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ABSTRACT

Northern Europe experienced consecutive periods of extreme cold weather in the winter of 2009/10 and in
late 2010. These periods were characterized by a tripole pattern in North Atlantic sea surface temperature
(SST) anomalies and exceptionally negative phases of the North Atlantic Oscillation (NAO). A global ocean—
atmosphere general circulation model (OAGCM) is used to investigate the ocean’s role in influencing North
Atlantic and European climate. Observed SST anomalies are used to force the atmospheric model and the
resultant changes in atmospheric conditions over northern Europe are examined. Different atmospheric
responses occur in the winter of 2009/10 and the early winter of 2010. These experiments suggest that North
Atlantic SST anomalies did not significantly affect the development of the negative NAO phase in the cold
winter of 2009/10. However, in November and December 2010 the large-scale North Atlantic SST anomaly
pattern leads to a significant shift in the atmospheric circulation over the North Atlantic toward a NAO
negative phase. Therefore, these results indicate that SST anomalies in November/December 2010 were
particularly conducive to the development of a negative NAO phase, which culminated in the extreme cold
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weather conditions experienced over northern Europe in December 2010.

1. Introduction

Northern Europe experienced two severe winters in
succession in 2009 and 2010. December 2009 to February
2010 was ranked as the coldest winter in western Europe
since 1978/79. This was followed by an extremely cold
period during December 2010 with the coldest U.K.
December temperatures in over 100 years (see http://
www.metoffice.gov.uk/climate/uk/2010/december.html).
The leading mode of interannual to decadal variability
of the atmosphere over the North Atlantic in winter is
the North Atlantic Oscillation (NAO; Hurrell and Deser
2009). The NAO defines the distribution of atmospheric
mass between the Arctic and the subtropical Atlantic
and swings from positive (NAO+) to negative (NAO—)
producing large changes in surface air temperatures,
storm-track position, and precipitation over the North
Atlantic and western Europe. Two other winter climate
regimes that display strong anticyclonic ridges over
Scandinavia (the ‘blocking” regime) and off western

Corresponding author address: Jian Buchan, National Ocean-
ography Centre, European Way, Southampton SO14 3ZH, United
Kingdom.

E-mail: jrblgl0@soton.ac.uk

DOI: 10.1175/MWR-D-13-00104.1

© 2014 American Meteorological Society

Europe (the ““Atlantic Ridge” regime) are also possi-
ble (Hurrell and Deser 2009). A number of different
mechanisms that could influence the state of the NAO
have been proposed. Changes in the rate and location
of tropical heating have been shown to influence the
atmospheric circulation over the North Atlantic and,
in particular, the NAO. Tropical convection, in turn, is
sensitive to the underlying SST distribution, which
exhibits much more persistence than SST variability in
midlatitudes (Hurrell and Deser 2009). Recent mod-
eling work has shown that the atmospheric response to
the reemerging North Atlantic SST tripole resembles
the phase of the NAO that created the SST tripole the
previous winter, thereby modestly enhancing the winter-
to-winter persistence of the NAO (Cassou et al. 2007).
The phases of the NAO are categorized by the vari-
ability in sea level pressure (SLP) over the Northern
Hemisphere. The NAO index is defined as the normal-
ized difference between mean SLP measured over
Portugal and Iceland. The winters of 2009/10 and 2010/11
recorded extreme negative phases of the NAO, with
December 2010 seeing the lowest NAO index (—4.62)
since December 1996 and the second lowest December
value since records began in 1825 (Osborn 2011). Several
mechanisms have been proposed for the anomalously
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low winter temperatures. These include the teleconnec-
tion pattern of the Northern Hemisphere and El Nino—
Southern Oscillation (ENSO) and anomalous Eurasian
snow cover (Cohen et al. 2010), anomalous Arctic sea
ice extent (Strey et al. 2010), and sudden stratospheric
warmings (Fereday et al. 2012). The North Atlantic
experienced anomalous SSTs during these two winters
(Taws et al. 2011) and these are known to influence
atmospheric circulation over northern Europe (Cassou
et al. 2007).

