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B R E a k i n g  Wav E s

suomi national Polar-orbiting Partnership satellite observed 
the blizzard off the northeastern United states on February 9, 
2013. NASA Earth Observatory image by Jesse Allen
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the negative AO phase, Arctic weather 
is relatively mild, while severe winter 
weather increases across the Northern 
Hemisphere extratropical continents, 
including more frequent cold-air out-
breaks and storminess. In contrast, 
during the positive AO phase, cold air 
masses remain locked in the Arctic, 
favoring persistence of a milder winter 
weather regime in the mid-latitudes 
(Thompson and Wallace, 2001). 
Consequently, the ability to predict the 
correct AO phase and amplitude would 
provide significant forecast skill for 
winter surface temperatures (Cohen and 
Jones, 2011). The forecast challenge is 
that the AO is considered unpredictable 
beyond a week or so and to date has not 

been successfully predicted by dynamical 
models (Hoskins, 2013). However, recent 
research suggests high-latitude bound-
ary conditions could force the AO phase 
and, hence, they could be exploited for 
seasonal forecasts. Specifically, low sea 
ice and high snow cover are related to 
a predominantly negative AO phase 
during winter (Cohen et al., 2012a; 
Liu et al., 2012).

Arctic sea ice plays an important 
role in modulating surface condi-
tions at high latitudes, and even small 
changes in sea ice extent can cause 
Arctic climate to change dramatically, 
with ensuing feedbacks on the entire 
Earth climate system. During winter, 
sea ice decouples the ocean surface from 
the overlying atmosphere, prevent-
ing moderation of Arctic air masses 
by latent and sensible heat fluxes from 
the Arctic Ocean. Furthermore, snow 
accumulation on sea ice mimics the 
cooling impact of snow cover over land 
and, hence, amplifies polar cooling dur-
ing the long polar night. Anomalously 
low sea ice during summer exposes 
darker (i.e., low albedo) ocean water 
to sunlight, producing strong Arctic 
warming via direct radiative impacts 
and anomalous latent and sensible 
heat fluxes that persist into the winter 
months. The ensuing feedback leads to 
amplified warming of the Arctic relative 
to the rest of the globe (e.g., Serreze and 
Francis, 2006; Screen and Simmonds, 
2010; Screen et al., 2012). Therefore, the 
impacts of observed (e.g., Serreze et al., 

aBstR aC t. Arctic sea ice was observed to be at a new record minimum in 
September 2012. Following this summer minimum, northern Eurasia and much of 
North America experienced severe winter weather during the winter of 2012/2013. 
A statistical model that used Eurasian snow cover as its main predictor successfully 
forecast the observed cold winter temperatures. We propose that the large melting 
of Arctic sea ice may be related to the rapid advance of snow cover, similar to the 
connection made in studies of past climates between low Arctic sea ice and enhanced 
continental snowfalls and glacial inception via ice sheet growth. Regressions between 
autumnal sea ice extent and Eurasian snow cover extent and Northern Hemisphere 
temperatures yield the characteristic “warm Arctic/cold continents” pattern. This 
pattern was observed during winter 2012/2013, and it is common among years with 
observed low autumn sea ice, rapid autumn snow cover advance, and a negative 
winter Arctic Oscillation. Dynamical models fail to capture this pattern, instead 
showing maximum warming over the Arctic Ocean and widespread winter warming 
over the adjacent continents. We suggest that the simulated widespread warming may 
be due to incorrect sea ice-atmosphere coupling, including an incorrect triggering 
of positive feedback between low sea ice and atmospheric convection, resulting in 
significant model errors that are evident in seasonal predictions and that potentially 
impact future climate change projections.

Warm arctic,
 Cold Continents
a Common Pattern Related to arctic sea ice melt, 
snow advance, and Extreme Winter Weather
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intROdUC tiOn
Air-sea interaction is thought to domi-
nate climate variability on seasonal 
to longer time scales (Goddard et al., 
2012). Over the past several decades, the 
focus of seasonal prediction has been 
air-sea interaction in the tropics, specifi-
cally that associated with the El Niño-
Southern Oscillation (ENSO; Rasmusson 
and Carpenter, 1982; Alexander et al., 
2002), with the assumption that knowl-
edge of ENSO’s state provides most of 
the skill in seasonal forecasts (Hoskins, 
2013). Recently, however, there has been 
interest in the high latitudes and the 
possibility that air-sea interaction in 
the Arctic could be forcing teleconnec-
tion patterns and remotely influencing 
weather in the mid-latitudes (Greene 
and Monger, 2012).

