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Abstract Despite global warming, Europe experienced several unusually cold winters in recent years.
Reduced sea ice concentration in the Arctic and increased sea surface temperatures (SSTs) in the Atlantic
are independently hypothesized as possible triggers for such cold winters. We investigate the individual
and combined influence of Barents Sea and Atlantic sea ice and SST conditions on European winter
temperatures. In our simulations cold extremes become more frequent, but the imposed sea ice and/or
SST anomalies only weakly affect European winter mean temperatures. We argue that a forced cooling of
European mean temperatureswould have to include additional mechanisms, but the variability of European
winter temperatures is large, and cold winters could just be the result of internal variability.

1. Introduction

Over the last decade the Northern Hemisphere winters experienced a cooling trend while the other sea-
sons showed a warming [Cohen et al., 2012]. Cooling over Europe in winter, however, does not necessarily
contradict global warming, and several mechanisms could produce the observed cooling. A negative
North Atlantic Oscillation (NAO) [e.g., Cattiaux et al., 2010], blocking systems [e.g., Croci-Maspoli and Davies,
2009; Sillmann and Croci-Maspoli, 2009], changes in the jet position and in storm track activity (STA) [e.g.,
Degirmendzic and Wibig, 2007;Mahlstein et al., 2012], increased northerly advection, and a weak polar vortex
[e.g., Kolstad et al., 2010] are all expected to favor low temperatures over Europe. These atmospheric
phenomena have been linked to sea ice concentration in the Arctic [e.g., Petoukhov and Semenov, 2010;
Tang et al., 2013], sea surface temperature (SST) anomalies in the Atlantic [e.g., Drevillon et al., 2001;
Croci-Maspoli and Davies, 2009], and changes in other components, such as stratospheric conditions [Scaife
and Knight, 2008] or snow cover over Eurasia [e.g., Cohen and Entekhabi, 1999]. All of these components are
altered by global warming and can therefore affect European winter climate. Both sea ice reduction and SST
increase in the North Atlantic were independently presented as possible triggers for the unusually cold win-
ter 2005/2006 [Croci-Maspoli and Davies, 2009; Petoukhov and Semenov, 2010]. However, as both anomalies
prevailed during winter 2005/2006, the combination of both may be needed for a cold winter to develop. To
better understand possible mechanisms causing cold European winters, we investigate how sea ice and/or
SST anomalies in the Atlantic and the Barents Sea individually, or in combination, can change the temper-
ature over Europe. While previous studies mainly focus on the mean response, we additionally investigate
cold extremes.

2. Model and Experimental Setup

For this study we use the Community Climate SystemModel, version 4 (CCSM4) from the National Center for
Atmospheric Research (NCAR) [Gent et al., 2011]. The horizontal resolution of the finite-volume grid of the
atmosphere is 0.9◦×1.25◦ with 26 vertical hybrid layers.

Four simulations with prescribed ocean and sea ice components are performed. The control run (CTRL) uses
climatological SSTs and sea ice cover. The ATL experiment includes a SST anomaly in the western North
Atlantic of +3◦C in the region between 30◦W–60◦W and 40◦N–60◦N (see region indicated in Figure 2a). The
spatial extent and the magnitude of the anomaly are similar to the anomalies observed from December
2005 to February 2006 relative to the 40 year winter mean of the European Center of Medium-Range
Weather Forecasts (ECMWF) reanalysis (ERA-40) data. In the BAR experiment sea ice is set to zero between
25◦E–55◦E and 75◦N–80◦N, and in addition SSTs are increased by +3◦C analogous to ATL (see region indi-
cated in Figure 2a). The Barents Sea area is chosen because according to the literature it probably has
the largest impact on European climate [e.g., Honda et al., 2009; Petoukhov and Semenov, 2010]. Finally,
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Figure 1. (a) Probability density function (PDF) of 60 year daily DJF European mean temperature. (b) Inset showing the
lower tail of the PDF. Black: CTRL, blue: ATL, red: BAR, orange: ATLBAR. The vertical black line marks the 10% quantile of
CTRL (−1.4◦C). The 10% quantiles of ATL (−2.0◦C), BAR (−2.0◦C), and ATLBAR (−1.6◦C) are not marked.

the ATLBAR experiment is a combination of ATL and BAR with both anomalies acting simultaneously, as
observed in winter 2005/2006. In all experiments the anomalies are imposed from October to April. All sim-
ulations are run for 90 years with a repeating annual cycle of SSTs and sea ice. The first 30 years are regarded
as spin-up and are not used for the analysis.