The relationship between fluctuations in North At-
lantic SSTs and the strength of the NAO has long been
recognized (Bjerknes 1964; Deser and Blackmon 1993;
Sutton and Allen 1997; Czaja and Frankignoul 2002).
The patterns of European climate change in the 1990s
and 2000s have been linked to the observed warming of
the North Atlantic during this period (Hirschi 2008;
Sutton and Dong 2012). The influence of North Atlantic
SST anomalies on the atmospheric circulation over the
North Atlantic during winter has been investigated by
performing experiments with atmospheric general cir-
culation models (Grotzner et al. 1998; Davies et al. 1997,
Rodwell et al. 1999; Robertson et al. 2000; Cassou et al.
2007; Brayshaw et al. 2011). Rodwell et al. (1999) used
observed SST patterns as surface boundary conditions
for a global atmospheric model. The simulated temporal
evolution of the NAO index was significantly correlated
with the observed NAO values especially on interannual-
to-decadal time scales. Strong spatial correlations were
observed between SST anomalies and surface evapora-
tion with increased (decreased) evaporation in regions
of positive (negative) SST anomalies resulting in in-
creased (decreased) mean sea level pressure down-
stream. Robertson et al. (2000) investigated the influence
of Atlantic SST anomalies on the atmospheric circu-
lation over the North Atlantic sector during winter by
performing experiments with an atmospheric general
circulation model. These consisted of a 30-yr run with
observed SST anomalies for the period 1961-90 con-
fined geographically to the Atlantic Ocean, and a con-
trol run with climatological SSTs prescribed globally.
Circulation patterns that resemble the positive phase
of the NAO became more pronounced in terms of the
leading EOF of winter means. Interannual fluctuations
in the simulated NAO were found to be significantly
correlated with SST anomalies over the tropical and
subtropical South Atlantic. The response to North At-
lantic SSTs is known to be highly sensitive to the back-
ground state (Kushnir et al. 2002). Brayshaw et al. (2011)
identified the importance of changes in SST gradients
for understanding the atmospheric response to SST
anomalies. In their most recent study the impact of the
SST structure in the North Atlantic on the storm track
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and large-scale atmospheric flow was examined using
a hierarchy of GCM simulations. Two key regions of
the North Atlantic were identified: a western region
with a strong meridional temperature gradient across
the Gulf Stream and an eastern region in midlatitudes
associated with the North Atlantic Drift. Individually
a strong Gulf Stream meridional SST gradient in the
western North Atlantic was found to strengthen the
downstream storm track while the North Atlantic Drift
pattern reduces it. When the combined SST pattern is
used their results suggested that the North Atlantic storm
track is enhanced.

In contrast to these previous studies the aim of the
present study is to examine the role played by North
Atlantic SSTs on shorter (monthly) time scales. We
show that the strength of the feedback from Atlantic
SSTs onto the atmospheric circulation can vary by in-
vestigating two recent European cold events that both
coincided with similarly low NAO values: the winter of
2009/10 and the early winter of 2010/11. We investigate
the sensitivity of the atmospheric circulation over the
North Atlantic to observed variations in the North At-
lantic SST during the winter of 2009/10 and the early
winter of 2010 using an ocean—atmosphere model. Ob-
served SST anomalies are applied to the model and
the atmospheric responses are analyzed. The method is
described in section 2. Observed SST anomalies and
their impact on the atmospheric circulation are described
in sections 3 and 4 and a discussion of our findings and
conclusions are given in section 5.

2. Method

We use observed sea surface temperatures from the
National Oceanic and Atmospheric Administration
(NOAA) optimum interpolation (OI) SST V2 monthly
time series (Reynolds and Smith 1994; Reynolds et al.
2002), which is derived by linear interpolation of the
weekly OI version 2 fields to daily fields then averaged
over a month. The analysis uses in situ and satellite
SSTs and is produced on a 1° X 1° grid. The SST
anomalies that form the basis of our study are obtained
by removing the 1981-2010 climatology.