The dominant mode of atmo-
spheric climate variability in the 
Northern Hemisphere extratropics is 
the Arctic Oscillation (AO). During 
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2007; Stroeve et al., 2011) and projected 
(e.g., Holland et al., 2006; Overland et al., 
2012; Stroeve et al., 2012) future changes 
in Arctic sea ice extent and thickness are 
of high priority for evaluation of model 
projections of future climate in a warm-
ing world. Various observational and 
numerical studies indicate a relationship 
in which anomalously low (high) sea ice 
extent during the late boreal summer 
favors a negative (positive) AO the fol-
lowing winter (Alexander et al., 2004; 
Deser et al., 2004; Magnusdottir et al., 
2004; Honda et al., 2009; Hopsch et al., 
2012; Jaiser et al., 2012; Liu et al., 2012). 

Cohen and Entekhabi (1999) first 
reported moderate correlations between 
fall Eurasian snow cover extent and the 
winter AO, and subsequent modeling 
studies confirmed the relationship (Gong 
et al., 2002; Fletcher et al., 2007; Orsolini 
and Kvamsto, 2009; Allen and Zender, 
2011). Recently, Cohen and Jones (2011) 
developed a new snow cover index that 
measures the daily rate of snow-cover 
change rather than its monthly mean 
extent. This new index is referred to as 
the snow advance index (SAI) and is 
highly correlated with the winter AO 
(r ~ 0.8). A proposed dynamical argu-
ment for this statistical correlation is 
that a greater or more rapid snow cover 
extent leads to a strengthened and 
expansive Siberian high, which enhances 
vertical Rossby wave energy propagation 
from the troposphere into the strato-
sphere, weakens the stratospheric polar 
vortex, and contributes to a negative 
AO at the surface (Cohen et al., 2007).

Arctic sea ice and snow cover may 
be related. Cohen et al. (2012a) hypoth-
esized that melting Arctic sea ice could 
contribute to both increased fall snow 
cover and a negative winter AO. Still, 
a relationship between decreased sea 

ice and increased snow cover has not 
been rigorously demonstrated through 
observational analysis, though it has 
been shown in modeling studies (Ghatak 
et al., 2010, 2012). Using a mesoscale 
model, Strey et al. (2010) and Porter et al. 
(2010) show that sea ice decline does 
result in warming and moistening of the 
Arctic boundary layer during the late 
summer and fall, impacting weather pat-
terns locally and remotely. This warmer, 
moister air mass extended onto the adja-
cent continents and affected snow cover 
across Eurasia (Strey et al., 2010).

Less sea ice leading to more snowfall 
is also consistent with a large body of 
research on glacial cycles, suggesting 
that less sea ice increases the availabil-
ity of atmospheric moisture and favors 
increased snowfall, possibly playing an 
important role in glacial cycle dynamics 
(Stokes, 1955; Ewing and Donn, 1956; 
Le Treut and Ghil, 1983; Gildor and 
Tziperman, 2003). 

If variations in sea ice and snow 
cover truly force winter weather, then 
knowledge of observed anomalies in 
each could be exploited for seasonal 
predictions. Eurasian snow cover extent 
and the SAI are currently employed in 
an operational statistical model whose 
accuracy is in great part derived from 
using the Eurasian October snow cover 
to predict the phase and amplitude of 
the following winter AO (Cohen and 
Fletcher, 2007; Cohen et al., 2010, 2012a; 
Cohen and Jones, 2011). 

Though seasonal forecasting has 
traditionally relied on statistical tech-
niques to predict sensible weather, more 
emphasis has been placed in recent years 
on dynamical models because they out-
perform statistical models in predicting 
phenomena such as ENSO (Barnston 
et al., 2012). Indeed, fully coupled and 

complex dynamical models are the dom-
inant forecast tool at leading govern-
ment forecast centers (National Research 
Council, 2010). Dynamical models have 
the advantage of representing many of 
the physical processes and couplings in 
the ocean-land-ice-atmosphere system. 
The dynamical models used for sea-
sonal prediction are similar to climate 
models used for longer-term climate 
projection. Therefore, any strengths and 
weaknesses in dynamical models used 
in seasonal prediction are likely inherent 
in dynamical models used for climate 
change projections. 

