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Two distinct influences of Arctic warming on cold
winters over North America and East Asia
Jong-Seong Kug1, Jee-Hoon Jeong2*, Yeon-Soo Jang1, Baek-Min Kim3, Chris K. Folland4,5,
Seung-Ki Min1 and Seok-Woo Son6

Arctic warming has sparked a growing interest because of
its possible impacts on mid-latitude climate1–5. A number of
unusually harsh cold winters have occurred in many parts
of East Asia and North America in the past few years2,6,7,
and observational and modelling studies have suggested that
atmospheric variability linked to Arctic warming might have
played a central role1,3,4,8–11. Here we identify two distinct
influences of Arctic warming which may lead to cold winters
over East Asia or North America, based on observational
analyses and extensive climate model results. We find that
severewinters across East Asia are associatedwith anomalous
warmth in the Barents–Kara Sea region, whereas severe
winters over North America are related to anomalous warmth
in theEast Siberian–Chukchi Sea region. Each regionalwarming
over theArcticOcean is accompanied by the local development
of an anomalous anticyclone and the downstreamdevelopment
of amid-latitude trough. The resulting northerly flowof cold air
provides favourable conditions for severe winters in East Asia
or North America. These links betweenArctic andmid-latitude
weather are also robustly found in idealized climate model
experiments and CMIP5 multi-model simulations. We suggest
that our resultsmayhelp improve seasonal prediction ofwinter
weather and extreme events in these regions.

One of the clearest manifestations of recent climate change is
Arctic amplification—that is, surface warming over the Arctic being
faster than that at other latitudes under greenhousewarming12. Such
amplification has accelerated in recent decades and the Arctic has
warmed approximately twice as rapidly as theNorthernHemisphere
(NH) as a whole5. This clearly indicates that the Arctic is very
susceptible to climate change, a phenomenon evident in both
observations and climate projections12,13.

Although greenhouse gas concentrations have increased
continuously over the past half-century, extratropical NH winter
temperature trends have exhibited considerable interdecadal
variation (Fig. 1), partly because of natural climate variability.
For example, between 1979 and 1997, when global-mean surface
air temperature (SAT) increase was fastest, the winter warming
trend was clear over Europe, East Asia and the USA (Fig. 1a),
whereas the Arctic exhibited little trend or even slight cooling in
places. However, between 1998 and 2013, the pattern of winter
SAT trends in these regions became conspicuously different from
that in 1979–1997. First, Arctic surface warming has progressed
rapidly since 1998 (Fig. 1b), with stronger warming trends over
the Barents–Kara and East Siberian–Chukchi sea regions where
marked reductions in sea-ice concentration have occurred12.
By contrast, strong cooling trends are evident over parts of the

extratropical northern continents3,14. In addition to these cooling
trends, many parts of the northern continents have experienced
frequent cold extremes, especially in recent years2,6,7.

A key feature of Fig. 1 is the generally opposite sign of SAT
trends between the Arctic and extratropics in the two epochs; in
the earlier epoch the Arctic was actually cooling slightly whereas
in the later epoch it was warming rapidly. Many recent studies
have suggested that recent cold winters in northern continents are
related to Arctic warming5,8–11,15–18. However, it remains debatable
whether the trend to colder winters is due to Arctic amplification or
internal variability2,5,19–21 because the underlying dynamical mech-
anisms are not fully understood. Several studies have argued that
sea-ice loss over the Barents–Kara Sea region in autumn plays a
critical role in influencing atmospheric circulation in the following
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Figure 1 | SAT trends and Arctic temperature (ART) indices. a,b, The linear
trend in surface air temperature during December–February for the periods
1979/1980–1997/1998 (a) and 1997/1998–2013/2014 (b) from the
observed data32. Green boxes denote the region for ART indices in b.
c, Time series of seasonal-mean ART1 and ART2 during December–
February for the period 1979/1980–2013/2014. DT denotes the
de-trended state.
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Figure 2 | Relationships between Arctic temperature and SAT over the NH extratropics. a,b, Correlation coe�cients of SAT anomalies with respect to
de-trended monthly ART1 (a) and ART2 indices (b) during December–February for the period 1979/1980–2013/2014 from the reanalysis data. Shading
denotes significant values at the 95% confidence level based on a Student’s t-test. c,d, Lead–lag regression coe�cients of a moving 31-day-mean SAT over
East Asia (80◦–130◦ E, 35◦–50◦ N) with respect to the normalized ART1 index (c), and over North America (80◦–120◦ W, 40◦–55◦ N) with respect to the
normalized ART2 index (d). Correlation coe�cients that are statistically significant at the 95% confidence level are indicated with filled circles.