We employ the Fast Ocean Rapid Troposphere Ex-
periment (FORTE) climate model (Sinha and Smith 2002;
Blaker et al. 2006; Wilson et al. 2009; Sinha et al. 2012) to
perform our numerical experiments. The ocean compo-
nent of FORTE contains a simple sea ice model and has
a horizontal resolution of 2° X 2° and 15 z-coordinate
layers in the vertical. The model uses the mixing pa-
rameterization of Gent and McWilliams (1990). The
atmospheric component consists of a T42 spectral at-
mosphere corresponding to a horizontal resolution of
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approximately 2.8° X 2.8° and has 15 sigma levels. Both
the ocean and the atmospheric components are based
on the primitive equations. Coupling between the ocean
and atmosphere occurs daily via the Ocean Atmosphere
Sea Ice Soil (OASIS; Valcke et al. 2000) coupler. The
absence of a stratosphere in FORTE is likely to reduce
possible atmospheric teleconnections between the tropi-
cal Pacific and the North Atlantic region (Bell et al. 2009).

Starting from rest with the Levitus (temperature, sa-
linity) climatology (Levitus and Boyer 1998; Levitus
et al. 1998) the model is spun up for 100 years prior to the
main experiments. During this period the ocean reaches
a quasi-steady state. The model is then run on for an
additional 100 years to generate a control simulation
for the subsequent experiments. Henceforth, this ex-
periment will be referred to as “CONTROL.” For the
whole duration of CONTROL we save the SSTs and the
fluxes exchanged daily between the ocean and atmo-
sphere. Every two years a restart file, corresponding to
1 January, is generated that provides us with a set of
50 different initial atmospheric conditions from where
we can start further experiments. Based on the restart
files for the atmosphere we then perform two sets of 50
24-month-long experiments. In these ensemble experi-
ments the SSTs are prescribed with no feedback from
the atmosphere onto the ocean. The prescribed SSTs
consist of the stored SSTs from CONTROL to which we
add the observed SST anomalies from the NOAA
OISST dataset for the 24 months from January 2009 to
December 2010. We also conducted a simulation using
the unmodified CONTROL SSTs, confirming that the
response of the atmosphere is identical to the original
and that there was no ““decoupling” effect in the sim-
ulations. The two ensemble experiments with pre-
scribed SSTs differ in the area over which we apply
observed SST anomalies. In ensemble SSTA we use
observed monthly mean Atlantic SST anomalies cov-
ering the Atlantic region from 30°S to 80°N. The second
ensemble GSSTA repeats the previous experiment
using observed global SST anomalies for the same pe-
riod. The ensembles SSTA and GSSTA allow us to
isolate the influence of North Atlantic SST anomalies
and to establish if they were the main contributor to
the atmospheric response.

3. Sea surface temperature anomalies winter
2009 and 2010

The global SST anomalies for December 2009 and
December 2010 are first examined to identify similari-
ties and differences between the two winters (Fig. 1).
Both winters were characterized by a tripole pattern in
North Atlantic SST anomalies. Cold anomalies in the
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FIG. 1. Global SST anomalies (°C) from NOAA OI v2 SST data for
(top) December 2009 (D09) and (bottom) December 2010 (D10).

mid-subtropical North Atlantic were flanked by warm
anomalies to the south and north. In the Pacific the
warm anomalies from an El Nino event (Nino-3 index =
1.6) in 2009 are replaced by cold anomalies from a
La Nina (Nino-3 index = —1.5) event in 2010.

A more detailed examination of North Atlantic SST
anomalies for December 2009 and December 2010
(Fig. 2) reveals more pronounced SST anomalies in
2010. While both winters have the characteristic tri-
pole pattern of cold SST anomalies in the central Atlantic
between 30° and 50°N and between 70° and 20°W in 2009,
this extends to the west and south in 2010 from 20°N,
80°W. Warm SST anomalies over the Labrador Sea in 2009
intensify and extend south and west in 2010 to 45°N, 30°W.
The warm SST anomalies in the southeastern tropical
Atlantic extended westward from 20° to 40°W in 2010.

Part of the cold SST anomaly signal from the winter
2009/10 persisted beneath the seasonal thermocline and
the subsurface anomaly pattern subsequently reemerged
during late autumn and early winter 2010 (Taws et al.
2011) as clearly seen in panels F10 and D10 of Fig. 2.
Reemergence is the process whereby ocean temperature
anomalies established in a deep winter mixed layer are
sequestered beneath the seasonal thermocline in the
summer and reappear at the surface as the mixed layer
deepens during the following winter season (Alexander
and Deser 1995).

