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[1] September 2008 followed 2007 as the second sequential
year with an extreme summer Arctic sea ice extent minimum.
Although such a sea ice loss was not indicated until much
later in the century in the Intergovernmental Panel on Climate
Change 4th Assessment Report, many models show an
accelerating decline in the summer minimum sea ice extent
during the 21st century. Using the observed 2007/2008
September sea ice extents as a starting point, we predict an
expected value for a nearly sea ice free Arctic in September
by the year 2037. The first quartile of the distribution for
the timing of September sea ice loss will be reached by
2028. Our analysis is based on projections from six IPCC
models, selected subject to an observational constraints.
Uncertainty in the timing of a sea ice free Arctic in
September is determined based on both within-model
contributions from natural variability and between-model
differences. Citation: Wang, M., and J. E. Overland (2009), A

sea ice free summer Arctic within 30 years?, Geophys. Res. Lett.,

36, L07502, doi:10.1029/2009GL037820.

1. Introduction

[2] The Arctic is changing faster than anticipated in the
Intergovernmental Panel on Climate Change Fourth Assess-
ment Report (IPCC AR4) [Intergovernmental Panel on
Climate Change (IPCC), 2007; Serreze et al., 2007; Stroeve
et al., 2007]. By September 2008 Arctic sea ice reached a
new milestone: two sequential years of extreme summer
minimum sea ice coverage during the satellite era. Monthly
mean September Sea ice extent, which is the area with sea
ice concentration more than 15 %, was 4.7 M km2 in 2008
following the record minimum of 4.3 M km2 set in 2007
according to the National Snow and Ice Data Center
(NSIDC) (http://nsidc.org/arcticseaicenews) [Comiso et al.,
2008; Stroeve et al., 2008]. The average of the two minima
is 37% below the climatology of sea ice extent for the
period of 1980–1999. Such sea ice minima open up more
than 60 % of the Arctic Ocean to increased solar and long-
wave absorption near the end of summer. The September
2007/8 sea ice extent estimates from the Hadley Centre sea
ice concentration analysis (HadISST) at a 1� Latitude/
Longitude resolution were slightly higher at 4.6/5.2 M km2

(http://hadobs.metoffice.com/hadisst). We use the ‘‘observed’’
value of 4.6 M km2 (34 % below climatology) based on
HadISST throughout this article for comparisons to model
hindcasts. This new record of Arctic sea ice minimum at the
end of summer melt season is occurring at least 30 years

earlier than the expected value for the timing of sea ice loss
derived from climate models provided for the IPCC AR4
[Zhang and Walsh, 2006; Stroeve et al., 2007; Overland and
Wang, 2007]. Due to the recent loss of sea ice, the 2005–
2008 autumn (October–November) central Arctic surface air
temperatures were greater than 5�C above their climatology,
a magnitude similar to the projected autumn temperature
increase for 2070 by IPCC AR4 [Chapman and Walsh,
2007; Overland et al., 2008; Schweiger et al., 2008a].
[3] Climate models provide multiple simulations (referred

to as ensemble members) to distinguish uncertainties due
to natural variability, caused by internal instabilities in the
climate system, from long term trends due to external
anthropogenic forcing caused by increases in greenhouse
gases. For example, when IPCC AR4 models (now phase 3
of the Coupled Model Intercomparison Project, CMIP3)
were initialized with slightly different initial conditions, the
details of the time trajectories of each ensemble member
were substantially different [Wang et al., 2007]. Among
many possible trajectories, the real world will manifest as
only one realization drawn from a range of possible future
climate scenarios. Projections from CMIP3 models were
also based upon different future emissions scenarios; these
were labeled as ‘‘low’’ (B1), ‘‘medium’’ (A1B) and ‘‘high’’
(A2) [Nakićenović and Swart, 2000].
[4] A difficulty with the AR4 is there are too few

ensemble members from quality climate models to obtain
a frequency distribution of possible future extreme events.
Compared to the range of CMIP3 model projections, the
one climate realization that we are living through appears to
be a fast track for September sea ice loss. The recent
reduction of sea ice extent is consistent with a combination
of an emerging greenhouse gas contribution, wind-driven
variability in sea ice circulation, a sequence of warm years
beginning in the late 1990s, and non-linear feedbacks from
decreased albedo and anomalously warm sea temperatures
in regions of low sea ice concentration [Rigor and Wallace,
2004; Serreze and Francis, 2006; Nghiem et al., 2007; Ogi
and Wallace, 2007; Maslanik et al., 2007; Gascard et al.,
2008; Schweiger et al., 2008b].

