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Abstract The emergence of rapid Arctic warming in recent decades has coincided with unusually
cold winters over Northern Hemisphere continents. It has been speculated that this “Warm Arctic, Cold
Continents” trend pattern is due to sea ice loss. Here we use multiple models to examine whether such a
pattern is indeed forced by sea ice loss specifically and by anthropogenic forcing in general. While we
show much of Arctic amplification in surface warming to result from sea ice loss, we find that neither sea ice
loss nor anthropogenic forcing overall yield trends toward colder continental temperatures. An alternate
explanation of the cooling is that it represents a strong articulation of internal atmospheric variability,
evidence for which is derived from model data, and physical considerations. Sea ice loss impact on weather
variability over the high-latitude continents is found, however, to be characterized by reduced daily
temperature variability and fewer cold extremes.

1. Introduction

Arctic sea ice extent has been declining at an accelerating pace in recent decades [see Stroeve et al., 2012, and
references therein]. The sea ice loss is having a profound impact on Arctic climate, including an observed
amplification of surface warming (compared to lower latitudes) and an increase in high Arctic precipitation
[e.g., Screen and Simmonds, 2010; Deser et al., 2010]. Less certain are impacts of Arctic sea ice loss on midla-
titudes [Walsh, 2014; Vihma, 2014; Cohen et al., 2014; Barnes and Screen, 2015; Hoskins and Woollings, 2015].

Coinciding with the continued Arctic sea ice loss and Arctic amplification, cold winters and cold waves have
recently been observed to be more frequent and severe over Europe, Central Asia, and the eastern United
States [e.g., Cohen et al., 2014; Horton et al., 2015]. It has been speculated that more cold extremes over mid-
latitude continents could occur due to impacts of Arctic sea ice loss [Francis and Vavrus, 2012, 2015; Tang
et al., 2013; Overland et al., 2015; Overland and Wang, 2015]. It is surmised that teleconnections like the
Arctic Oscillation and other atmospheric patterns are the dynamical conduit linking more extreme tempera-
ture variations over midlatitude continents to Arctic change. The pattern of this Northern Hemisphere (NH)
temperature signal has been referred to as “Warm Arctic, Cold Continents” with the conjecture that Arctic
change is the driver [Overland et al., 2011; Cohen et al., 2013, 2014]. The characteristic structure of this winter
temperature trend since 1990/1991 is shown in Figure 1a and consists of cooling centers over central/east
Asia and central North America, encircling a strong Arctic warming.

Whereas the directionality toward warming Arctic surface temperatures is well understood to be linked
strongly with accelerating sea ice loss, there is neither an established theory nor strong experimental evi-
dence that midlatitude temperature trends having opposite directionality results as a dynamical response.
Indeed, the existing body of model simulations indicates that wintertime NH continents experience strong
warming as a response to overall anthropogenic driving of climate change [Intergovernmental Panel on
Climate Change, 2013]. Furthermore, there are alternate explanations for the post-1990 cooling of the conti-
nents. For example, Deser et al. [2015] show how cooling trends over the North American continent on multi-
decadal time scales can arise from circulation driven atmospheric variability. This occurs purely due to
nonlinear dynamics of a chaotic system, rather than from deterministic forcing. There is still considerable
uncertainty among modeling studies of Arctic sea ice loss impacts on atmospheric circulation. Some model
simulations find a connection between Arctic sea ice loss and cooling over midlatitude continents [e.g.,
Honda et al., 2009; Liu et al., 2012; Mori et al., 2014; Kug et al., 2015], while others have found no significant
linkages [e.g. Kumar et al., 2010; Screen et al., 2013; Gerber et al., 2014; Perlwitz et al., 2015; Li et al., 2015].
Such disagreement warrants more investigation to understand the nature of Arctic-lower latitude linkages,
especially in the framework of the recent “Warm Arctic, Cold Continents” pattern.
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In this paper we analyze a large multimodel ensemble, using both coupled and uncoupled global models, to
diagnose factors responsible for the observed linear trends in NH temperatures over the 1990/1991–2013/
2014 period.