The developing pattern of North Atlantic SST anom-
alies in November and December 2010 shows the re-
emergence of an enhanced tripole pattern from February
2010 (Taws et al. 2011). The large-scale spatial features
reveal cold anomalies of —0.5° to —1.5°C in the central
North Atlantic with warm anomalies to the north and
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FIG. 2. North Atlantic SST anomalies (°C) from NOAA OI v2 SST data for November 2009 (N09), December 2009 (D09), January 2010
(J10), February 2010 (F10), November 2010 (N10), and December 2010 (D10).

south. The most pronounced changes between December
2010 and December 2009 are seen in the Labrador and
Irminger Sea Basins with significantly higher temper-
ature anomalies in December 2010 (>1.5°C) while
negative anomalies in the western subtropical Atlantic
(20°—40°N, 80°-60°W) are more pronounced (down to
—1.5°C). The remote influences of a moderate-to-strong
La Nina, developing within the equatorial Pacific in
2010 may have influenced the strength of positive SST
anomalies apparent in the tropical Atlantic (Enfield
and Mayer 1997).

The SST anomalies in the North Atlantic in December
2010 are significant and were compared to the standard
deviations found in both the variability in observed SSTs
over a 30-yr period (1981-2010) and the free-running
model. In the Atlantic the SST anomalies were within
three standard deviations of the variability in observed
SSTs over a 30-yr period whereas they were within four
standard deviations of the modeled SSTs over the 100-yr
CONTROL (Fig. 3).

4. Atmospheric responses to observed SST
anomalies

First we describe the atmospheric SLP and surface air
temperature (SAT) anomalies occurring during positive
and negative NAO phases in CONTROL. The impact of

SST anomalies on the NAO is then assessed by looking
at the differences in SLP and SAT between the SSTA
and CONTROL ensembles. The NAO index is calcu-
lated from the difference of the normalized SLP be-
tween Lisbon, Portugal (38°N, 9°W), and Stykkisholmur,
Iceland (64°N, 22°W; Hurrell and Deser 2009), for the
CONTROL and SSTA ensembles. We then compare the
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FIG. 3. The ratio of SST anomalies for December 2010 relative to
the standard deviations from the (top) FORTE CONTROL en-
semble and (bottom) NOAA OI observations.
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FIG. 4. (a) Composite SLP anomaly (Pa) and (b) composite SAT anomaly (°C) for December 2010 from CONTROL for NAO negative
responses. (c) Composite SLP anomaly and (d) composite SAT anomaly for NAO positive responses.

distribution and means of the NAO indices for 2009 and
2010 for the CONTROL and SSTA ensembles.

a. Patterns of atmospheric pressure and surface
atmospheric temperature

The characteristic SLP and SAT patterns for positive
and negative NAO phases in the CONTROL experi-
ment are established by calculating anomalies from the
ensemble mean for each month of the 2-yr simulations.
We initially examine the patterns of SLP and SAT in the
CONTROL ensemble for each 24th month (December
of the second simulated year). The patterns of SLP and
SAT anomalies from the CONTROL and SSTA en-
sembles are grouped into those with NAO indices, which
were greater than 1 or less than —1. We compute com-
posite anomalies from the CONTROL and SSTA en-
semble based on positive or negative values of the NAO
index. The SLP composites are calculated according to

1
+ _
SLPA/; = ﬁze% SLPA, ; /.,
n, [+: set of time indices and number of NAO+

months,

SLPA;; -1 Y SLPA

i
n e /

n, [—: set of time indices and number of NAO—
months,
where i, j are the zonal and meridional gridcell indices

from the FORTE data, and where [ is index number of
the ensemble member.

NAO- responses are characterized by a positive
pressure anomaly centered over Iceland and a negative
pressure anomaly centered over Portugal. The pressure
anomalies are reversed in NAO+ responses (Fig. 4). The
atmospheric circulation patterns from the CONTROL
ensemble are reasonably well resolved but model biases
are present, which have been previously reported (Wilson
et al. 2009). Compared with observations the westerly
storm track is too broad to the north and extends too
far into Europe. However, a comparison of the gen-
eral structure of the large scale pressure fields from
CONTROL and the National Centers for Environ-
mental Prediction—-National Center for Atmospheric
Research (NCEP-NCAR) observations showed the lo-
cations of the centers of the SLP anomalies from EOF
analysis were similar and there was a good correlation
between the NAO locations from the CONTROL and
observations, as evidenced in Fig. 4. The NAO sur-
face impacts in the SSTA experiment are stronger in
CONTROL possibly as a result of the size of the SST
anomalies lying at the outer bounds of the model vari-
ability and because the ensemble sizes are smaller.