2. Climate Model Selection and Projections

[5] Many projections from CMIP3 models show an in-
creased rate of September sea ice reduction when the sea ice
extent is near the present 4.6 M km2 mark, compared to the
rate of sea ice reduction found before 2000 [Holland et al.,
2006; Stroeve et al., 2007]; also see the future sea ice losses
projected by the CCSM3, CNRM and MIROC(med) models
in Figure 1. This change in rate of sea ice reduction supports
our further investigation of the sea ice projections fromCMIP3
models to estimate the potential timing of a summer sea ice free
Arctic, given the conditional state that an observed September
sea ice extent of 4.6 M km2 has already been reached.
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[6] Confidence that climate models provide credible
quantitative projections of future climate is build upon their
demonstrated ability to reproduce observed features of
recent climate [IPCC, 2007; Gerdes and Köberle, 2007].
It is therefore important to apply an observational constraint
on the CMIP3 models, and eliminate ‘‘outlier’’ models from
further consideration. Inspired by Knutti et al. [2006], we
require that models simulate the seasonal cycle and the mean
of September sea ice extent to within ±20 % of HadISST
analysis for the period of 1980–1999 (Figure S1 of the
auxiliary material).1 Reproducing the correct magnitude of
the seasonal cycle of sea ice extent is one way of demon-
strating the models sensitivity to changes in external forcing,
e.g., solar insolation. The September mean sea ice extent is
an efficient constraint to eliminate models with systematic
biases. Our constraints are based on comparisons to the
HadISST sea ice concentration analysis, which was made
more homogeneous by compensating satellite microwave-
based sea ice concentrations for the impact of surface melt
effects on retrievals in the Arctic [Rayner et al., 2003]. The

combination of the seasonal cycle and mean conditions is an
improved constraint relative to previous studies [Stroeve et
al., 2007; Overland and Wang, 2007]. The selection process
not only reduces the range of uncertainty in the future
projections by these models, but also shows that models
with reasonable seasonal cycle relative to observations
project a faster future decline of September sea ice extent
(Figure S2).
[7] Applying the observational constraints results in the

retention of 6 of 23 CMIP3 models; their projected Sep-
tember sea ice extents under the IPCC A1B and A2 emis-
sion scenarios (colored thin lines in each plot) are shown in
Figure 1. Using both scenarios provides at least two
ensemble members per model to account for the influence
of natural variability. The justification for combining the two
emissions scenarios is that the difference in CO2 concen-
trations before 2050 between the A1B and A2 emissions
scenarios is small. The A1B scenario actually has a slightly
faster CO2 emission growth rate during this early period
[IPCC, 2001, Figure 5]. Although an evaluation of why some
models perform better than others is difficult [Gleckler et al.,
2008], we do note that among the six selected models, three
(CCSM3, CNRM-CM3 and UKMO-HadGEM1) include a

Figure 1. September sea ice extent as projected by the six models that simulated the mean minimum and seasonality with
less than 20% error of the observations. The colored thin line represents each ensemble member from the same model under
A1B (blue solid) and A2 (magenta dashed) emission scenarios, and the thick red line is based on HadISST analysis. Grey
lines in each panel indicate the time series from the control runs (without anthropogenic forcing) of the same model in any
given 150 year period. The horizontal black line shows the ice extent at 4.6 M km2 value, which is the minimum sea ice
extent reached in September 2007 according to HadISST analysis. All six models show rapid decline in the ice extent and
reach ice-free summer (<1.0 M km2) before the end of 21st century.

1Auxiliary materials are available in the HTML. doi:10.1029/
2009GL037820.
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multiple sea ice thickness distribution as part of a sophisti-
cated sea ice physics and dynamics package, a feature only
present in five of the current generation of the CMIP3models
[Zhang and Walsh, 2006].
[8] All ensemble members from the six models show sea

ice extent reaching current value (4.6 M km2) sometime in
the 21st century with rapid declines afterward, similar to the
observed time series (thick red line). Contrasting these sea
ice extent projections with those from control runs (i.e.,
without anthropogenic forcing, grey lines) clearly shows that
a necessary factor for the future decline of summer sea ice
extent is the presence of external anthropogenic forcing. The
different timing for reduction of sea ice extent in different
model projections is a consequence of natural variability in
the simulated climate and the differences and limitations of
current sea ice models. There is little difference in the
projected trajectories of sea ice extent between the A1B (blue
solid line) and A2 (magenta dashed line) emission scenarios,
especially before 2050.
[9] In Figure 2 we show the time interval for sea ice

