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1.  INTRODUCTION

During the winter of 2013−2014, large areas in the
eastern United States and central Canada experi-
enced extremely persistent cold temperatures, with
several locations experiencing record low tempera-

tures (Wallace et al. 2014, Screen et al. 2015, Van
Oldenborgh et al. 2015). For example, Winnipeg,
Canada, experienced its 4 coldest months since 1898
and had an average temperature of −20°C between
December 2013 and March 2014 (Environment and
Climate Change Canada 2014, 1: Canada’s Long
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ABSTRACT: Focusing on the extremely cold winter of 2013−2014 over North America, we used
both reanalysis datasets and an atmospheric general circulation model (AGCM) to examine the
relationship between changes in the Arctic Ocean during the summer and atmospheric circula-
tions over North America during the subsequent winter. In the reanalysis datasets, air tempera-
tures over North America were extremely cold during the winter of 2013−2014, while summer sea
surface temperatures (SST) over the Barents Sea in 2013 were anomalously warm. This relation-
ship is not limited to 2013–2014; we found that the interannual variability of SST over the Barents
Sea is significantly correlated with the atmospheric circulations and air temperatures over North
America during the winter. Also, positive SST anomalies over the Barents Sea during summer per-
sist through autumn and winter. These results indicate that variations in Barents Sea SST have a
memory longer than a season, and hence are important for the interseasonal link from summer to
winter, which is likely related to the atmosphere and temperature anomalies in the following
 winter. AGCM experiments driven by the observed SST and sea ice concentration successfully
reproduced the warmer temperature over the Barents Sea from summer to winter. The winter
large-scale atmospheric anomalies in the experiments were similar to observed atmospheric
anomalies in the winter of 2013−2014. Finally, both our observational analysis and the model
experiments suggest that the summer to autumn Barents Sea SST, rather than Arctic sea ice ano -
malies, may hold a key to predicting the winter atmospheric circulation and the winter air
 temperature over North America.
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Cold Winter, http://ec.gc.ca/meteo-weather/ default.
asp?lang=En&n=C8D88613-1&offset=2&toc=show).
The recent extreme weather events have stimulated
in tense discussions, both within and outside of the
scientific community, on whether they are related to
global warming (Coumou & Rahmstorf 2012).

One of the manifestations of recent climate change
in the Northern Hemisphere is the rapidly declining
Arctic ice pack and warming of high latitudes over
the last decade (Ogi & Wallace 2007, Serreze et al.
2007, Screen & Simmonds 2010, Stroeve et al. 2012).
A number of previous studies have presented the
possibility that the melting of Arctic sea ice and the
associated Arctic warming is responsible for the
recent extreme cold weather at mid-latitudes (Fran-
cis & Vavrus, 2012, Tang et al. 2013), a relationship
that is often called the warm Arctic−cold continent
hypothesis (Overland et al. 2011). Using an atmos-
pheric general circulation model (AGCM) driven by
sea ice concentration (SIC) anomalies, Honda et al.
(2009) showed that low Arctic sea ice conditions in
the Barents-Kara Seas during autumn are associated
with significant cold anomalies from Eurasia to the
Far East in winter. Petoukhov & Semenov (2010),
Mori et al. (2014) and Nakamura et al. (2015) found
that the Arctic sea ice reduction results in cold win-
ters in the mid-latitudes, which are linked to the neg-
ative phase of winter Arctic Oscillation (AO)/North
Atlantic Oscillation (NAO). However, other studies,
such as those of Barnes (2013) and Screen & Sim-
monds (2013), have not confirmed this hypothesis.
Wallace et al. (2014) found that cold air outbreaks
even more severe than those observed during winter
2013−2014 had previously affected the USA prior to
the reduction of the Arctic ice pack. Furthermore,
Hopsch et al. (2012) concluded that the relationship
between autumn sea ice extent (SIE) and the winter
atmospheric circulation has not been shown to be
statistically significant. Screen et al. (2013) found no
widespread cooling over the mid-latitudes in response
to the rapid Arctic sea ice loss and accompanying
changes in Arctic sea surface temperatures (SSTs)
over the last 3 decades.