Additionally, ERA-Interim and NCEP/NCAR (National Centers for Environmental Prediction/National Center
for Atmospheric Research) daily surface temperature fields (1979–2013) are evaluated. Correlation maps of
temperature show similar sensitivity to the anomalies in the ATL and BAR regions in our model and in the
reanalysis (see Figure S5 in the supporting information).

The focus of our analysis lies on winter temperatures over Europe. The analysis is performed on the 60 year
December to February (DJF) mean (hereafter DJFAVG) and on cold-days composites (hereafter CDE10). These
are defined as the mean of the 10% coldest days over Europe in DJF for each simulation. Europe is defined
as the average over land between 0◦E–20◦E and 43.8◦N–55.1◦N (see region indicated in Figure 2a).

3. Results and Discussion
3.1. Surface Air Temperature
Changes in winter mean temperatures (DJFAVG) over Europe due to the sea ice and/or SST anomalies are
small and nonsignificant. This can be seen in the probability density function (PDF) of the 60 year mean of
daily temperatures over Europe in Figure 1a as well as in Figures 2a–2c, which shows the DJFAVG tempera-
ture anomalies compared to CTRL for all experiments. Significant warming is observed over the imposed
anomalies and in ATL and ATLBAR over the Central Arctic and Siberia. While no significant signal in mean
temperatures is observed over large parts of the Northern Hemisphere, extreme temperatures over Europe
are more frequent in the experiments, along with a significant increase in the variance of the temperature
distribution (p values of a one-sided F test, ATL: 7.8 × 10−15, BAR: 5.7 × 10−8, ATLBAR: 8.6 × 10−3).

Therefore, we investigate the changes in cold extremes, i.e., the lower tail of the PDF, shown in Figure 1b. The
number of days colder than the 10% quantile of CTRL over Europe (−1.4◦C, vertical black lines in Figure 1)
increases in all experiments compared to CTRL. The coldest days over Europe are getting colder when the
anomalies are in place (Figures 3a–3c). Negative temperature anomalies for CDE10 (i.e., the 10% coldest days
over Europe) are observed also over the northeastern U.S. and Canada and over Asia south of 45◦N. Positive
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Figure 2. Sixty year DJFAVG anomalies relative to CTRL for the three experiments (left) ATL, (middle) BAR, and (right) ATLBAR. (a–c) Surface temperature anomalies
(◦C), (d–f) SLP anomalies (hPa), and (g–i) GPH anomalies (m) at 300 hPa. Stippling denotes regions where the anomalies are significant at 90% confidence using
a Student’s t test. The boxes in Figure 3a mark the regions where the sea ice and/or SST anomalies are imposed and the area of Europe which is used (only grid
points over land) to calculate European mean values.

temperature anomalies compared to CTRL for CDE10 are observed in the same regions where significant
warming is observed for DJFAVG and additionally over the northwestern U.S. and Canada. Furthermore, a
warm Mediterranean region is present in ATL and ATLBAR.

Significance is tested for all anomalies. For DJFAVG a Student’s t test at 90% confidence is performed. For
CDE10, stipplingmarks anomalies significant at 90% confidence using a Mann-Whitney test (corrected for
autocorrelation; see section S1.1).
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Figure 3. Sixty year anomalies of the 10% coldest days over Europe (CDE10) compared to CTRL for the three experiments (left) ATL, (middle) BAR, and (right) ATL-
BAR. (a–c) Surface temperature anomalies (◦C), (d–f) SLP anomalies (hPa), and (g–i) GPH anomalies (m) at 300 hPa. Stippling denotes regions where the anomalies
are significant at 90% confidence using a Mann-Whitney test (using only days which are at least 5 days apart to avoid issues with autocorrelation).