winter11,17,18,22–24. A reduction of autumn sea ice is generally followed
by warm Arctic SAT in winter (Supplementary Figs 3 and 4). This
often leads to the so-called ‘warm Arctic–cold continent’ pattern23

forced via stationary Rossby waves11. It is further suggested that
more frequent and persistent episodes of atmospheric blocking
occur10,15,17, with downstream responses of enhanced cyclonic activ-
ity9,18 and possibly weakening of the polar vortex due to an enhanced
upward propagation of planetary waves8. Accordingly, Arctic sea-
ice information may be useful for improving climate prediction
in NH extratropical regions25. However, atmospheric responses to
Arctic sea-ice variations are complex, depending on background
atmospheric states and seasons9,22, which may weaken statistical re-
lationships with extratropical climate variations. Furthermore, it has
recently been recognized that extratropical impacts depend highly
on the regional structure of the anomalous Arctic climate state16,26.

In high latitudes, surface heat flux forcing and low-level
baroclinicity associated with sea-ice loss and other anomalous
Arctic climate states are important for modulating the slow-varying
atmospheric circulation8,18,22. Modelling studies showed that these
sea-ice variations are related to regional SAT patterns17,21,22 that are
easy to observe and have relatively high predictability. To investigate
the observed connections between Arctic warming and regional
extratropical cold winters, we define two Arctic temperature (ART)
indices: ART1, which averages SAT over the Barents–Kara Sea
region (30◦–70◦ E, 70◦–80◦ N), and ART2, which averages SAT over
the East Siberian–Chukchi Sea region (160◦ E–160◦ W, 65◦–80◦ N).
These two regions exhibit the strongest warming trends since 1998
(Fig. 1b), but de-trended correlations between the two indices are
almost zero (Fig. 1c).

Figure 2 shows correlations between the de-trended monthly
ART indices and SAT from 1979 to 2014. Both indices exhibit strong
positive correlations over their own regions, but show different
correlation patterns in much of the NH extratropics. For ART1,

negative correlations prevail over most of Eurasia (Fig. 2a), and
are particularly strong over East Asia. This indicates that when the
Arctic SAT gets warmer over the Barents–Kara Sea region, East Asia
experiences cold winters, consistent with previous studies9,11,18.

On the other hand, the ART2 index is negatively correlated
with SAT anomalies over North America (Fig. 2b). The negative
correlation is strongest over most of Canada and the central and
eastern parts of the United States. The correlation coefficient
between monthly ART2 and North American SAT in the region
shown in Fig. 2b is close to −0.65, suggesting that North American
winter SAT anomalies are strongly negatively correlated with
SAT anomalies in the East Siberian–Chukchi Sea region. These
relationships are fairly robust even for long-term historical data
(Supplementary Fig. 2).

Figure 2c,d shows lead–lag relationships between the ART
indices and East Asian and North American SAT calculated from a
moving 31-day-mean ERA-Interim data set27. As shown in Fig. 2c,d,
ART1 tends to precede the maximum East Asian SAT response
by about 15 days, and ART2 shows the strongest relationship with
NorthAmerica SAT, about 5 days ahead. These results imply that the
atmospheric circulation anomalies associated with the continental
cooling over both regions are related to the regional Arctic warming
in the upstream regions, suggesting that regional patterns of Arctic
warming/cooling may be crucial for understanding extratropical
NH winter climate variability.

Figure 3 shows the atmospheric circulation anomalies asso-
ciated with regional Arctic warming. Warm conditions over the
Barents–Kara Sea region (ART1) are associated with negative sea-
level pressure (SLP) anomalies over the central Arctic and strong
positive anomalies over western Russia (Fig. 3a). The positive SLP
anomalies over western Russia develop from the coastal regions of
the Barents–Kara Sea, slightly southward of the ART1 centre, to
the central Eurasian continent. Once the anomalous anticyclonic
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Figure 3 | Atmospheric circulation anomalies linked to Arctic
temperature. Linear regression of sea-level pressure (Pa) (a,b) and
300 hPa geopotential height (m) (c,d) with respect to de-trended monthly
ART1 (a,c) and ART2 indices (b,d) during December–February for the
period of 1979/1980–2013/2014. Shading denotes significant values at
95% confidence level based on a Student’s t-test.