2. Analysis Approach and Model Experiments

We compare 1990/1991–2013/2014 winter (December to February) trends of surface air temperature (SAT) and
sea level pressure (SLP) between Reanalysis from the European Centre for Medium-Range Weather Forecasts
(ECMWF) Interim (ERA-Interim) project [Dee et al., 2011] and historical climate simulations. The 1990/1991–
2013/2014 period is chosen because it exhibits a strongly pronounced “Warm Arctic, Cold Continents” trend
pattern of wintertime near-surface temperatures (Cohen et al. [2014], also see our Figure 1a). By diagnosing
the statistical significance and end-point sensitivity of the regional temperature trends (Figures S1 and S2 in
supporting information) we found that the Arctic warming trend is statistically significant above the 95% level,
and the trend is robust when adding one or two more recent years consistent with the ongoing strong sea ice
forcing of the Arctic warming. In contrast, continental temperatures are strongly affected by interannual varia-
bility. In consequence, the central/east Asian cooling trend exhibits large end-point sensitivity with adding one
or two recent years reducing its magnitude by roughly 30% and 50%, respectively. Central North American
cooling is not statistically significant independent of record length.

We utilize two sets of experiments carried out with the National Center for Atmospheric Research (NCAR)
community climate model, details of which are listed in Table S1 in the supporting information. The first
set of experiments is denoted Historical AMIP (Atmospheric Model Intercomparison Project) and consists of
atmosphere-only model simulations forced by observed/projected radiative forcing, observed monthly sea
surface temperature (SST) and sea ice concentrations [Hurrell et al., 2008]. We construct a multimodel average
using a 20-member ensemble in which the atmospheric model is the Community Atmosphere Model Version
4 [Neale et al., 2013] and a 50-member ensemble based on the Community Atmosphere Model Version 5
[Neale et al., 2012] from the Climate of the Twentieth Century Plus (C20+) Detection and Attribution
Project [Folland et al., 2014]. We note that these models have realistic wintertime surface temperature varia-
bility (Figure S3).

The second set of experiments is denoted Historical CMIP (Coupled Model Intercomparison Project) and
consists of coupled atmosphere-ocean climate model simulations forced by observed/projected radiative
forcing. We again construct a multimodel average using a 20-member ensemble carried out with the
Community Climate System Model version 4 [Gent et al., 2011] and a 38-member ensemble based on
NCAR’s large-ensemble project [Kay et al., 2015] carried out with the Community Earth System Model
version 1.

Figure 1. The 1990/1991–2013/2014 winter surface air temperature trend (shading) and the corresponding sea level
pressure trend (contours) in (a) ERA-Interim, (b) 70-member ensemble-mean of Historical AMIP, and (c) 58-member
ensemble-mean of Historical CMIP. The contour interval is 0.5 hPa decade�1, and zero line is omitted. The two green
sectors denote the observed cooling trend regions in central/east Asia (40–65°N, 50–130°E) and central North America
(35–50°N, 80–110°W).
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To isolate the impact of recent Arctic sea ice loss, we utilize two sets of AMIP-style simulations (Table S1) pre-
viously analyzed by Perlwitz et al. [2015] for the fall season. The first set consists of Historical AMIP simulations
described above. The second set is denoted CLIM_POLAR AMIP and is forced by SST and radiative forcings
that are identical to the Historical AMIP runs but replaces the observed sea ice concentrations (SIC) with a
repeating climatological seasonal cycle of SIC for 1979–1989. In addition, each grid box that is partially cov-
ered by sea ice has SSTs set to the 1979–1989 climatological values (see Perlwitz et al. [2015] for more details).
For this analysis, we combine 20-member experiments with the CAM4 and 30-member experiments with the
fifth generation of the atmospheric general circulation model ECHAM (ECHAM5) [Roeckner et al., 2003]. The
trend difference between the 50-member ensembles of Historical AMIP and CLIM_POLAR AMIP, denoted
as ΔICE, can be solely attributed to the impact of sea ice loss.

3. Results
3.1. Trend Comparison Between Observations and Model Simulations

Figure 1 shows the 1990/1991–2013/2014 winter (December–February) SAT and SLP trend for ERA-Interim
(left), Historical AMIP (center), and Historical CMIP (right) simulations. Continental regions experiencing cool-
ing trends in observations are identified by green boxes. Reanalysis data indicate strong Arctic warming,
accompanied by cooling over central/east Asia and central North America. Both AMIP and CMIP ensemble
means show strong Arctic warming as observed, while continental temperatures also warm in the simula-
tions, opposite to observations.

Inspection of SLP trends (contours in Figure 1) indicates that the pattern of observed continental cooling is
associated with large-scale dynamical changes in atmospheric circulation. Noteworthy is the observed trend
toward higher surface pressure over northern Eurasia, indicative of a strengthened Siberian High. In striking
contrast, no appreciable SLP trends occur over continents due to forcing alone in either AMIP or CMIP simu-
lations. The only appreciable forced signal of atmospheric circulation change during 1990/1991–2013/2014 is
found over the North Pacific in the AMIP simulations. There a simulated trend toward higher pressure is indi-
cative of Aleutian low weakening, as observed and which is related to a cooling trend in the tropical Pacific
Ocean during this period [Perlwitz et al., 2015].