Since SIC in summer has been reduced recently,
open water has appeared over the Arctic which ab -
sorbs solar heat in summer. The Arctic Ocean accu-
mulates more heat because of the large oceanic heat
capacity. These warmer conditions over the Arctic
continue through the following autumn and winter,
hindering development of sea ice in the region. Hence,
the effect of the variations in summer SST might be
larger than the variations in summer SIC, and may
affect the variations in atmospheric and surface air

temperatures in the following winter. The memory
effect of summer SST would be useful for the predic-
tion of the winter weather forecast. Here we assess
the role of SST over the Arctic in the summer of 2013
in enhancing the anomalous cold winter over North
America, and examine if the year-to-year variations
during summer may contribute to the atmospheric
pattern the following winter. We provide evidence of
the potential causes of this interseasonal relationship
from summer through winter.

2.  DATA AND MODEL

Both reanalysis and modeled datasets were used in
this study. Monthly mean fields of geopotential height
at 500 hPa (Z500), air temperature at 850 hPa (T850)
and surface air temperature at 2 m (T2m) over the
northern hemisphere were retrieved from the Na-
tional Center for Environmental Prediction/ National
Center for Atmospheric Research (NCEP/ NCAR) re-
analysis I dataset for the period between 1958 and
2014 (Kalnay et al. 1996). Monthly mean fields of
SST and SIC for the same time period were retrieved
from the Hadley Centre Sea Ice and Sea Surface
 Temperature dataset (HadISST) (Rayner et al. 2003).

To examine atmospheric responses to changes in
the boundary condition (i.e. SST and SIC) during the
2013 to 2014 period, we performed an Atmospheric
Model Intercomparison Project (AMIP)-type histori-
cal simulation using an AGCM. We used AGCM for
Earth Simulator (AFES) version 4.1 (Ohfuchi et al.
2004, Kuwano-Yoshida et al. 2010) with triangular
truncation at a horizontal resolution of T79 and 56
vertical levels (top of about 60 km). We performed a
30-member ensemble simulation from 1979 to 2014
with a boundary condition of historical monthly means
for SST and SIC from the Merged Hadley/NOAA-
OISST dataset from the Climate Data Guide pro-
vided by the NCAR and the University Corporation
for Atmospheric Research (UCAR) (Hurrell et al.
2008). Time-varying greenhouse gas concentrations
were set to global annual mean CO2, CH4, and N2O
from the World Data Centre for Greenhouse Gases
(WDCGG, WMO 2015). A monthly mean O3 concen-
tration from the ERA-Interim reanalysis (Dee et al.
2011) was also applied. Each member was initialized
by 01 January from certain years obtained from a
time-slice run of the same model with a 1979 to 1983
boundary condition (CNTL run in Nakamura et al.
2015). We analyzed ensemble mean fields of model
output in order to determine the atmospheric response
to the boundary conditions.
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Here, ‘summer’ ‘autumn’, and ‘winter’ are defined
as June-July-August (JJA), September-October-
November (SON), and December-January-February
(DJF), respectively. For both datasets the climatology
was defined as the 30 yr average between 1981 and
2010, and anomaly was defined as the departure
from the climatology.

3.  RESULTS

The anomalous atmospheric patterns during winter
2013−2014 and SST during summer 2013, relative to
the climatology, are shown in Figs. 1 & 2, respec-
tively. The winter Z500 fields (Fig. 1a) show negative
anomalies over North America and the North At -
lantic Ocean, and positive anomalies over the sur-
rounding areas. The winter T850 fields (Fig. 1b) illus-
trate cold anomalies over central North America and
warm anomalies over the Arctic Ocean, the North
Pacific Ocean, and Europe.