3.2. Atmospheric Mean Response
As discussed above and shown in Figures 2a–2c, the mean temperatures over Europe are not significantly
affected by the imposed sea ice and/or SST anomalies. In our experiments the NAO (not shown), block-
ing frequency (see section S1.2 and Figure S1) and jet position (defined as in Mahlstein et al. [2012], not
shown) show only small changes over the eastern Atlantic. Still, some significant impacts on sea level pres-
sure (SLP) and geopotential height (GPH) are observed (Figures 2d–2i). The main direction of advection
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over Europe is from southeast and thus associated with warm air advection (evident as a positive anomaly
in the meridional wind component, see Figure S2). On the other hand, the storm track activity (STA, a
measure of the strength and frequency of storms, see section S1.3 and Figure S3) over the North Atlantic
and Europe decreases, which is expected to favor cold anomalies in Europe, as weaker and less frequent
storms bring less energy from the warm ocean toward the continent [Mahlstein et al., 2012]. The tempera-
ture effects of the meridional wind component and STA are of opposite sign, and thus, the combined impact
on temperatures over Europe in winter is small.

3.3. Mechanisms Causing European Cold Extremes
The same compensating effects of a decrease in STA (see Figure S3) and an increase in southerly advection
(see Figure S2) are visible for the 10% coldest days over Europe (CDE10). Changes in the blocking frequency
are too small to explain the cold anomalies over Europe (except for BAR, where an increase over Scan-
dinavia might contribute to the anomalous easterly advection; see Figure S1). The jet position, however,
shows somedifferences (not shown). Compared to theDJFAVG, where thedominating jet position is between
44◦Nand 53◦N, the northern and southern jet (north of 53◦N and south of 44◦N, respectively) are dominant
for CDE10. In ATL a shift to a more southerly jet is observed, while in BAR the jet shifts to the north, and in
ATLBAR the jet is squeezed to a central position, compared to CTRL. The NAO index is significantly more
negative for CDE10 in ATL compared to CTRL and might be important for the temperature anomalies over
Europe (see below). The SLP and GPH anomalies compared to CTRL show that temperature anomalies for
CDE10 are strongly influenced by anomalous easterly to north easterly advection (Figures 3d–3i). However,
different mechanisms are responsible for the negative temperature anomalies over Europe, depending on
the acting sea ice and/or SST anomaly.

The heating over the SST anomaly in the western North Atlantic is shallow, i.e., up to approximately 800
hPa in the mean response. A low-pressure anomaly over the eastern edge of the SST anomaly and a
high-pressure anomaly over the European continent are visible in the SLP field (Figure 2d). Combined
with another low-pressure anomaly over western Russia, they form a stationary wave train [Hoskins and
Karoly, 1981]. The negative temperature anomaly over Canada and the positive temperature anomaly over
the western North Atlantic (Figure 2a) form a temperature gradient in the direction of the flow, resulting
in weak zonal advection. At upper levels a positive GPH anomaly exists over the northern Euro-Atlantic
region (Figure 2g). This response is in agreement with the results by Hoskins and Karoly [1981]. However,
the heating over the SST anomaly in ATL occasionally becomes deep (i.e., up to approximately 500 hPa;
see Figure S4), likely due to upward eddy heat fluxes caused by transient eddies of many scales [Hoskins and
Karoly, 1981]. In ATL deep heating is more frequent for cold days over Europe than for warm days. Deep heat-
ing might be the reason significant negative temperature anomalies are observed over Europe for CDE10,
as the atmospheric response is different for deep and shallow heating [Hoskins and Karoly, 1981]. In con-
trast to shallow heating, deep heating is mainly balanced by meridional advection. Consistent with that, the
negative SLP anomaly in CDE10 develops further downstream of the SST anomaly compared to shallow heat-
ing, inducing northerly advection over the SST anomaly (Figures 2d and 3d). Furthermore, the downstream
low-pressure anomaly in CDE10 likely pushes the high-pressure anomaly, which is located over the European
continent in DJFAVG, to the north. The resulting SLP pattern for CDE10 resembles the negative phase of the
NAO, which is in agreementwith anomalous easterly advection and associated with low temperatures over
Central and Northern Europe and a warmMediterranean area.