Overall, Figure 1 indicates that the observed cold continent pattern of recent wintertime surface temperature
trends is not a signal of forced change. Neither radiative forcing alone nor the additional effects on the atmo-
sphere by the particular trajectory of the observed SSTs and sea ice histories induces continental cooling.
Rather, the forced signal of the 24 year temperature changes during 1990/1991–2013/2014 is best described
as “Warm Arctic, Warm Continents”, rather than “Warm Arctic, Cold Continents” even though the observed
continental cooling trend can still appear in some individual model ensembles (Figures S4 and S5).

What physical processes caused the recent cooling trend over midlatitude continents? The observed cooling
pattern was intimately tied to the trends in SLP, implying that atmospheric driven fluctuations in circulation
may be the primary factor. Given that we find no appreciable forced component to such atmospheric circula-
tion trends (see Figure 1), our conjecture is that purely internally driven fluctuations are mainly responsible.
To test that theory, we diagnose samples of individual model temperature trends that ranked within the cold-
est and warmest quintiles of 1990/1991–2013/2014 surface temperature trends over the green box regions of
Figure 1. Composites of the corresponding SLP trends for those situations (cooling minus warming trends)
were constructed (Figure 2). Since the temperature trends in Asian and North American sectors are largely
uncorrelated (Figure S6), we make the composite separately for these two regions.

Figure 2a shows these composite over central/east Asia (green sector) based on the AMIP simulations. We
find similar results when forming composites with the CMIP ensemble members (Figure S7). As in observa-
tions (see Figure 1a), wintertime cooling trends over Eurasia are accompanied by an intensification of the
Siberian High in the model. Such a relationship is well known, the physics of which involves meridional air
mass exchange from the Arctic to the continent [e.g., Mori et al., 2014; Kug et al., 2015]. The structure of
the SLP anomaly trend pattern in observations and themodel composite resembles the third empirical ortho-
gonal teleconnection (EOT) mode of NH SLP variability and is the dominant mode of wintertime circulation
variability over Eurasia continent [Smoliak and Wallace, 2015], a feature that is well reproduced in our models
(Figure S8). Our results thus indicate that a decadal fluctuation in the statistics of the leading pattern of
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Eurasian wintertime SLP variability has occurred during 1990/1991–2013/2014, evolving independently from
effects of long-term anthropogenic climate change.

Figure 2b shows the SLP trend associated with the cooling trend in central North America for Historical AMIP.
Similarly, the high-pressure trend in Pacific-North America brings more warm air into the Alaska and adjacent
Bering Sea and Chukchi Sea region (note that despite SSTs being fixed, SAT still shows statistically significant
warming over the ocean) and more cold air into central North America. The spatial pattern of this SLP trend
resembles the circulation anomaly linked to Arctic warming in East Siberian-Chukchi Sea region [Kug et al.,
2015, Figure 3b], though our results provide a different interpretation of the cause-effect linkages. Specifically,
the results in Figure 2b indicate that the observed recent cooling in central North America likely resulted from

Figure 2. (a) Surface air temperature and sea level pressure trend composite in Historical AMIP for the difference between
14-sample lowest quintile and 14-sample highest quintile surface air temperature trend over central/east Asia. (b) As in
Figure 2a but for the difference over central North America. The green sectors in Figures 2a and 2b denote the cooling
trend regions in central/east Asia (40–65°N, 50–130°E) and central North America (40–65°N, 50–130°E), respectively. The
blue sectors in Figures 2a and 2b denote the main circulation region responsible for the cooling trend in Eurasia (40–80°N,
30–90°E) and North Pacific/west North America (40–80°N, 30–90°E). The stippling in Figures 2a and 2b denotes the 95%
statistical significance based on two-sided student t test. (c) Scatter plot of the sea level pressure trend averaged over
blue sector and surface air temperature trend averaged over green sector in Figure 2a. (d) As in Figure 2c but for the scatter
plot in Figure 2b. The red dot denotes the ERA-Interim result.
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amode of circulation variability that is symptomatic of internal dynamics, rather than being a symptom of sea ice
forcing due to effects of Arctic amplification overall.

We also construct a “combined composite” by considering those ensemble members whose 1990/1991-
2013/2014 temperature trends reside in the lowest/highest quintile (Figure S9), which resembles the combi-
nation of Figure 2a or 2b. Collectively, these results indicate that the models used in this study are capable of
generating the physical processes and dynamical mechanisms through which such cold continental regimes
can occur. As such, the lack of a cold continent signal in the forced solution of the Historical AMIP and CMIP
ensemble averages is not obviously owing to a model bias.