Below, we illustrate how sea ice and 
snow cover relate to variations in the 
AO and, hence, may be related to the 
large-scale atmospheric circulation pat-
tern. We postulate possible dynamical 
errors in sea ice-atmosphere coupling rel-
evant to the seasonal prediction problem 
and discuss how lessons from both warm 
and cold past climates provide valuable 
insights for future climate projections. 

Fall 2012
Arctic sea ice extent has changed 
dramatically over the past decade 
(e.g., Serreze et al., 2007; Stroeve et al., 
2011). Modern-day record minima in 
observed sea ice extent occurred in 
September 2007 and again in September 
2012—falling below 4 million km2 
for the first time in the observational 
record, about half its value since 
1979 (Figure 1a). 

Over the past decade, fall sea ice 
declined and fall Eurasian snow cover 
increased (Cohen et al., 2012a). Eurasian 
snow cover extent was also above normal 
in October 2012. But, more impressively, 
the SAI, where snowfalls later in the 
month contribute to higher values than 
snowfalls earlier in the month, posted 
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the second highest value observed since 
1997. Figure 1b shows the date of the 
first snow cover in October 2012 and 
illustrates rapid snow cover advance later 
in the month. 

lEss sEa iCE lEads tO 
mORE snOW COvER?
Has the dramatic decline in sea ice con-
tributed to the observed increased snow-
fall? Sea ice decline has been particularly 
remarkable in the Kara, Laptev, and 
Chukchi Seas, which lie north of Siberia. 
Such a dramatic change in sea ice extent 

in the region bordering the Siberian 
coast is likely to have a profound impact 
on the hydroclimatology of the region 
by providing a significantly larger area of 
open ocean, greatly increasing moisture 
availability and near-surface tempera-
tures (Holland et al., 2007; Stroeve et al., 
2007; Lawrence et al., 2008). 

The large negative trend in the sea ice 
record makes defining the relationship 
between the interannual variability of 
sea ice and of snow cover challenging. 
The raw data exhibit modest negative 
correlations between Arctic sea ice and 

continental snow cover, supporting 
the hypothesis that less sea ice is con-
ducive to more expansive snow cover 
(Figure 2a). However, when the data are 
detrended, correlations between interan-
nual sea ice and snow cover interannual 
anomalies are closer to zero (Figure 2b). 

We make the case that the strongly 
correlated multidecadal trend in sea ice 
and snow accumulation is, perhaps, as 
indicative of the relevant physics as a 
more significant interannual correla-
tion between the two. Figure 2c plots 
the percent difference in both sea ice 

Figure 1. dramatic sea ice melting during september 2012, rapid snow advance over Eurasia in October 2012, and further sea ice decline in the Barents sea in 
november 2012. (a) Percent sea ice extent anomalies for september 2012. (b) First date that daily snow cover was observed in October 2012. (c) Percent sea 
ice extent anomalies for november 2012. anomalies are derived from means of sea ice based on the full record length of 1979 to 2012. Below-normal sea ice 
is shown in yellows and browns. sea ice data were downloaded from the hadley Centre sea ice and sea surface temperature data set (Rayner et al., 2003) and 
snow cover data from the interactive multisensor snow and ice mapping system (ims; Ramsay, 1998). 
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Figure 2. statistical analysis and an atmospheric pressure pattern suggest a relationship between sea ice and Eurasian snowfall. (a) Correlation between 
september sea ice and October snow cover (1979–2012). (b) same as (a) but for detrended data. in (a) and (b), blue shading shows the relationship between 
less sea ice and increased snow cover. (c) Composite difference in sea ice for september and for snow cover extent for October for the periods 2002–2012 minus 
1991–2001, with above-normal snow cover shown in red and below-normal snow cover in blue. Contours show the correlation of October snow cover extent 
with October sea level pressure every 0.1 starting from 0.3 for the period 1979–2012. Positive values have solid contour lines and negative values have dashed 
contour lines. snow cover data were provided by Rutgers global snow lab (Robinson et al., 1993). 
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If there is a connection among 
reduced sea ice, greater snow-cover 
extent, and more severe winter weather, 
then the warm Arctic/cold continents 
pattern should be common to variability 
patterns of both sea ice and snow cover. 
Figure 3 highlights these connections 
in the observations. The characteristic 
negative AO pattern for December to 
February (DJF) zonal-mean tempera-
ture anomalies shows warm anomalies 
throughout the Arctic atmosphere, 
peaking in the lower stratosphere, with 
cooling in the mid-latitude troposphere 
and at the surface (Figure 3a). When 
DJF zonal-mean temperature anomalies 
are regressed onto the raw (inverted) 
autumn Arctic sea ice extent index 
(Figure 3b), the resulting regression pat-
tern bears similarities to the negative 
AO pattern, particularly in the Arctic. 

