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Abstract A cooling trend in wintertime surface air
temperature over continental Eurasia has been identified
in reanalysis and the Coupled Model Inter-comparison
Project phase 5 (CMIP5) ‘historical’ simulations over the
period 1989–2009. Here the authors have shown that this
cooling trend is related to changes in Arctic sea-ice
around the Barents-Kara seas. This study illustrates a
consistent spatial and temporal structure of the wintertime
temperature variability centered over Asia using
state-of-the-art reanalyses and global climate model datasets. Our findings indicate that there is a physical basis for
seasonal predictions of near-surface temperatures over
continental Asia based on changes to the ice-cover in the
Barents-Kara seas.
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1

Introduction

It is now well-established that the Arctic is warming
much faster than the global average (Arctic Climate Impact Assessment (ACIA), 2004; Solomon et al., 2007).
Indeed, in recent decades the warming trend in the Arctic
has been more than twice as strong as the hemispheric
average trend (Serreze and Francis, 2006). This ‘Arctic
amplification’ has been linked to a climatological feedback resulting from decreasing sea-ice concentrations
(Curry et al., 1995; Screen and Simmonds, 2010). The
effects of decreased sea-ice are further complicated by the
effects on local atmospheric processes. The increased heat
flux from the exposed Ocean results in less thermal stability, which increases the depth of the planetary boundary-layer. This increases the effective heat capacity, reducing the temperature changes as a result of a given forcing (Zilitinkevich and Esau, 2009; Esau and Zilitinkevich,
2010; Esau et al., 2012), and increasing the height at
which clouds form, which alters the radiation balance
(Schweiger et al., 2008; Chernokulsky and Mokhov, 2012).
The recent reduction in sea-ice in the Barents-Kara sea
region has coincided with a wintertime cooling trend over
continental Eurasia (Alexeev et al., 2012; Cohen et al.,
2012; Outten and Esau, 2012). A few theories have been
proposed to explain such a link between the reduction in
Corresponding author: Igor ESAU, igore@nersc.no

Arctic sea-ice and cold winters in the mid-latitudes. This
enhanced warming of the lower troposphere over the
Barents-Kara seas will result in a decrease in the meridional temperature gradient between the high and midlatitudes. This decreased gradient causes a weakening of
the zonal winds. There is some supporting evidence for
this mechanism from experiments with the 5th generation
European Centre Hamburg Model (ECHAM5) (Petoukhov and Semenov, 2010). These experiments showed that
as the sea ice concentrations decreased, one possible response to the low-level heating was the establishment of
an anticyclone-type vortex over the Barents-Kara seas,
accompanied by large-scale easterlies. Together, these
transport cold air from the Siberian Arctic down to the
mid-latitudes of Eurasia. It has been proposed that this
anti-cyclonic type vortex is the result of a stationary
Rossby wave train that is formed by the low-level heating
over the Barents-Kara seas (Honda et al., 2009). This
Rossby wave also causes a near-surface amplification of
the Siberian High, which intensifies cold northerlies over
the Far East. Furthermore, the weakening of the zonal
westerly winds would reduce the amount of heat and
moisture transported from the Atlantic to the continental
interior of Eurasia (Outten and Esau, 2012). This would
also result in decreased temperatures during the wintertime when the interior of the continent is dominated by
radiative cooling.
Here we have investigated the hypothesis that changes
to the wintertime (December-January-February) sea-ice
concentration in the Arctic are related to the observed
simultaneous warming in the Arctic and cooling across
the mid-latitudes of continental Eurasia. We identified
wintertime cooling trends over continental Asia which are
consistent across the European Centre for Medium-range
Weather Forecast’s (ECMWF) European Retrospective
Analysis (ERA-Interim) and the National Center for Environmental Prediction/National Center for Atmospheric
Research (NCEP/NCAR) retrospective analysis. Similar
patterns of warming over the Barents-Kara seas and cooling over continental Asia exist in the ‘historical’ results
from the Coupled Model Inter-comparison Project phase
5 (CMIP5). Advanced statistical analysis (Single Value
Decomposition, SVD) was used to relate these temperature trends to the co-variability of sea-ice and surface air
temperature in both reanalysis and CMIP5 model results.