Over the Barents Sea, a low-level inversion is present in the observed climatology in winter [e.g., Serreze
et al., 1992]. This inversion is also present in our model simulations in CTRL and ATL. However, in the Barents
Sea anomaly experiment it is eliminated. The absence of the inversion induces a negative SLP anomaly
over the Barents Sea (Figures 2e, 2f, 3e, and 3f ). This low-pressure anomaly generally does not penetrate to
upper levels (Figures 2h and 2i), resulting in a shallow anomaly in the mean state. The low-pressure anomaly
is, however, sometimes strong enough to penetrate to upper levels. According to Bhatt et al. [2008] this
is mainly due to transient eddy vorticity fluxes. Still, a barotropic low-pressure anomaly over the Barents
Sea does not necessarily cause negative temperature anomalies over Europe. However, the low-pressure
anomaly over the Barents Sea induces northerly flow. Combined with a secondary barotropic high-pressure
anomaly over the Atlantic and a low-pressure anomaly to the south of Spain, which drive an easterly flow,
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an S-shaped flow establishes and advects cold Arctic and Siberian air toward Europe. This situation is visible
for CDE10 in BAR (Figures 3e and 3h) and is most likely responsible for the negative temperature anomalies
over Europe. A slight increase in blocking frequency over Scandinavia for CDE10 may further reinforce the
cold anomalies (see Figure S1).

The temperature response in the combined experiment (ATLBAR) is the weakest of the three cases
(Figure 3c). The two anomalies in the western North Atlantic and the Barents Sea do not interact linearly, and
the Atlantic anomaly dominates. A reason for this imbalance is likely that the SST anomaly in the Atlantic is
located in the region where European weather is “generated” and may thus directly affect it. Furthermore,
the spatial extent of the SST anomaly in the Atlantic is several times larger than the one in the Barents Sea.
Still, the low-pressure anomaly developing over the Barents Sea anomaly is able to disturb the high-pressure
anomaly over the Arctic Ocean, which develops in ATL (Figures 3d and 3f ). This high-pressure anomaly does
not reach as far south as when the anomaly in the Atlantic is imposed alone. Thus, the NAO does not change
significantly, and advection from the east is weak. Moreover, the low-pressure anomaly over the Barents Sea
does not become barotropic (Figure 3i), as it is likely dampened at upper levels due to anomalous warm air
advection from the SST anomaly in the Atlantic. Still, a weak easterly cold air advection is responsible for the
slight cooling over Europe for CDE10.

4. Conclusion

Here we present results from a climate model in which winter mean temperatures over Europe do not
change significantly as a result of reduced sea ice and/or increased SSTs. Nevertheless, we do observe an
increase in cold extremes. For the 10% coldest days over Europe with the imposed anomaly in the west-
ern North Atlantic a negative NAO establishes. The anomaly in the Barents Sea produces a barotropic
low-pressure anomaly over the sea ice and SST anomaly, and a secondary high-pressure anomaly over
the Atlantic develops. Both responses result in anomalous easterly to northeasterly advection toward
Europe. The response is weakest when both anomalies are combined. The two anomalies do not inter-
act linearly, and the two mechanisms in combination cancel most of the temperature responses pro-
duced by the single forcings. Still, the overall circulation change is a weak easterly advection in the
combined experiment.

These results are different from earlier studies, which provide possible links between European winter mean
temperatures and sea ice or SST conditions. One reason our simulations do not show the mechanisms pro-
posed by Croci-Maspoli and Davies [2009] and Petoukhov and Semenov [2010] could be the use of different
oceanic conditions. However, the lack of a temperature response over Europe to SST and sea ice anomalies
has been documented before [Jung et al., 2010].

The occurrence of several cold winters in recent years has frequently been linked to climate change in the
popular media. The ERA-Interim time series of DJF average temperatures show that recent winters were not
exceptionally cold even though temperatures were below the long-term positive trend. According to the
correlation maps the interactions between the western North Atlantic and Barents Sea temperature and
European temperatures are small (see Figure S5).

Based on our model results and ERA-Interim data we argue that the low mean temperatures of the recent
winters, if they are in fact forced, need to be explained by other factors besides SST and sea ice anomalies,
while the short cold spells might be triggered by these two anomalies. Therefore, themechanisms proposed
in earlier studies to cause low mean winter temperatures should be interpreted carefully, and results may be
model or method dependent.

Aware of the characteristics of the model, we argue that the increases in cold extremes and the mechanisms
proposed are just possible explanations. Reanalysis data for winter 2012 shows a similar pattern as our BAR
experiment. However, 1 single year is not representative and can not provide a causal link to any mecha-
nisms. An alternative explanation for recent cold winters is that they are simply a particular realization of
natural variability.

In summary, we argue that recent anomalously cold winters may not be triggered by sea ice or SST anoma-
lies alone. Hence, a negative temperature trend in winter over Europe may not be a consequence of
sea ice decline, and SST increase due to anthropogenic global warming and may thus not continue in
the future.
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