and snow cover between two periods, 
2002–2012, when sea ice was diminished 
in extent, and 1991–2001, when sea ice 
was more extensive. October snow cover 
is more extensive across the high-latitude 
continents in the latter period when 
September sea ice was low, especially in 
the Arctic seas that lie between Siberia 
and Alaska. The contours show the corre-
lation coefficients between October snow 
cover and October sea level pressure. 
More extensive snow cover occurs with 
higher sea level pressure across northern 
Eurasia and adjacent Arctic waters with 
lower sea level pressure south of 60°N. 
The clockwise atmospheric flow around 
the area of anomalous high pressure 
passes directly over the region of greatest 
Arctic sea ice melt and is likely moistened 
by the newly open waters, leading to 
enhanced continental snowfall.

WaRm aRC tiC , 
COld COntinEnts
Overland et al. (2011) link the warm 
surface temperatures in the Arctic 
observed during the past few years with 
cold continental winters. They argue 
that amplified Arctic warming weakens 
the climatologically strong atmospheric 
vortex over the high latitudes, resulting 
in a stronger high-pressure center over 
the Arctic and increased meridional flow 
that transports cold Arctic air to lower 
latitudes. With greater Arctic heights 
and north-south transport of air masses, 
they find that cold air outbreaks in lower 
latitudes have increased in frequency. 
This phenomenon is referred to as the 
warm Arctic/cold continents pattern and 
is most closely associated with loss of sea 
ice as increasing retreat of the ice results 
in warming of the Arctic atmosphere. 

Figure 3. Evidence that 
the “warm arctic/cold 
continent” pattern is 
associated with a negative 
arctic Oscillation (aO), 
low sea ice, and large 
snow cover extent. 
(a) linearly detrended 
december to February 
(dJF) zonal-mean air 
temperature anomalies 
(k) regressed onto the 
linearly detrended and 
inverted standardized dJF 
aO index over the period 
1979–2011. Contour 
interval every 0.2k (…–0.3, 
–0.1, 0.1, 0.3…). (b) as in 
(a) but for the inverted 

and standardized september to november (sOn) arctic sea ice extent index. trends are 
included in the zonal-mean temperature and arctic sea ice extent index. (c) as in (b) but 
for the detrended temperature field and sea ice extent index. Contour interval every 0.1k 
(…–0.15, –0.05, 0.05, 0.15…). (d) as in (c) but using the detrended October Eurasian snow 
cover index. all atmospheric data were downloaded from the nCEP/nCaR reanalysis (kalnay 
et al., 1996). (e) as in (c) but using fields from a twentieth-century CCsm4 climate reconstruc-
tion run. Contour interval every 0.2k (…-0.3, -0.1, 0.1, 0.3…). The relationship among negative 
aO, less sea ice, and more snow cover with warm temperatures is shown in red. an ocean 
mask is applied to all latitudes equatorward of 70°n. Thick brown lines denote regression 
coefficients significant at p < 0.1 levels based on a two-tailed student t test. Regressions onto 
January to march zonal mean air temperatures yielded similar results. 
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However, upon detrending the tempera-
ture and sea ice extent index, the regres-
sion pattern changes considerably, and 
instead the familiar warm Arctic/cold 
continents pattern emerges (Figure 3c; 
Overland et al., 2011). Similarly, regres-
sion of DJF zonal-mean temperature 
anomalies onto the detrended October 
Eurasian snow cover index (Robinson 
et al., 1993) also shows the warm Arctic/
cold continents pattern (Figure 3d). 