flow is established, it develops further and expands to the east
owing to anomalous cold advection at the climatologically cold
surface28. The eastward expansion of the anomalous west-Russian
anticyclone is linked to an intensified Siberian High, leading to cold
advection and frequent occurrence of cold events over East Asia28,29.
It is noteworthy from Fig. 3a,c that significant positive anomalies
appear over the North Atlantic, centred near 40◦ N, upstream of the
ART1 region. Likewise, significant negative anomalies are evident
over the subtropical North Pacific, upstream of the ART2 region.
These statistical results suggest that regional Arctic warming and
their downstream teleconnection patterns could be influenced by
such upstreamdisturbances30. The role of the upstreamdisturbances
in the Arctic-to-extratropical connections needs further study (for
example, Supplementary Fig. 5).

The upper-level circulation shows that the anomalous
west-Russian anticyclone is quasi-equivalent barotropic, and
accompanies anomalous cyclonic flow in the downstream region of
far eastern Siberia (Fig. 3c). This cyclonic anomaly can be explained
by Rossby wave propagation from the upstream anticyclonic
anomaly. Such an upper cyclonic anomaly implies an intensified
andwestward-shiftedAsian trough, closely related to a stronger East
Asian winter monsoon with more frequent cold extreme events29.

Circulation patterns associated with ART2 are seemingly differ-
ent from those with ART1. For example, the SLP responses over the
Arctic are opposite. However, there is great dynamical similarity,
particularly in the downstream regions. There is an anomalous
equivalent barotropic anticyclone near the Arctic warming area and
anomalous cyclonic flow in the downstream regions (Fig. 3b,d).
The anomalous anticyclone implies a weakened Aleutian Low and
more frequent North Pacific blocking events31. Associated northerly
winds bring cold Arctic air into northern North America.

The above results clearly indicate that regional warming over the
Arctic Ocean can affect extratropical climate in the downstream re-
gion by inducing a downstream teleconnection pattern. To substan-
tiate the Arctic-to-extratropical connections in the observations,
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Figure 4 | Modelling support on the relationships between Arctic
temperature and SAT over the NH extratropics. a,b, SAT anomalies
regressed on de-trended monthly ART1 (a) and ART2 indices (b) during
December–February for the period 1979/1980–2012/13 from observation
(contour) and CM2.1 model experiments (shaded). The pattern correlation
coe�cients between the observation and the model experiments over
30◦–90◦ N are denoted in the upper right side of the figure. c,d, Regression
coe�cients of SAT over the East Asia region on the ART1 index (c) and SAT
over the North America region on the ART2 index (d) during
December–February in the 39 CMIP5 simulations. Red and orange bars
show the coe�cients from the observation and the CM2.1 model
experiments, respectively. Green bars show the coe�cients from the
CMIP5 models, and blue bars denote the multi-model ensemble mean. The
scale bars represent a range of 95% confidence levels from internal
variability using a Monte Carlo approach.

idealizedmodel experiments were carried out using a coupled global
climate model (GCM). In the six model experiments, sea surface
temperature (SST) in the Arctic region was restored to the historical
SST but themodel was fully coupledwith the oceans in other regions
(see Methods). The sea-ice concentration simulated in the model
mostly follows the observational evolution, indicating that sea ice
quickly adjusts to the SST evolution.

For these model simulations, a similar correlation analysis of
de-trended ART1 and ART2 with SAT is performed (Fig. 4a,b).
Figure 4a shows that, for ART1, the model gives a similar pattern
of negative correlation of SAT over the Eurasian continent, the
negative correlation being again strong over East Asia. The pattern
correlation between the observations and the model simulation is
0.90, indicating high similarity between model responses and the
observations. More importantly, the model quantitatively repro-
duces the regression coefficient of the observations (compare red
and orange bars in Fig. 4c). For ART2, the model simulation also
captures the overall negative SAT correlation over northern North
America well. The pattern correlation between the observation and
model simulation is very high at 0.90, although regression coeffi-
cient is underestimated (Fig. 4d). In addition to the SAT pattern,
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the model also simulates the observed downstream atmospheric
teleconnection patterns reasonably well (Supplementary Fig. 6).
Because only the high-latitude SST is restored to the observed SST in
the model experiments, these results strongly support two separate
Arctic influences on NH extratropical winter climate.