To further explore the realism of physical linkages between decadal changes in continental temperatures and
atmospheric circulation, we show in Figures 2c and 2d the scatter relationships between SLP and surface tem-
perature trends in each of the AMIP runs. The winter temperature trends are averaged over each green box
(see Figures 2a and 2b) whereas the SLP trends are averaged over each blue box. A strong linear relationship
exists, with a correlation of 0.86 and 0.72 for central/east Asia and central North America, respectively. The
observed cooling trend over Eurasia (red circle in Figure 2) stands out as an extreme event of low-frequency
variability but one that is well described by the linearity between circulation and surface temperature inher-
ent in the models’ statistical sample. By comparison, the observed North American cooling was not an
extreme event, though again an occurrence consistent with a simple physical process of circulation driving
as indicated by the agreement with the scatter relationship. It should also be noted that both regression lines
show a preponderance of warming trends among the individual samples, indicative of a thermodynamic
warming due to anthropogenic greenhouse gas (GHG) emissions, though as already emphasized, such for-
cing did not cause the continental cooling or the accompanying atmospheric circulation change. The results
in Figure 2 indicate that the observed cooling in central/east Asia and central North America is transient,
mostly due to changes in air mass exchange resulting from low-frequency atmosphere circulation variability.

3.2. Impact of Arctic Sea Ice Loss

One may argue that even though the midlatitude temperature trend in historical simulations is warming, the
remote impact of Arctic sea ice loss alone might be cooling and the sea ice loss effect is just overwhelmed by
other components of the GHG forcing.

Figure 3 shows the ensemble-mean winter SAT and SLP trend for Historical AMIP (left), CLIM_POLAR AMIP
(middle), and ΔICE (right). The Historical AMIP ensemble from the combined CAM4 and ECHAM5 experiments
(Figure 3a) has widespread warming over Eurasia, warming over the contiguous U.S. and cooling over
western Canada—a pattern similar to the combined CAM4/5 ensemble shown in Figure 1b. Likewise, the
forced atmospheric circulation change in these runs is similar to the prior Historical AMIP ensemble,

Figure 3. (a) The 1990/1991–2013/2014 winter surface air temperature trend (shading) and the corresponding sea level
pressure trend (contours) in a 50-member Historical AMIP. (b) As in Figure 3a but for the CLIM_POLAR AMIP in which
Arctic sea ice concentrations are substituted with 1979–1989 climatology. (c) The difference between Figures 3a and 3b.
The two-sided student’s t test is calculated in Figure 3c with the sample size of 50. The stippling in Figure 3c denotes the
95% statistical significance. The two green sectors denote the observed cooling trend regions in central/east Asia (40–65°N,
50–130°E) and central North America (35–50°N, 80–110°W).
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suggesting that the results are robust among different models. When repeating these experiments, but in the
absence of sea ice loss (Figure 3b), the Arctic amplification largely disappears, particularly over those regions
where winter ice loss is more pronounced, such as the Barents/Kara Seas and Hudson Bay. In themidlatitudes,
however, almost all of the temperature and circulation trends in Historical AMIP are well reproduced in
CLIM_POLAR AMIP suggesting that the main driver for these trends are SST changes outside the Arctic
region. As a result, ΔICE (Figure 3c) shows that the sea ice loss signal is one of warming, confined mainly
to the Arctic and high-latitude eastern North America. The results reveal no continental cooling signal.
They further indicate no significant forced change in the surface pressure pattern over the middle and high
latitudes, which is critical for dynamically driving the observed continental cooling trends. Therefore, our
results indicate no significant impact of sea ice loss on midlatitude atmospheric circulation during
1990/1991–2013/2014 although sea ice loss plays a large role in causing Arctic surface climate change
through thermodynamic effects.