2

Data sources
In this study we used data from the ERA-Interim and
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NCEP/NCAR reanalyses and from CMIP5. The CMIP5
data are hosted by NCAR, the NCEP/NCAR reanalysis
data by the National Oceanic and Atmospheric Administration and the ERA-Interim data by the ECMWF.
Daily means of the surface air temperature (SAT) and
sea-ice concentration were taken from the ‘Historical’
scenarios of the CMIP5 over the period 1989–2009. This
scenario imposes changing conditions of atmospheric
composition, solar forcing, aerosol concentrations, and
land use that are consistent with observations in order to
evaluate model performance against present climate and
observed climate change. There are five CMIP5 models
with data that cover this period: the 2nd generation Canadian Earth System Model (CanESM2) (Chylek et al.,
2011); National Aeronautics and Space Administration
(NASA) Goddard Institute of Space Studies’ GISS-E2-R;
the Japan agency for Marine-Earth Science and Technology and National Institute for environmental studies 5th
generation Model for Interdisciplinary Research on Climate (MIROC5) (Watanabe et al., 2010); the Japanese
Meteorological Research Institute’s 3rd generation Climate and Global Circulation Model (MRI-CGCM3) (Yukimoto et al., 2012); and the Norwegian Centre’s for Climate Dynamics Earth System Model (NorESM) (Iverson
et al., 2012).

3

Methods

The daily surface air temperature and sea-ice data from
each of the CMIP5 models were interpolated onto a grid
of 1 latitude and 2 longitude. This was necessary in order to compare changes to the sea-ice with changes to the
SAT as the sea-ice and SAT are output on different grids.
We use a SVD approach to assess the co-variability of the
sea-ice and surface air temperature over the Northern
Hemisphere. This was done by regression of the primary
mode of co-variability of sea-ice and SAT against the SAT
and sea-ice anomalies to create homogenous correlation
maps.
Temperature trends were calculated from the monthly
anomalies. Monthly means were calculated from the daily
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mean SAT data and converted to monthly anomalies by
subtraction of the climatological mean for each month:
the average temperature for that month across the period
under analysis, 1989–2009. The monthly anomalies from
December, January, and February were then used to calculate a wintertime temperature trend by applying a linear
fit to the anomalies. These trends were filtered for statistical at the 95% confidence level against the null hypothesis of the hemispheric average trend.

4
4.1

Results and discussion
Temperature trends

There is a strong consistency in the wintertime surface
air temperature trends between the ERA-Interim and
NCEP/NCAR atmospheric reanalyses (Fig. 1). We see a
strong warming trend over the Barents Sea, Kara Sea,
Greenland, and the Canadian archipelago. There is a large
regional cooling over the mid-latitudes in Asia, reaching a
peak around (60N, 100E). This stands in contrast to the
situation for the Northern Hemisphere as a whole where
there was a general warming in the 1990s followed by a
relatively constant temperature in the 2000s (Solomon et
al., 2007). This good consistency between these reanalyses gives us confidence in these results, providing a basis
for comparison with the CMIP5 model results.
Wintertime surface air temperature trends from CMIP5
results over the same period are shown in Fig. 2. The
models do not generally reproduce the warming trend
seen in the ocean west of Greenland and over the Canadian archipelago, indeed the GISS-E2-R model has a
cooling trend over this region. CanESM2 and MIROC5
both have some warming over this region, but it does not
match the pattern seen in reanalysis and is not statistically
significant across much of this region.
All the models have a region of warming centered on
the Barents Sea, although the exact geographical distribution varies between the Kara and Greenland seas. The
NorESM and MRI-CGCM3 models produce a relatively
strong cooling trend over North America, which there is

Figure 1 Wintertime surface air temperature trends (K decade–1) over the period 1989 to 2009 from the ERA-Interim (left) and NCEP/NCAR (right)
reanalysis. The plotted regions show the locations which were at the 95% confidence level.
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Figure 2 The wintertime surface air temperature trends (K decade–1) from five CMIP5 model results over the period 1989 to 2009. The coloured
regions show the locations with trends that were at the 95% confidence level. The non-significant locations are shown by the grey-scale.

no evidence of in the reanalysis. The MRI-CGCM3 and
MIROC5 results have a significant warming over Alaska
and around the Bering Strait, which is also not seen in the
reanalyses.
Crucially, all the models produce a cooling trend over
mid-latitude Asia, which had not been observed in the
results from CMIP3. The magnitude and the location of
this cooling trend varies between models. Most models
reproduce the cooling observed around the same location
as in the reanalyses, although the magnitude of the cool-

ing is significantly lower in the MRI-CGCM3 and
MIROC5 models. In NorESM there is a relatively large
region of strong cooling which is comparable in magnitude to that in the reanalysis, but located south-west of the
peak, at around (50N, 70E).
4.2