These results are further supported by an extensive multi-
model analysis. Simulations from 39 CMIP5 (Coupled Model
Intercomparison Project phase 5) models are analysed to examine
the relationships between their own de-trended monthly ART
indices and East Asian and North American SAT (Fig. 4c,d and
also see Supplementary Figs 7 and 8). In general, the CMIP5
models reproduce the observed circulation anomalies associated
with ART indices reasonably well (Supplementary Fig. 9). It is
found that 36 out of 39 models show statistically significant
negative regressions between the ART1 index and East Asian SAT,
supporting the idea that warming over the Barents–Kara Sea region
is connected to cooling over East Asia. However, most CMIP5
models underestimate the observed regression coefficients. For
ART2, all CMIP5 models show statistically significant negative
regressions, although most models again show smaller regression
coefficients than observations (Fig. 4d). Although the most models
consistently simulate the negative regression coefficients of SAT,
there is a large inter-model diversity in their magnitude.

This study shows that there are two key Arctic regions where re-
gional warming can induce distinguishable cold winters over north-
ern continents. Warming over the Barents–Kara Sea region is likely
to lead to East Asian cooling, whereas northern North America
cooling is closely related towarming over the East Siberian–Chukchi
Sea region. These results suggest that the regional distribution of
Arctic warming may provide additional predictability for intra-
seasonal to seasonal forecasts in the NH extratropics. These results
may also provide guidance for assessing the potential risk of extreme
events over regions where current seasonal prediction skill is often
poor. In particular, this study suggests that the recent increased
frequency of severe winters over East Asia and North America may
be partly caused by recent rapid Arctic warming.

Methods
Methods and any associated references are available in the online
version of the paper.
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Methods
Data and statistics. The linear trends of SAT, as shown in Fig. 1, are calculated
from interpolated median version HadCRUT4 data
(http://www.metoffice.gov.uk/hadobs/hadcrut4/data/current/download.html),
hybridized with the University of Alabama in Huntsville (UAH) satellite data32
(http://www-users.york.ac.uk/~kdc3/papers/coverage2013/series.html) for the
period 1979 to 2014. The monthly- and daily-mean SAT, wind, geopotential height
and SLP from 1979 to 2014 are obtained from the ERA-Interim Reanalysis27
(http://apps.ecmwf.int/datasets/data/interim_full_daily). All analyses in
Figs 2–4 are conducted after removing linear trends. The significance test used in
this study is based on a standard two-tailed t-test in Figs 2, 3 and Supplementary
Figures, with the number of degrees of freedom estimated by calculating
autocorrelations. We also use a Monte Carlo approach using a bootstrap method to
estimate internal variability in Fig. 4. For each model simulation, we randomly
select 100 years from the historical simulation, calculate the regression coefficient
using the selected 100 years, and finally compute the distribution of the regression
coefficients by repeating this process 1,000 times. For MME, 39 regression
coefficients are randomly selected from the 39 models, and their average is
computed. By repeating this process 1,000 times, the distribution of MME
is computed.

Model experiments. The GFDL CM2.1 model is used for the idealized coupled
GCM experiment, developed by the Geophysical Fluid Dynamics Laboratory. To
examine the impact of Arctic warming/cooling, SST in high latitudes (north of
70◦ N) is restored to the historical observed SST for 1950–2013, with a five-day
restoring timescale, whereas the model is fully coupled over the other regions.
ERSST v3 (http://www.esrl.noaa.gov/psd/data/gridded/data.noaa.ersst.html) is
used for the observed SST. A total of six ensemble simulations with different initial
conditions are carried out. The initial conditions were randomly chosen from
long-term climate simulations under present-day climate conditions.

Analysis of CMIP5 data.We analyse the 39 CGCM simulations from the historical
runs available in the CMIP5 archives (http://cmip-pcmdi.llnl.gov/cmip5/
data_portal.html), reflecting transient climate conditions which include observed
atmospheric composition due to both anthropogenic and natural sources. For a fair
comparison, we used only one ensemble member from each model. Model
references, details of the institutions where the models were run, and integration
periods are summarized in Supplementary Table 1.

Code availability.We have opted not to make the computer code associated with
this paper available because all the codes are for well-known statistical calculations.
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