SST anomalies during summer 2013 were minimal
across the Arctic, except for strong positive anom-
alies over the Barents Sea (Fig. 2). While the climatic
impacts of sea ice variations over the Barents Sea
have been pointed out (e.g. Honda et al. 2009, Mori
et al. 2014, Garcìa-Serrano et al. 2015), recent low
SIE in the Barents Sea has led to an increased area of
open water that favorably absorbs solar heating. In
fact, the Barents Sea was hardly  covered by sea ice

during summer 2013 and the SST anomalies were
high (green box in Fig. 2). Thus, it can be inferred
that the summer Barents Sea SST can influence the
atmosphere more effectively than variations in the
sea ice. We next investigated the interseasonal rela-
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Fig. 1. (a) Z500 and (b) T850 anomalies during winter (DJF) 2013−2014. Shading denotes anomalies and contours represent the 
climatological values. Based on the NCEP/NCAR reanalysis I dataset

Fig. 2. As in Fig. 1 but showing SST anomalies for summer
(JJA) 2013. The SST averaged over the green box is used in
the time series in Fig. 4. The green box is at 70° to 80° N, 

0°−50° E. Based on the HadISST dataset
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tionship between the summer SST anomalies over
the Barents Sea and the atmospheric anomaly pat-
tern during the following winter.

Fig. 3 shows the winter anomaly patterns of Z500
and T850 regressed upon the time series of the
detrended summer Barents Sea SST index (see solid
line in Fig. 4, green box area average in Fig. 2) for the
period from 1958 to 2014. The winter Z500 shows
strong positive anomalies over northern Eurasia and
the northeast Pacific Ocean, and negative anomalies
over Eastern North America (Fig. 3a). The winter
T850 pattern regressed on the summer Barents Sea
SST index (Fig. 3b) is similar to the patterns of the
Z500 regression. This analysis reveals that both the
winter atmospheric anomalies and air temperature
tend to be lower over North America and higher over
the Arctic and the North Pacific Ocean when the Bar-
ents Sea summer SST is warmer than normal. The
regression and correlation patterns for both Z500 and
T850 are quite similar to the Z500 and T850 anom-
alies in winter 2013−2014 shown in Fig. 1, which
reflect the coldest winter over North America.

The detrended time series of SST over the Barents
Sea during summer (green box in Fig. 2) and T850
over North America in the following winter (pink box
in Fig. 3b) are shown in Fig. 4. The SST over the Bar-
ents Sea for the period between 1958 and 2013 were
highest during summer 2013. The correlation
between the time series of the summer Barents Sea
SST and the winter temperature over North America

is r = −0.41 (p < 0.01). Our observational analysis
strongly suggests that there is a relationship between
summer SSTs over the Barents Sea and air tempera-
tures over North America during the subsequent
winter. This relationship was par ticularly evident
during the winter of 2013−2014, when North Amer-
ica experienced one of the coldest  winters on record.

To verify the aforementioned hypothesis, we turned
to AGCM sensitivity experiments. Fig. 5 shows
AGCM-simulated Z500 and T850 anomalies during
the winter of 2013−2014. Both of the simulated anom-
alies are generally similar to the anomalies from the
reanalysis datasets (Fig. 1), including positive anom-
alies over the North Pacific Ocean and the Arctic
Ocean, and negative anomalies over eastern North
America. However, the amplitudes of the anomalies
are smaller in the simulation than in the reanalysis,
partly because the ensemble mean suppresses inter-
nal atmospheric variability in the former. The model
result suggests that atmospheric responses to the SST
and SIC could partly explain the observed anom-
alous pattern during the winter of 2013−2014. The
warm anomalies over the Arctic Ocean may be a key
factor, considering the warm Barents Sea SST in the
previous summer. Below we examine the linkage
between summer and winter air temperature anom-
alies over the Arctic.

Fig. 6 shows AGCM-simulated seasonal surface
temperature (Ts) anomalies over the Arctic Ocean from
summer 2013 to winter 2013−2014. A positive anom-
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Fig. 3. Detrended winter (DJF) patterns of (a) geopotential height at 500 hPa (Z500) and (b) air temperature at 850 hPa (T850)
regressed on the detrended summer Barents Sea SST index based on the NCEP/NCAR and the HadISST datasets. Shaded
 areas are regression coefficients. Yellow contours (solid: positive, dashed: negative) indicate correlation coefficients that 