Given the appreciable change in Arctic mean temperature, and given that this is a source region for air
masses that occasionally migrate to lower latitudes on synoptic time scales, the question we next explore
is how Arctic sea ice loss influences midlatitude daily temperature variability and cold extremes especially.
We compare statistics of daily near-surface temperature data between Historical AMIP and CLIM_POLAR
AMIP for the 2004/2005–2013/2014 periods for which Arctic sea ice loss is most pronounced (Figure 4).
Specifically, we calculate the standard deviation of December to February daily values, as well as the lowest
10th percentile threshold value of daily data which provides a measure for the intensity of cold extremes. The
winter mean temperature response to sea ice loss ΔICE for this period is very similar to the response over the
whole 1990 to 2014 period (Figure 3c). The ΔICE of daily standard deviation indicates that within the Arctic
Ocean, the daily temperature variability decreases (increases) significantly in the sea ice loss (increase) region
and the reduced variability extends somewhat into the high-latitude continents (Figure 4b). The reduction in
variability is associated with decreased meridional temperature gradient as a consequence of Arctic amplifi-
cation [e.g., Screen, 2014; Schneider et al., 2015; Sun et al., 2015; Blackport and Kushner, 2016]. The effect of sea
ice loss on cold extremes (Figure 4c) is similar to its effect on seasonal mean temperature, namely, a general
increase in the threshold value of the coldest 10th percentile. This indicates that the risk of mid-high latitude
cold extremes decreases in response to the recent observed Arctic sea ice loss, a result also found in Screen
et al. [2015a, 2015b].

4. Summary and Discussion

The emergence of rapid Arctic warming in recent decades has coincided with unusually cold winters over NH
continents. It has been speculated that this Warm Arctic, Cold Continents trend pattern is due to sea ice loss.
To interpret this, it is necessary to employ ensemble methods of climate simulations that use the identical
atmospheric forcings (i.e., SSTs, SIC, and GHGs) as observations and then repeatedly simulate the recent his-
torical period. The statistics of these data are then used to explain what factors likely caused the observed
trends. Here we use multiple models to examine whether such a pattern is indeed forced by sea ice loss

Figure 4. The 2004/2005–2013/2014 averaged winter surface air temperature response to Arctic sea ice loss for (a) mean
value, (b) daily standard deviation, and (c) cold extremes (lowest 10% temperature value).
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specifically and by anthropogenic forcing, in general. While we show much of Arctic amplification in surface
warming to result from sea ice loss, we find that neither sea ice loss nor anthropogenic forcing overall yields
trends toward lower continental temperatures. Our findings provide an alternate explanation of the cooling.
Specifically, a trend toward continental cooling over the NH during 1990/1991–2013/2014 represents a strong
articulation of internal atmospheric variability, evidence for which is derived frommodel data and from physical
considerations of dynamically driven temperature variability. These findings are also supported by the fact that
the observed continental cooling trend itself is highly uncertain due to large interannual variability.

We also showed that sea ice loss impact on daily weather variability over the high-latitude continents consists
of reduced daily temperature variability and fewer cold extremes indicating that the enhanced occurrences
of cold spells during recent winters [e.g., Cohen et al., 2014] are not caused by sea ice loss. Collectively, our
findings suggest that while “Warm Arctic” is to a large degree a consequence of sea ice loss, “Cold
Continents” are actually transient and more related to low-frequency atmospheric variability.

Consistent with an overall forced signal of global warming, there is a coherence in sign of our model simu-
lated continental temperature trends since 1990 toward warming, rather than toward cooling as observed.
We have reconciled our experiments with this single record of observations by analyzing a very large
ensemble of simulated trends. Our results support the argument that the recent observed continental cool-
ing is not evidence for a systematic change in winter climate nor a new paradigm or fingerprint pattern of
human-induced climate change. Indeed, we were able to show that several individual ensembles of our
model experiments also yield cooling over both continents synchronously since 1990 (see Figure S6). But
importantly, the majority of simulations show warming to occur over both regions.

Our results demonstrate that themodels can reproduce the Asian part of the recent cooling within the spread
of model simulations, though that the observed cooling was a very low probability state of the model solu-
tions. The results also indicate that no model run produced a trend with the observed hemispheric pattern
and its magnitude (see Figure S5). This may again reflect that the “Cold Continents” trend pattern of both
Asia and North America observed during this period was indeed an extreme event of atmospheric decadal
variability. However, the possibility cannot be dismissed either that some limitation of the models fail to gen-
erate sufficient unforced variability or that biases exist in their sensitivity to boundary and external forcings
during the period. Analysis using different models will thus be important to confirm the robustness of the
main interpretation of our results that the “Cold Continents” wintertime trend pattern resulted mainly from
very strong atmospheric variability.

The results of this study lead to an important conclusion. The true forced pattern of NH temperature change
since 1990—given the trajectory of observed sea ice loss, SST variations, and overall radiative forcing—is
characterized as “Warm Arctic, Warm Continents”. In consequence, the observed 24 year trend pattern of
winter temperatures since 1990 should not be interpreted as expressing a sustainable trajectory of climate.
Rather, the so-called “Warm Arctic, Cold Continents” regime is transient and is becoming increasing unlikely
as climate continues to warm.
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