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[1] The HadCM3 AOGCM has been used to undertake an
ensemble of four integrations from 1860 to 1999 with
forcings due to all major anthropogenic and natural climate
factors. The simulated decreasing trend in average Arctic sea
ice extent for 1970–1999 (�2.5% per decade) is very
similar to observations. HadCM3 indicates that internal
variability and natural forcings (solar and volcanic) of the
climate system are very unlikely by themselves to have
caused a trend of this size. The simulated decreasing trend in
Arctic sea ice volume (�3.4% per decade for 1961–1998) is
less than some recent observationally based estimates.
Extending the integrations into the 21st century, Arctic sea
ice area and volume continue to decline. Area decreases
linearly as global-average temperature rises (by 13% per K),
and volume diminishes more rapidly than area. By the end of
the century, in some scenarios, the Arctic is ice-free in late
summer. INDEX TERMS: 4540 Oceanography: Physical: Ice

mechanics and air/sea/ice exchange processes; 1635 Global

Change: Oceans (4203); 4255 Oceanography: General: Numerical

modeling. Citation: Gregory, J. M., P. A. Stott, D. J. Cresswell,

N. A. Rayner, C. Gordon, and D. M. H. Sexton, Recent and future

changes in Arctic sea ice simulated by the HadCM3 AOGCM,

Geophys. Res. Lett. , 29(24), 2175, doi:10.1029/2001GL014575,
2002.

1. Introduction

[2] Reduction of Arctic sea ice area and thickness is
predicted by climate models in response to the warming
associated with increasing atmospheric concentrations of
greenhouse gases. The reduction leads to an enhanced
climate warming at high latitudes during the winter, since
sea ice insulates the ocean from heat loss. Because sea ice
has a higher albedo than the sea surface, reduction of sea ice
area gives a positive feedback on global and regional
climate change.
[3] In this letter we compare the Arctic sea ice changes

simulated by the HadCM3 atmosphere–ocean general circu-
lation model (AOGCM) [Gordon et al., 2000] with observa-
tions for the 20th century and with other model results, and
we examine its projections for the 21st century. We have
undertaken an ensemble of four integrations with HadCM3
including all major anthropogenic and natural climate forc-
ings from 1860 to 1999. These simulations reproduce the
large-scale features of 20th-century temperature change
[Stott et al., 2000]. We have continued the simulations to
2100 [Johns et al., 2001] following four illustrative scenarios

from the IPCC Special Report on Emission Scenarios (SRES)
[Nakićenović et al., 2000].
[4] To assess the statistical significance of changes we

use the HadCM3 control run, a simulation with a constant
atmospheric composition corresponding to the late 19th
century. There are no significant trends in sea ice in the
HadCM3 control run [Gordon et al., 2000]. We also refer to
an ensemble of four integrations with natural forcings only
(solar and volcanic) for 1860–1999, omitting anthropogenic
changes.

2. Recent Changes in Extent

[5] Until the 1960s, Arctic sea ice extent was relatively
stable, but in recent decades there has been a marked
decline. We compare the HadCM3 simulations with
HadISST1 [Rayner et al., in preparation], a new integrated
dataset of sea ice and sea surface temperature, which
amalgamates several hemispheric and global-scale chart
and passive-microwave derived sea ice datasets. Monthly
Arctic sea ice data are available throughout the century
except during 1940–1952. Monthly Antarctic sea ice data
are available from 1973. A climatology is used when
monthly data are unavailable.
[6] The sea ice extent is defined as the area within which

the concentration of sea ice is greater than 15%. From
observations, the extent can be more reliably evaluated than
the total area, since it does not depend on accurately
knowing the ice concentration throughout the area of
pack-ice. We calculate sea ice extent from the seasonal-
mean concentration fields of HadISST1 and HadCM3, and
then average them to obtain annual means.
[7] For 1970–1999 HadISST1 shows a reduction in

Arctic sea ice extent of 2.5% per decade (Figure 1a,
Table 1). This trend is not consistent with internal
variability, as simulated by HadCM3, since it is more
negative than the lower 5-percentile of the distribution of
30-year trends estimated from the control run. Vinnikov et
al. [1999] drew similar conclusions from the GFDL and
HadCM2 climate models. For practical reasons Vinnikov
et al. [1999] derived ice extent from ice thickness, rather
than from ice concentration. We note that the size of
discrepancy shown in their results between HadCM2 and
observations is somewhat sensitive to the choice of
thickness threshold.
[8] The evolution of Arctic sea ice extent over the last

100 years simulated by HadCM3 agrees closely with that
observed by HadISST1 (Figure 1a, Table 1). Differences
between model and observations are very small, and con-
sistent with internal variability estimated by the control
simulation. The HadCM3 natural-forcings ensemble does
not show a significant decline in Arctic sea ice over the last
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30 years, implying an anthropogenic rather than a natural
cause for the observed trend (Table 1).
[9] The strongest decrease in ice extent is observed in

summer and the weakest in winter. In HadCM3, the seasonal
variation of trends is less pronounced, but the simulated
climatological cycle of extent has too large an amplitude.
[see, Gordon et al., 2000, for further details.] As such

discrepancies may be related to the simulation of summer
melting, we are currently comparing simulated changes in the
melting season with observations, following Smith [1998].