exceed the 95% confidence level. The pink box in (b) is at 45°−65° N, 40°−100° W
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aly developed over the Barents Sea during the sum-
mer (Fig. 6a), and subsequently intensified through
the autumn and winter (Figs. 6b,c). The Ts anomaly
in the model output reflects a combined effect of
changes in SST and SIC. Since our AGCM simulation
was performed with a global boundary condition of
historical monthly means of SST and SIC, the simu-
lated anomalies in winter of 2013−2014 are not nec-
essarily only attributable to the influence of the SST
and SIC over the Barents Sea. Nevertheless, the Bar-
ents Sea SST and SIC appear to directly influence
near-surface temperature over the Barents Sea as fol-
lows. In the AGCM-simulation, the SIE anomalies
are lower than normal (Fig. 7a) and Ts anomalies are
warmer from autumn to winter in 2013−2014 (Fig. 7b).
Overall, surface heat flux (sensible heat plus latent
heat) shows heat release from the ocean to the atmo -
sphere during autumn through winter in 2013−2014

(Fig. 7c). The result indicates that warm SST anom-
alies over the Barents Sea during summer can sustain
prolonged open water duration and a delayed onset
of sea ice development. As a result, the near-surface
atmosphere continues to be warmer through winter
due to the release of heat from the sea surface, even
if the warm SST anomalies disappear in winter. In
fact, the Barents Sea SICs in winter 2013−2014 were
lower than normal and the Ts over the Barents Sea
became warmer (Fig. 6c). The surface air tempera-
ture at 2 m (T2m) obtained from the NCEP/NCAR
reanalysis I dataset consistently exhibited positive
anomalies over the Barents Sea from summer to win-
ter (Fig. 8), while the Barents Sea was largely sea ice
free until winter (Fig. 8, black contours). We suggest
that SST and SIC anomalies form the basis for the
interseasonal linkage between summer and winter
atmospheric patterns over the Barents Sea.
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Fig. 4. Time series of the standardized detrended indices of summer Barents Sea SST (solid line: green box in Fig. 2) and 
winter T850 (dotted line: pink box in Fig. 3b) from 1958 to 2014. Based on the NCEP/NCAR and the HadISST datasets

Fig. 5. As in Fig. 1 but showing the atmospheric general circulation model-simulated anomalies in winter (DJF) 2013−2014
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Furthermore, we aimed to clarify the influence of
SST and SIC anomalies in the Barents Sea during au-
tumn and winter (highlighted areas in Fig. 6b,c) on
the temperature (T850) during the following winter
(Fig. 9). The winter T850 anomalies regressed on the
autumn Barents Sea SST index (Fig. 9a) display
 negative anomalies over North Amer-
ica and positive anomalies over the
Arctic Ocean and the North Pacific
Ocean, which is quite similar to the
T850 pattern regressed on the sum-
mer Barents Sea SST index (Fig. 3b).
The winter T850 anomalies re gressed
on the winter Barents Sea SST index
(Fig. 9b) show a similar pattern to that
in Fig. 9a, but with reduced ampli-
tudes over North Ame rica. The re-
gressions of winter T850 on the au-
tumn and winter Barents Sea SIC
indices (Fig. 9c,d), are also similar
to the winter patterns asso ciated with
the Barents Sea SST in dices (Fig.
9a,b), but the negative anomalies over
North America are weaker than those
regressed on the Barents Sea SST in-
dex in summer and autumn. These re-
sults indicate that the variations
of SST over the Barents Sea have
a longer memory from summer to au-
tumn, an important interseasonal link
that carries the atmosphere and tem-
perature anomalies from summer to
the following winter.

4.  CONCLUSIONS AND DISCUSSION

Focusing on the abnormally cold winter over
North America in 2013−2014, we investigated the
relationship between the summer SST over the
 Arctic Ocean and the atmospheric circulation in the
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Fig. 6. Atmospheric general circulation model-simulated anomalies of surface temperature (Ts; shading) and observed anom-
alies of sea ice concentration (contours) based on the HadISST dataset for (a) summer (JJA) 2013 (b) autumn (SON) 2013 and
(c) winter (DJF) 2013−2014. The green and pink boxes in (b) are at 70°−80° N, 0°−50° E and 75°−85° N, 20°−90° E, respectively. 