SVD analysis

The primary mode of co-variability between the wintertime sea-ice concentration and SAT for ERA-Interim is
shown in Fig. 3 as homogenous correlation maps (i.e., the
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correlation between the expansion coefficient of the primary mode of the field and the values of the same field).
The most apparent feature in the obtained variability pattern can be described as a temperature anomaly dipole
with opposite anomaly signs over the most of Eurasia and
the Arctic Ocean. This dipole is linked to the sea ice extent variability in the Barents-Kara and, in part, the Laptev seas. This dipole mode explains approximately 53%
of the overall co-variance between sea-ice and air temperature with an overall correlation for this first mode of
r=0.64 (the correlation coefficient), p≤0.05 (the statistical significance level). In the correlation with the surface
air temperature there are two main centers of action, one
over the Arctic Ocean centered on the area north of the
Barents Sea and another of opposite sign over continental
Asia between 60E and 120E. The center of action in the
Arctic overlaps a strong positive correlation with the
sea-ice concentration over the Barents-Kara seas, which is
co-located with the strong positive temperature trends
seen in Fig. 2.
These results are consistent with our expectation that
as sea-ice retreats from the Barents-Kara seas there will
be stronger surface heat flux, and therefore higher temperatures in this region. The region of positive correlation
in the SAT map over continental Asia indicates that the air
temperature in this mid-latitude region is co-varying with
the sea-ice concentration. Hence as sea-ice concentration
decreases over the Barents-Kara seas, there is a cooling
over this mid-latitude region.
The primary modes of co-variability for each of the
CMIP5 models are shown in Fig. 4. There are some general consistencies between the models with a strong positive correlation with sea-ice in the Barents Sea, a negative
correlation with temperature over much of the Arctic and
a positive correlation with temperature over mid-latitude
Asia. The regions of strong positive correlations with
sea-ice are generally co-located with regions of strong
warming trends and the positive correlations with temperature over Asia are co-located with the cooling trends
(Fig. 2). While this is in good general agreement with the
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results from reanalysis, there are some significant differences between these models.
In CanESM2 there is a strong positive correlation with
sea-ice across the Barents Sea and in marginal-ice zones
in Hudson Bay, the Davis Strait, the Bering Strait, and the
sea of Okhotsk. This is virtually identical to the pattern of
positive correlation with sea-ice from the MIROC5 results.
However, the correlation with temperature is very different in the two models. In MIROC5 there is a strong negative correlation with temperature centered on the area
north of Greenland and extending into the Canadian archipelago; whereas in CanESM2 the negative correlation
with temperature in the Arctic is centered on the region
north of the Kara Sea, with only a weakly negative correlation over the Canadian archipelago. This highlights that
the same pattern of variation of sea-ice in two models can
lead to a very different pattern of variability of SAT.
The GISS model shows large variability in the sea ice
across much of the Arctic. This variability is centered on a
region which is known from observations to have yearround ice cover, and is therefore highly unexpected. By
extracting the sea ice concentration at an annually icecovered region (89N, 40W), we identified that the variability in the sea ice was artificially imposed by the
method the model uses to handle sea ice (see appendix).
In the MIROC5 results we see two prominent maxima in
the positive correlation with temperature: one peak colocated with the cooling trend over continental Asia and
another over northern Europe, centered on Scandinavia.
This is the only model result with such a strong correlation over Europe, and there is no such correlation over
Europe in the reanalysis (Fig. 3). This is inconsistent with
the hypothesis that changes to the sea-ice in the Barents-Kara seas region would result in changes to the
large-scale atmospheric flow and thus change the temperature.
The NorESM and MRI-CGCM3 models both produced
a strong cooling trend over North America over this period, which was not found in the reanalyses. However in
the SVD analysis, MRI and NorESM show very different