Further analysis performed with 
zonal-mean zonal wind anomalies shows 
that a negative winter AO, increased 
Eurasian October snow cover, and 
decreased sea ice extent are all associ-
ated with a shift in the high-latitude jet 
stream, with weakening of the polar jet 
and strengthening of the subtropical jet 
(Figure 4). The results were found to be 
significant for the AO, snow cover, and 
raw sea ice, but not for detrended sea 

ice. The relationship between sea ice and 
the jet stream shift is consistent with the 
research of Francis and Vavrus (2012). 

WintER 2013 FORECasts
Figure 5 shows observed and predicted 
January to March 2013 surface tempera-
ture anomalies. The statistical model, 
based on the SAI of 2σ, correctly predicts 
both a strongly negative winter AO (less 
than –1.5σ) and cold temperatures across 
northern Eurasia and most of the United 
States. The hemispheric pattern correla-
tion between predicted and observed 
temperatures is 0.65, and the root mean 
square error is 0.87°C. Both skill metrics 
are extremely high for seasonal forecasts. 
Given the published skill of the model 
from hindcasts (Cohen and Fletcher, 
2007; Cohen and Jones, 2011), past suc-
cesses of operational forecasts (Cohen 
et al., 2010, 2012a), and the success of 

the winter 2013 forecast, it is highly 
probable that this winter’s severe weather 
was related to the rapid advance in snow 
cover in the fall. Though no known 
empirical forecast model directly incor-
porates sea ice extent for winter seasonal 
forecasts, the severe winter weather is 
also consistent with the extremely low 
sea ice observed in fall 2012.

As discussed above, the pattern that 
may best relate low sea ice, extensive 
snow cover, and negative AO is the warm 
Arctic/cold continents temperature pat-
tern in winter. Figure 6b plots daily stan-
dardized polar cap geopotential height 
(PCH; i.e., geopotential height anomalies 
area-averaged poleward of 60°N) anoma-
lies from October 2012 through March 
2013 from the surface to 10 hPa; these 
geopotential height anomalies are also a 
good proxy for temperature anomalies 
(positive height values indicate warmer 

(a) Detrended DJF [U] Regressed onto the
Detrended & Inverted DFJ AO Index

20°N 40°N 60°N 80°N

m s–1

5.5

0.0

–5.5

10

50

100

300
500

1,000

Pr
es

su
re

 (h
Pa

)

(c) Detrended DJF [U] Regressed onto the
Detrended & Inverted SON Arctic SIE Index
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(b) DJF [U] Regressed onto the
Inverted SON Arctic SIE Index
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(d) Detrended DJF [U] Regressed onto the
Detrended October Eurasion Snow Index
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(e) Detrended DJF [U] Regressed onto the
Detrended & Inverted SON Arctic SIE Index (CCSM4)
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Figure 4. Evidence 
that a negative arctic 
Oscillation, low sea ice, 
and large snow cover 
extent are all associated 
with weakening of the 
polar jet and strengthen-
ing of the subtropical jet. 
(a) linearly detrended 
december to February 
(dJF) zonal-mean zonal 
wind anomalies (m s–1) 
regressed onto the linearly 
detrended and inverted 
standardized dJF aO 
index over the period 
1979–2011. Contour 
interval every 0.5 m s–1. 
(b) as in (a) but for the 