extent to be reduced from 4.6 to 1.0 M km2 for all ensemble
members of the six models under both A1B and A2
emission scenarios. The 1.0 M km2 limit is chosen because
models suggest that the regions north of Greenland/Canada
will retain some sea ice in the future even though the Arctic
can be considered as ‘‘nearly sea ice free’’ at the end of
summer. The median duration interval for the sea ice to
reduce from 4.6 to 1.0 M km2 is 30 years with quartiles at
21 and 41 years. The overall mean interval is 32 years. This
provides an expected value (based on the median) for a
September nearly sea ice free Arctic in the year 2037. The
first quartile of the distribution for the timing of a Septem-
ber sea ice loss will be reached in 2028. The uncertainty in
future timing for a September sea ice free Arctic is strongly
influenced by the chaotic nature of natural variability. This
uncertainty in timing is reflected in the wide range of time

intervals for sea ice loss from the set of ten CCSM3 model
ensemble members, which span from 15 to 42 years.
[10] Our expected time frame of �30 years to reach a

September sea ice free Arctic is based on current conditions
in the Arctic and information from the currently available set
of fully coupled CMIP3 atmosphere-ocean-ice General Cir-
culation Models (GCMs). Confidence in the reduced set of
six models comes from their basis in established physical
laws and their ability to simulate 20th century seasonality
in Arctic sea ice extent. While our approach is a less than an
ideal assumption compared to re-running the CMIP3 models
with new initial conditions, we can justify transposing the
model sea ice declines to earlier years as follows: the present
day September Arctic sea ice cover has already decreased
to 4.6 M km2, and all the six models show rapid sea ice
declines after this sea ice extent threshold is reached. The
basic physical processes of September sea ice reduction would
also apply to re-running GCM models with new initial con-
ditions: once there is considerable open water in the summer
central Arctic, albedo feedback and ocean-atmosphere heat-
flux feedback are major and rapid contributors to continued
sea ice reductions.
[11] In addition to the reduction in sea ice extent, sea ice

thickness will also decrease as more areas are replaced by
first year ice. Figure 3 displays the spatial ice thickness
fields in the Arctic averaged over the six models. In the year
when the six models have their September sea ice extent
reach 4.6 M km2, much of the central Arctic is covered by
sea ice less than 2.5 m in March (Figure 3a). By September
much of the remaining sea ice is less than 1.2 meters thick
in the central Arctic (Figure 3b). At the time of a nearly sea
ice-free Arctic (1.0 M km2 in September) about 30 years
later, March sea ice is thinner, with much of the area being
covered by sea ice less than 2.0 m (Figure 3c). The distribu-
tion of remaining September sea ice for our ‘‘nearly sea ice
free’’ definition of 1.0 M km2 is shown in Figure 3d; the

Figure 2. Estimated number of years for sea ice extent to drop from the current value (4.6 M km2) to less than 1.0 M km2

(summer ice free Arctic) based on six models under IPCC emission scenarios A1B (grey) and A2 (white). Each bar represents
one ensemble member from each model. The model name is listed on the far-left bar if multiple ensemble members are
provided. The far right bars show the model mean (black) and median (hatched) based on all ensemble members combined
from both emissions scenarios.
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region north of the Canadian Archipelago and Greenland
remains a sea ice refuge.

3. Summary

[12] The two sequential years of extreme low sea ice
extent at the end of summer in 2007 and 2008 are indeed
evidence that the Arctic may be on a fast track for increased
September sea ice reduction over the next 30 years. A
consequence will be increased autumn air temperatures due
to heat released by the ocean, which is absorbed during the
summer as a result of reduced sea ice coverage. Reduction of
September sea ice extent during single year events appears to
be an important feature in both the 2007 observation and in
certain ensemble members from CMIP3 models (Figure 1).
Ensemble members for simulations without anthropogenic
forcing (control runs) indicate that anthropogenic forcing is a
necessary condition for future major sea ice loss to occur.
However, the influence of natural variability in the form of
both recent warm years and wind-driven sea ice drift supports
the conclusion that the observed reduction of September
2007 sea ice occurred many decades earlier than the expected
timing of sea ice reduction under the influences of green-
house gases forcing alone, i.e., the mean of all model
ensembles projections (Figure S2).
[13] The first quartile of the distribution of time intervals

for sea ice extent to drop from 4.6 to 1.0 M km2 implies that
a sea ice free Arctic in September may occur as early as
the late 2020s, based on projections by six CMIP3 models
selected for their ability to simulate the current conditions
of sea ice extent. To reach these conclusions it is important
to apply the observational constraints that the models pro-
duce a reasonable mean and seasonality of sea ice extent.
Further confidence is based on three of the selected models

having sophisticated sea ice physics packages. Sea ice
thickness, while crudely represented in most CMIP3 models,
show reductions in summer (September) and winter (March)
over the next 30 years. The uncertainty in timing of a summer
sea ice free Arctic is largely due to both within-model
contributions from natural variability and between-model
differences.
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