Figure 3 Spatial distribution of the first SVD mode mapped as homogenous correlation with wintertime surface air temperature (left) and sea-ice
concentration (right) from ERA-Interim.
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Figure 4 Spatial distribution of the first SVD mode mapped as homogenous correlation with wintertime surface air temperature (left column) and
sea-ice concentration (right column) from the five CMIP5 model results. The percentage defines the total co-variance of sea-ice and temperature that
is explained by the first mode of variability and r is the correlation coefficient for this first mode.
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results. In NorESM, there is no correlation in the SAT
over North America. This suggests that the cooling trend
observed in NorESM over North America is not related to
variations in sea ice concentrations. MRI on the other
hand shows a region of positive correlation over North
America that is comparable to, and co-varies with, that
observed over Asia. This region overlaps the cooling observed in MRI (Fig. 2). MRI also shows a small region of
positive correlation south of the Bering Strait in the sea
ice. We suggest that the cooling over North America in
MRI is most likely related to the variation of sea-ice south
of the Bering Strait. However, since the focus of our study
is the wintertime cooling over Asia, the investigation of
the relationship in MRI is beyond the scope of this paper.
NorESM has a positive correlation with temperature
over the Bering Strait which is co-located with a negative
correlation with sea-ice. This is a surprising result as it
suggests that temperature decreases with sea-ice concentration in this region and stands in contrast to the reanalysis which has neutral correlations with both temperature
and sea-ice in this region. However, the results from
NorESM in the Greenland sea are the most consistent
with those from reanalysis. This may be expected given
the model history, since most of the research and verification of NorESM has been done on the local region.

5

Conclusions

The clearest result from the CMIP5 SVD analysis is
the strong co-variability of wintertime sea-ice and SAT
over the Barents Sea. This co-varies in all five models
with a region over central Asia where cooling was found.
The reason for the variations in the magnitude and location of this continental cooling trend between the models
may be due to the interplay of several possible physical
mechanisms. If the low-level heating over the Barents-Kara seas region excites a stationary Rossby wave
with an accompanying low pressure centre, the cooling
may be due to anti-cyclonic winds transporting cold arctic
air down from the Siberian Arctic coast. In this case we
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(continued)

might expect to find the cooling trend in the North-East of
Asia (e.g., the trends in CanESM2 and GISS-E2-R, Fig.
2). While in other models, the cooling may be due to the
weakening of zonal westerlies, which reduces the heat
and moisture transport from the Atlantic to the interior of
Eurasia. This is more likely to lead to a broad, zonal
cooling, such as in NorESM (Fig. 2). This SVD analysis
cannot be used to distinguish between the proposed
physical cause for the co-variability of wintertime temperatures at high latitudes and over continental Eurasia.
Further work is needed to determine if this co-variability
is due to changes to the jet stream, the creation of a stationary Rossby wave, or some other mechanism. Nevertheless, the SVD analysis of the reanalysis and CMIP5
models does indicate that there is a strong connection
between sea-ice cover in the Barents-Kara seas and the
surface air temperature over continental Asia, including
the northern China. This would suggest there is a physical
basis for providing some seasonal forecasts for these regions based on changes to the Barents-Kara sea-ice concentration.
Recent work has indicated that wintertime temperatures over Europe are related to changes to the sea-ice in
the Barents-Kara seas (Yang and Christensen, 2012; Petoukhov and Semenov, 2010; Outten and Esau, 2012).
However, the SVD analysis presented here shows no consistent relationship. The picture from the CMIP5 results is
quite varied: while MIROC5 has a positive correlation
with temperature centered over Scandinavia, the other
models have either a neutral or weakly negative correlation with temperature. Nor is there any evidence from
ERA-Interim reanalysis that the wintertime temperatures
over Europe are strongly connected to the co-variability
of temperature and sea-ice. Further investigation with a
focus on the European region is required to explain this
inconsistency.
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Appendix
Sea ice in the NASA GISS-E2-R model
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The NASA GISS-E2-R model produced a strong positive correlation between the first mode of the SVD and
the sea-ice across most of the Arctic Ocean including over

Figure A1

VOL. 6

the North pole. This is somewhat surprising as it is not
expected that the sea-ice has much variability in the regions with year-round sea-ice cover. Figure A1 shows the
time-series of sea-ice concentration at a location close to
the north pole. Two interesting features here are the apparent discontinuities when the concentration reaches
90%, where it seems to stabilize, and the slow growth
from the September minimum to a peak concentration of
around 98%. Clearly, the variability over the central Arctic seen in the SVD analysis is due to the model switching
between different schemes for handling the sea ice when
it reaches artificially imposed critical values e.g., 90%.

Sea-ice concentration at 89N, 40W from the NASA GISS-E2-R from 1989–2009 in the ‘historical’ simulation from CMIP5.
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