The pink box in (c) is at 75°−80° N, 20°−60° E

Fig. 7. (a) Seasonal evolutions of climatological (black) and 2013–2014 (green)
sea ice extents averaged over the Arctic (oceanic region north of 70°N) from
June 2013 to March 2014. (b, c) As in (a) but for the atmospheric general circu-
lation model-simulated anomaly of 2013–2014 in terms of air temperature at
850 hPa (T850, red), surface temperature (Ts, pink), surface shortwave radia-
tion (SSR, blue), surface longwave radiation (SLR, cyan), and sensible plus
 latent heat flux (THFLX, orange). Positive (negative) anomalies in (c) indicate 

anomalous upward (downward) heat flux
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following winter using both reanalysis and AGCM
simulation datasets. We have shown that the SST
anomaly over the Barents Sea (1958−2013) reached

a record high during the summer of 2013. In the
winter of 2013−2014, the negative anomalies of both
Z500 and T850 are apparent over North America,

and positive anomalies are apparent
over the North Pacific Ocean. In addi-
tion, both the extreme cold winter in
2013−2014 and the year-to-year varia-
tions of the Z500 and T850 in winter
are associated with the interannual
variations in the summer Barents Sea
SST. The AGCM simulation consis-
tently reproduces these observed fea-
tures, which strongly supports the pos-
sible influences of SST and SIC on the
extremely cold winter of 2013− 2014.
Simulated and observed surface air
temperatures in 2013−2014 exhibit
continued warm anomalies from sum-
mer to winter that would act as a me -
mory carrying the summer SST ano -
malies over the Barents Sea.

Numerous studies have reported the
possible influences of the Arctic sea ice
loss (e.g. Honda et al. 2009). However,
the impacts of autumn Arctic sea ice
concentrations on atmospheric patterns
in the following winter remain to be
fully confirmed by observations for bet-
ter statistical significance (Hopsch et al.
2012) and through models in order to
reconcile the discrepancies among
the studies (Screen & Simmonds 2014,
Barnes & Screen 2015). Our results
show that winter circulation patterns
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Fig. 8. As in Fig. 6 but showing 2 m air temperature (T2m; shading) based on the NCEP/NCAR reanalysis I dataset. Black 
contours in the Arctic are 50% sea ice concentration based on the HadISST dataset

Fig. 9. As in Fig. 3b, but detrended winter (DJF) air temperature at 850 hPa
(T850) regressed on (a) autumn (SON) SST (green box in Fig. 6b), (b) winter
SST (pink box in Fig. 6c), (c)  minus autumn SIC (pink box in Fig. 6b) and (d) 

minus winter SIC (pink box in Fig. 6c)
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have a stronger relationship with summer SST anom-
alies than with Arctic sea ice.

It is well documented that the El Nino-Southern
Oscillation (ENSO) phenomenon associated with
winter atmospheric circulation and regional temper-
ature changes over North America can be caused by
teleconnections from the tropical Pacific Ocean (e.g.
Alexander et al. 2002). However, the ENSO event in
the winter of 2013−2014 was in a neutral phase (Bond
et al. 2015), suggesting that other forcing contributed
to the cold North American winter. Recent simulation
results suggest that the anomalous atmospheric cir-
culations for the winter of 2013−2014 were induced
by anomalous SST in the extra-tropical North Pacific
(Hartmann 2015, Lee et al. 2015). Our results indicate
that the Barents Sea SST in the previous summer
may be another important variable in predicting
lower latitude continental weather in the following
winter over central North America.

Our AGCM simulation does not distinguish the
region where the SST and SIC boundary conditions
have the most influence on the atmospheric re -
sponse. This issue should be addressed by perform-
ing an additional experiment in the future, in which
the AGCM is forced with the surface boundary con-
dition where the SST and SIC variability is sup-
pressed in the Barents Sea, and is kept  changing
interannually in other regions. We will further pursue
the causality and the mechanism for the linkage be -
tween summer Barents Sea SST and winter climate
in future work.
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