inverted and standardized september to november (sOn) arctic sea ice extent index. trends 
are included in the zonal-mean zonal wind and arctic sea ice extent index. (c) as in (b) but 
for the detrended zonal wind field and sea ice extent index. Contour interval every 0.25 m s–1. 
(d) as in (c) but for using the detrended October Eurasian snow cover index. all atmospheric 
data downloaded from the nCEP/nCaR reanalysis (kalnay et al., 1996). (e) as in (c) but 
fields from a twentieth-century CCsm4 climate reconstruction run. Thick brown lines denote 
regression coefficients significant at the p < 0.1 levels based on a two-tailed student t test. 
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of international models, can be found at 
http://www.cpc.ncep.noaa.gov/products/
NMME). The dynamical model fore-
casts are similar to each other and can 
be characterized by pervasive warmth at 
high latitudes that extends across much 
of the Northern Hemisphere continents, 
including all of northern Eurasia and 
the United States (Figure 7a). The most 
notable feature is a bull’s-eye of above-
normal temperatures predicted by the 
suites of models in the Barents Sea north 
of Norway and Russia in the Arctic 
Ocean. This local maximum coincides 
with a region of maximum sea ice loss 
in November 2012 (Figure 1c), which 
was used to initialize the dynamical 
models. Compared with the observed 
temperature anomalies (Figure 5a), the 
dynamical model forecasts were poor, 
incorrectly predicting warm tempera-
tures across the northern continents for 
January to March 2013. 

The fact that the forecasted region 
of maximum positive temperature 
anomalies in the dynamical models and 
the large region of anomalously low or 
missing sea ice are co-located is unlikely 
to be a coincidence. Leibowicz et al. 
(2012) show that late fall and winter 
dynamical model variability in the Arctic 
involves coupling between negative sea 
ice anomalies and deep atmospheric 
convection and convective precipitation, 
especially in the Barents Sea, due to trig-
gering of the convective cloud feedback. 
This feedback has also been shown to be 
important in explaining equable (warm) 
climates in the geological past (Abbot 
and Tziperman, 2008, 2009). The precipi-
tation forecast from the same ensemble 
mean of American models shows above-
normal precipitation predicted in the 
same Barents Sea region (not shown), 
supporting the possibility of atmospheric 

temperatures in the Arctic). We also 
regressed sea ice extent anomalies with 
polar cap heights for the same period 
(Figure 6a). High geopotential heights 
in the troposphere, especially during 
fall and mid to late winter, dominate the 
plot. Similar regressions with October 
snow cover and the AO also show pre-
dominately high geopotential heights 
in the troposphere throughout the 
period (not shown). In contrast, in the 
stratosphere, negative PCH anomalies 
prevailed through December, abruptly 
becoming positive for most of January 
(due to a major sudden stratospheric 
warming) and then returning to below 
average conditions in March. Regression 
of sea ice and snow cover with the 
PCHs also shows warming in the strato-
sphere in January.

Figure 6 also includes some of the 
extreme weather events observed with 
each warming pulse of the polar cap. 
This figure suggests that there may be a 
link between decreased sea ice, exten-
sive snow cover, the negative AO, and 
extreme/severe winter weather. When 

the Arctic is warm and dominated by 
high pressure, the jet stream weakens 
and shifts equatorward, and atmospheric 
blocking is more prevalent (Rex, 1950). 
As a result, temperatures turn colder 
over the continents, and snowstorms are 
more likely in the population centers of 
the United States, Europe, and East Asia. 
During the six months between October 
2012 and March 2013, the troposphere 
in the Arctic was overwhelmingly 
dominated by above-normal geopotential 
height and warm temperatures, consis-
tent with a favored or increased prob-
ability of extreme weather events (Cohen 
et al., 2010), starting with Superstorm 
Sandy (Greene et al., 2013) and ending 
with record cold and snow in March 2013 
across both the United States and Europe. 

dynamiCal FORECasts 
FOR WintER 2013
Figure 7 shows the January through 
March 2013 real-time surface tem-
perature forecast for an ensemble of 
American numerical models (individual 
model forecasts, including an ensemble 

Figure 5. Winter temperature forecast based on the snow advance index shows remarkable agreement 
with observations. Observed and forecast surface temperature anomalies in °C for January to march 2013 
for the northern hemisphere. Forecast was issued in early december. normal defined as average tem-
perature from 1981 to 2010. Below-normal temperatures are shaded in blue.
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convection there. The tendency of the 
convective cloud feedback to trigger 
abruptly beyond some threshold forc-
ing (Abbot and Tziperman, 2008, 2009) 
implies that some seasonal prediction 
models may trigger it prematurely or fail 
to trigger it when needed. Then, long-
wave cloud radiative forcing due to cloud 
cover during the polar night can amplify 
and spread heating in regions of sea ice 
retreat in the models.

