental science community,
development of the responding

to change component will require
the participation of arctic residents
and other stakeholder groups. It

is critical to engage those with
expertise in science/policy interac-
tion, those with expertise in solving
environmental change-related
ecological and societal problems,
and those with expertise in convey-
ing scientific information to a broad
public. Widening the community of
scholars working on arctic change
research is vital. In framing the Re-
sponding to Change component of
ISAC both the Arctic and the globe
should be considered. Connections
to programs with a similar mandate
such as the International Human
Dimensions Program on Global

Other Implementation Activities

Implementation in the near-tem
requires open discussion with
existing arctic research programs
and projects to establish overall fit
with the ISAC science objectives
and interest in and commitment to
the vision of an open-ended col-
laborative international arctic system
science program that is ultimately
solution oriented. In practical terms
the extent of present pan-Arctic cov-
erage of observing, understanding
and responding to change activities
needs to be established (cf. Dickson
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2008, 2009). Synthesis of existing
inventories, such as those collected
during the International Confer-
ence on Arctic Research Planning
(ICARP) and SAON processes and
during the IPY, among others, is
necessary in building connections
among programs that may contrib-
ute to ISAC.

Opver the longer-term ISAC
will assist with coordination among
committed national programs to
improve international exchange of
information relevant for joint plan-

Environmental Change (IHDP)
and the United Nations Environ-
mental Program (UNEP) need to be
established.

Implementation Over the
Longer-Term

ISAC is committed to facilitating
activities that will move solutions
forward at national and interna-
tional scales. This will require the
development of cooperative mecha-
nisms for sharing information and
providing data to relevant entities
dealing with mitigation, remedia-
tion, problem solving and policy. At
the international level such entities
include intergovernmental organiza-
tions like the Arctic Council and its
working groups (CAFE Sustainable
Development), and the Indigenous
Peoples Secretariat, non-governmen-
tal organizations such as the WWEF
International and the International
Union for the Conservation of
Nature (IUCN), as well as policy
bodies like the Marine Mammal
Commission, and the International
Whaling Commission to cite just a
few examples.

ning of research programs. Similarly
ISAC can facilitate integration of
data derived from component-
specific research into system and
regional models to further under-
standing of arctic system change.
This will involve the development
of data coordination efforts so that
access to data and model outputs
can be achieved within a unified
environment to better guide future
observations and to facilitate devel-
opment of response strategies.

The International Study of Arctic Change Science Plan



ISAC can contribute to the
establishment of an international
clearinghouse for information related
to ongoing and planned activities ad-
dressing arctic environmental change,
including assessments. ISAC science
will build upon the impact assess-
ments and outcomes presented in the
AHDR (2004) and the ACIA (2005)
and others described by AMAP (cf.
2006), the IPCC (2007), the Snow,

Water, Ice and Permafrost in the
Arctic (SWIPA) project of the Arctic
Council, the Arctic Biodiversity As-
sessment and the Census of Marine
Life among many, to provide data
that will improve future assessments
of the Arctic and the planet.

In the not too distant future,
ISAC should be positioned to quickly
organize the research community so
that it may respond to rapid and un-

expected changes in the Arctic. This
will require the capacity to enable
short-notice efforts to rapidly syn-
thesize new and incoming data and
support from national agencies and
international entities. Given what
we know about the current rates and
nature of changes in the Arctic, this is
envisioned as critical role for ISAC if
understanding and dissemination of
information is to evolve at pace with
change itself.
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