3. Recent Changes in Thickness

[10] In concert with the reduction in extent, Arctic sea ice
volume declines in the recent decades of the simulations
(Figure 2). Sea ice volume changes are relatively poorly
known from observations, since thickness data derive prin-
cipally from submarine sonar measurements, which do not
have the coverage of the remotely sensed concentration
data. Rothrock et al. [1999] calculated a reduction of
roughly 40% in volume over the last two to four decades,
affecting all sampled regions of the Arctic. Tucker et al.
[2001] demonstrated a reduction in ice thickness for the
western Arctic between the mid-1980s and early 1990s,
attributing this to circulation changes. Winsor [2001] found
no evidence of thinning during the 1990s alone.
[11] Various workers have undertaken integrations of

dynamic–thermodynamic sea ice models over recent deca-
des with surface boundary conditions taken from NCEP
reanalyses. Hilmer and Lemke [2000] obtained a statistically
significant simulated volume trend of �4% per decade for
1961–1998. Lisaeter et al. [in press] reported a simulated
area-average trend in multiyear ice thickness for 1958–
1998 of about half the size of that estimated by Rothrock et
al. [1999], while at the same time demonstrating a high

Figure 1. Observed (solid) and simulated (dashed) sea ice
extent changes in recent decades: (a) Arctic; (b) Antarctic.
(See section 5 summary for discussion of the Antarctic.) For
1940–1952 a climatology was used for the observed Arctic
extent. On the basis of internal variability simulated by the
control run, 90% of observed values should fall within the
shaded region if the model ensemble mean gives an accurate
indication of changes due to anthropogenic and natural
forcings.

Table 1. Sea Ice Extent and Volume in Recent Decades, as Observed and Simulated

Arctic extent 1970–1999 Arctic volume 1961–1998 Antarctic extent 1974–1999

Trend Average Trend Average Trend Average

HadISST1 �0.33a 13.3 — — 0.0 13.8
Hilmer and Lemke [2000] — — �4 30 — —
HadCM3 all-forcings �0.34 ± 0.07a,b 13.4 �3.4 ± 0.8b 23 �0.35 ± 0.07b 13.1
HadCM3 natural �0.05 — — — — —
HadCM3 control 5-percentile �0.28 — �2.8 — �0.30 —

We include all Northern Hemisphere sea ice in HadISST1 and HadCM3 figures for the Arctic.
Extent trend is in 106 km2 per decade, average extent in 106 km2, volume trend in % per decade, average volume in 103 km3.
aThe HadISST1 Arctic ice extent trend is equivalent to �2.5% per decade and the HadCM3 to (�2.5 ± 0.5)% per decade.
bThe uncertainty is the standard error based on the variance of trends within the ensemble.

Figure 2. Simulated sea ice volume changes in recent
decades. The solid line is the ensemble mean, and the
dashed line is a least-squares linear fit to it. The shaded
region delimits the envelope of the four ensemble members.
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level of agreement with thickness measured along a number
of submarine tracks in the 1980s and 1990s. Holloway and
Sou [2002] found a simulated volume reduction over 1948–
1999 of 45% when sampled at the submarine locations of
Rothrock et al. [1999], but only 12% for the entire Arctic.
These model studies suggest that the result of Rothrock et
al. [1999] may have been enhanced by decadal variability,
which can have a substantial influence on regional trends
[Zhang et al., 2000].
[12] For 1961–1998, the HadCM3 ensemble-mean trend

in Arctic ice volume (Figure 2) is about �3.4% per decade,
in statistical agreement with the result of Hilmer and Lemke
[2000]. This trend is more negative than the lower 5-
percentile of trends over periods of similar length from
the control run, and is therefore inconsistent with simulated
internal variability (Table 1).
[13] The annual standard deviation of ice volume in the

HadCM3 all-forcings ensemble is 6% of the long-term
average ice volume, in agreement with the simulation of
Hilmer and Lemke [2000]. The natural-forcings ensemble
does not show any significant trend in ice volume over
1961–1998. However, comparing the ice volume fluctua-
tions with the negative radiative forcing associated with
volcanic stratospheric aerosols suggests that the ice volume
may increase during the years following major eruptions, as
a result of the cooling they produce. In recent decades the
strongest forcings resulted from Agung in 1963, Fernandina
in 1968, El Chichón in 1982 and Pinatubo in 1991. A
statistical test (see Appendix) confirms that there is likely to
be a significant signal of the natural forcings in the
ensemble-mean ice volume.