If sea ice, atmospheric pressure, and 
cryosphere-climate coupling in general 
are indeed an important part of the 
dynamics behind the predictability skill 
demonstrated by the SAI, such incor-
rect triggering could explain some of the 
failure of dynamical models to achieve 
comparable prediction skill. Specifically, 
this could explain the incorrect large-
scale temperature pattern of warming 
centered on the region of greatest sea 
ice loss and perhaps even the lack of 
continental cooling. However, we can-
not rule out that other factors, such as 
boundary-layer stratification, surface 
turbulent fluxes, cloud-radiation interac-
tions, and ocean stratification may have 
been as or more important in producing 
the poor model forecasts.

As an initial test of whether the simu-
lated link between autumn Arctic sea 
ice extent and wintertime hemispheric 
temperatures is correct, we regress the 
zonal-mean temperature anomalies onto 
the detrended sea ice extent index from 
the historical run (i.e., a reconstruction 
of twentieth century climate; Taylor et al., 
2012) of the Community Climate System 
Model version 4 (CCSM4; Gent et al., 
2011). Figure 3e shows that the warm 
Arctic/cold continent response to sea-
ice anomalies is not seen in CCSM4 and 
suggests that the temperature relations 
to Arctic sea ice loss across the Northern 

Hemisphere continents are out of phase 
with the observed results (Figure 3c). 
This divergence in the temperature struc-
ture is also consistent with that between 
the forecasts from the dynamical models 
and the observed temperatures for winter 
2013 (Figures 5a and 7a). The dynamical 
model does seem to do a better job of 
simulating the weakening of the polar jet 
and strengthening of the subtropical jet, 
as observed when Arctic sea ice is low.

Correct cryosphere-climate coupling 

is critical for simulating and, therefore, 
predicting winter climate not only on a 
seasonal scale but also on longer scales. 
Cohen et al. (2012a) argue that poor 
simulation of Eurasian fall snow cover 
trends in dynamical models has led to 
incorrect temperature trends across 
the extratropical Northern Hemisphere 
in winter, where winter warming is 
simulated instead of the observed win-
ter cooling over the past two to three 
decades. It has also been demonstrated 
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Figure 6. indications of a link among decreased sea ice, extensive snow cover, negative aO, and extreme/
severe winter weather, possibly via stratospheric warming in January. (a) Regression of september 2012 
sea ice extent anomalies onto daily standardized polar cap geopotential height from 10–1,000 hPa 
defined as the areal average of the standardized geopotential height anomalies poleward of 60°n from 
October 1, 2012, through march 31, 2013. (b) anomalies of daily standardized polar cap geopotential 
height from October 1, 2012, through march 31, 2013. high geopotential heights/warm temperatures are 
shaded in red. Blue arrows denote severe winter weather events across the northern hemisphere, and the 
red arrow shows the date of a sudden major stratospheric warming.
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that dynamical models poorly simulate 
the atmospheric response to snow cover 
(Hardiman et al., 2008; recent work of 
authors Furtado and Cohen and col-
leagues). Could systemic errors in cryo-
sphere-climate coupling also jeopardize 
future projections of winter temperatures 
due to anthropogenic global warming?

Figure 7b plots projected temperature 
anomalies relative to current climatol-
ogy for Northern Hemisphere winter 
from a suite of CMIP5 (Coupled Model 
Intercomparison Project phase-5) 
models. The projection shows warm-
ing everywhere across the Northern 
Hemisphere, but the greatest warming 
is located over the Arctic Ocean, with 
a maximum over the Barents Sea. The 
warming pattern is reminiscent of the 
incorrect seasonal temperature forecasts 
for winter 2013. It is also similar to the 
convective cloud feedback in reanalysis 
models (Leibowicz et al., 2012) and some 

Intergovernmental Panel on Climate 
Change (IPCC) models (Abbot et al., 
2009). It is not possible to tell whether 
the triggering of this feedback in the 
context of a global warming prediction 
is correct or not, yet it presents an added 
uncertainty in future climate projections. 

COnClUsiOns
The winter of 2012/2013 continued 
a string of severe winters across the 
Northern Hemisphere continents. While 
coupled models predict that warming 
due to anthropogenic forcing would be 
greatest in the boreal winter season, over 
the past two to three decades, the warm-
ing trend has been muted in the winter 
season over some Northern Hemisphere 
land areas, while warming has continued 
in the other three seasons (Cohen et al., 
2012b). Cohen et al. (2012a) proposed 
that sea ice loss has contributed to moist-
ening of the Arctic, which has resulted 

in more extensive snow cover in the fall 
that in turn forced a dynamical response 
in the atmosphere favorable to a negative 
winter AO. The enhanced snow accumu-
lation is also consistent with the idea that 
low sea ice and warm temperatures lead 
to enhanced snow accumulation and ice 
age inception (Stokes, 1955; Ewing and 
Donn, 1956; Le Treut and Ghil, 1983; 
Gildor and Tziperman, 2003).

September 2012 sea ice melt achieved 
a new record in the satellite era, fol-
lowed by a near-record rapid advance 
in snow cover in October. A statistical 
model using snow cover as its main 
predictor accurately forecasted below-
normal temperatures across northern 
Eurasia and the United States during 
winter 2013. Furthermore, the large melt 
of Arctic sea ice in summer/fall 2012, 
the rapid advance of snow cover across 
Eurasia in October 2012, and the pre-
dominantly negative AO phase during 
winter 2012/2013 may all be associated 
with severe winter weather across the 
northern continents. The PCHs show 
that high geopotential heights and a 
warm Arctic dominated the period of 
October 2012 to March 2013 (Figure 6), 
with episodic pulsing or strengthen-
ing of the positive PCH anomalies (or, 
equivalently, temperature anomalies). 
Figures 3 and 6 show that low sea ice, 
extensive snow cover, and a negative 
winter AO share the warm Arctic/
cold continents pattern and are linked 
with increased atmospheric blocking 
and extreme winter weather across the 
Northern Hemisphere.

Dynamical models produced uni-
versally poor temperature forecasts for 
winter 2013. We hypothesize that the 
erroneous predicted model warmth 
across the northern continents and sea 
ice retreat may be related. Furthermore, 

Figure 7. dynamical model predictions of winter 2012 temperatures diverged from observations. They 
show a strong bull’s-eye of warming over the Barents sea in the arctic that is not seen in observations. 
The pattern of warming is reminiscent of coupled model future temperature projections. (a) surface 
air temperature anomalies in °C. national multi-model Ensemble (nmmE) models used to compute 
the ensemble-mean include CFsv1, CFsv2, gFdl-Cm2.2, iRi-ECham4-f, iRi-ECham4-a, CCsm3.0, and 
gEOs5. data were downloaded from http://www.cpc.ncep.noaa.gov/products/nmmE/. (b) Composite 
differences in surface air temperature (k) between 2079 and 2100, minus 1979 to 2000. The future sce-
nario used is the rcp45 (a moderate emissions scenario; i.e., the radiative forcing reaches 4.5 Wm–2 by 
2100). models predict the greatest warming will be in the region of largest arctic sea ice loss. Coupled 
model intercomparison Project phase-5 (CmiP5) models used to compute the ensemble-mean include 
BCC-Csm1-1, CCsm4, CnRm-Cm5, CsiRO-mk3-6-0, gFdl-Cm3, giss-E2-h, giss-E2-R, inmCm4, 
miROC5, miROC-Esm, mPi-Esm-lR, mRi-CgCm3, norEsm1-m, and norEsm1-mE.
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the maximum in temperature anoma-
lies over the Barents Sea, which extends 
deep into the continental interior in the 
dynamical model seasonal forecasts, 
may offer a cautionary tale regarding a 
similar pattern in climate change projec-
tions. The strong coupling between sea 
ice and atmosphere, possibly via convec-
tive feedback in the dynamical models, 
may disrupt the coupling between a 
warm Arctic and cold continents found 
in observations. These lessons from 
seasonal prediction indicate that rapid 
response of sea ice to external forcing, as 
expressed in past abrupt climate change 
(Gildor and Tziperman, 2003), may 
lead to future surprises in the Arctic, 
thus increasing the uncertainties in 
future climate projections for the entire 
Northern Hemisphere.
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