4. Projected Future Changes

[14] During the 21st century, Arctic sea ice continues to
decline in all four SRES scenarios considered (A1FI, A2,
B1 and B2), as the temperature continues to rise (Figure 3).
The results for the four scenarios do not diverge signifi-
cantly until around 2040, but they show a considerable
spread by the end of the century. The global average
temperature difference between the 1990s and the 2090s
ranges from 1.9 K in B1 to 4.2 K in A1FI, which is in all
cases much larger than the rise over the last century of 0.6 ±
0.2 K [Folland et al., 2001]. (These two illustrative scenar-

ios bracket almost the entire range of the SRES scenarios in
temperature change by 2100.) The reduction in annual-
average Arctic sea ice area is correspondingly great, being
in the range of 20–50%, the lower bound implying a loss at
about the current rate. For the future we use sea ice area (the
area-integral of the concentration) rather than extent
because the area relates more directly to the concentration
fields simulated by the model and is therefore more infor-
mative and convenient.
[15] Arctic sea ice reacts to climate change on the time-

scale of a few years, because much of the ice is renewed each
year. Hence over decadal timescales the sea ice evolves
along with the climate, not depending on its previous history.
This leads to the appearance of a well-defined relationship
between Arctic sea ice area reduction and global-average
temperature rise (Figure 4), independent of climate scenario.
The relationship is linear, with a slope of 13% K�1.
[16] As in recent decades, the proportional reduction in

Arctic sea ice volume is greater than in area. The relation-
ship between them is also independent of scenario, but it is
not linear (Figure 5). To begin with, the volume reduction is

Figure 3. Simulated Arctic sea ice area in four illustrative
SRES scenarios.

Figure 4. Relationship between simulated Arctic sea ice
area and global-average surface air temperature changes
with respect to 1990 in four illustrative SRES scenarios.

Figure 5. Relationship between simulated Arctic sea ice
area and volume changes with respect to 1990 in four
illustrative SRES scenarios.
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about twice as great (for instance, a 40% reduction in
volume accompanies 20% in area). For larger reductions
in area, the volume loss is not so great. The relationship
which emerges in HadCM3 between area and volume
change must depend on the assumptions concerning the
thickness PDF made in the sea ice thermodynamics model.
Further investigation into the model sensitivity to these
assumptions is warranted.
[17] The greatest proportional loss of thickness is in

autumn, the least in spring. In scenario A1FI, which has the
greatest warming, there is practically no Arctic sea ice by the
end of the summer in the climate of 2070–2100 (Figure 3).

5. Summary and Discussion

[18] In common with other AOGCMs, HadCM3 employs
rather unsophisticated sea ice schemes, and since it does not
use flux adjustment its simulated climate has some biases
[Gordon et al., 2000]. Nonetheless, the decline in Arctic sea
ice extent simulated by HadCM3 for recent decades (2.5%
per decade) is very close to the observed trend. HadCM3 is
also consistent with other model results in showing a some-
what greater reduction in Arctic sea ice volume (3.4% per
decade). The latter is a quantity which is much less readily
observable at present, and estimates based on submarine data
are not in agreement over the size of the trend. The possible
future use of satellite altimetry to estimate sea ice thickness
is therefore particularly welcome. The simulated trends in
extent and volume are too large to be attributed to internal or
naturally forced variability as simulated by the model.
[19] HadCM3 exhibits a significant decline in Antarctic

sea ice extent (Figure 1b) during recent decades, consistent
with increasing temperatures in areas where the ice edge is
retreating in the model, but HadISST1 shows no overall
change since comprehensive Antarctic measurements began
in 1973 (Table 1). The time-average of the HadCM3
Antarctic ice extent is nonetheless similar to the observed
(Table 1), as is its seasonal cycle [see Gordon et al., 2000],
suggesting that the disagreement over the trend may be due
to an unrealistic simulation of regional warming in the
Southern Ocean around Antarctica rather than to a particular
deficiency in the ice model. The reasons need to be
investigated; unfortunately evaluation and improvement of
AOGCM simulations for the Southern Ocean are hampered
by a scarcity of data.
[20] Our projections for the 21st century indicate that

Arctic sea ice area and volume will continue to decline as
temperature rises, with the volume decreasing more rapidly.
Continued monitoring of sea ice area and thickness will be
valuable, sea ice being a sensitive indicator of climate
change. Deficiencies in the seasonal cycle and in the geo-
graphical distribution of sea ice changes simulated by
HadCM3 will probably have an effect on the reliability of
the projections. More detailed studies are needed of the
processes of past and future sea ice change and the causes of
systematic errors in the simulation, with the aim of improv-
ing the AOGCM.

Appendix
[21] To test for a significant signal from the natural

forcings, we use a bootstrap method. First, from annual
means for 1978–1997 in the natural-forcings ensemble we

calculate the ratio of the temporal variance of the ensemble-
mean ice volume to the average intra-ensemble variance.
This F-ratio will be large when the natural externally forced
variability (solar and volcanic) is large compared with the
internally generated variability of the climate system. We
then construct 1000 ‘‘pseudo-ensembles’’ from the control
run, each ensemble consisting of four randomly chosen 20-
year segments of the run. Since the pseudo-ensemble
members are independent, we do not expect them to show
any coherence. From the pseudo-ensembles we can con-
struct a sampling distribution for the F-ratio, and conclude
that in the natural ensemble the ratio is larger than expected
by chance at the 5% level of significance (one-tailed).
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