In the NAO— state SATs are cooler over the United
Kingdom and northwestern Europe and warmer over
southeastern Europe. In the NAO+ state the polarity is
reversed with a warming of SATs over northwestern
Europe and a cooling over southeastern Europe. These
atmospheric circulation patterns from the CONTROL
are used to reference the responses in the SSTA ensemble.

We now investigate the atmospheric responses from
the SSTA ensemble. Initially composites in the 24th
month are compared with those from the CONTROL
(month 24 in the ensemble is the month that experiences
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FIG. 5. (a) Composite SLP anomaly (Pa) and (b) composite SAT anomaly (°C) for December 2010 from SSTA for NAO negative
responses. (c¢) Composite SLP anomaly and (d) composite SAT anomaly for NAO positive responses.

the observed December 2010 SST anomalies; Fig. 5). Of
the 50 ensemble members of SSTA, 21 exhibit an
NAO- state with a positive pressure anomaly over
Iceland and a negative pressure anomaly over Lisbon
(Figs. 5a,b). An NAO+ state is present in five cases
(Figs. 5¢,d). The remaining 24 cases produced responses
that are NAO neutral where the index is between —1 and
1. For comparison the distribution in the CONTROL
ensemble has 17 negative, 23 positive, and 10 neutral
cases. The atmospheric circulation patterns for the
NAO- members of the SSTA ensemble produced
a more widespread cooling of SAT by about 1°C over
western Europe and a more pronounced warming over
Greenland. The position of the centers of the temperature
anomalies remains similar to that of the CONTROL en-
semble. The NAO+ ensemble members show a more
pronounced warming of SAT over northwestern Eu-
rope and cooling over southeastern Europe.

The NAO+ and NAO— members of the SSTA en-
semble also show characteristic differences in atmo-
spheric circulation patterns. NAO+ and NAO— phases
are characterized by shifts in the position of the jet
stream. The position of the jet stream from the mean
CONTROL atmospheric velocities at 300-hPa geo-
potential height is centered around 40°N (Fig. 6a). The
influence of the SST anomalies from December 2010
in the NAO— ensemble is to shift the position of the
jet stream southward with lower velocities over north-
ern Europe and higher velocities over southern Europe
(Fig. 6b). This shift is consistent with the pressure field
for negative phases of the NAO (Rogers 1996). The
changes in surface heat fluxes between those in the
SSTA NAO- ensemble and mean control conditions

show the impact of higher SST anomalies in the north-
western Atlantic in December 2009 and 2010 (Fig. 7).
The influence of the SST anomalies in December 2010
compared with December 2009 is particularly significant
in the changes in latent heat fluxes to the east of the
Labrador/Irminger Sea Basins where the positive SST
anomalies lead to higher heat loss from the ocean to the
atmosphere. The heat flux anomalies in Fig. 7 lie between
the northern two poles in the tripole at 45°N in a region
where the SST anomalies collectively most weaken the
background meridional SST gradient between northern
mid- and high latitudes, as can be seen from the SST
contours. We expect this to reduce storm activity down-
stream (consistent with weaker surface baroclinicity) and
weaken the surface eddy-driven jet or shift it equator-
ward (reduced poleward eddy momentum transport in
the upper troposphere and reduced poleward eddy heat
transport in the mid- to lower troposphere) resulting in
the weakening of surface westerlies (Brayshaw et al.
2011). This would have the impact of weakening the
downstream storm track over the North Atlantic at
45°N and strengthening it at lower latitudes as seen in
Fig. 6.

b. Frequency in the occurrence of negative
NAQO indices

The results described in the previous section suggest
an increased frequency of NAO— phases for months
experiencing the SST anomalies from December 2010 in
the ensemble SSTA (21 NAO-— responses vs 5 NAO+
responses). However, does this represent a significant
shift toward an NAO— state or can we expect a similar
response to happen by chance? To address this question
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FIG. 6. (a) Mean CONTROL atmospheric velocities at 300-hPa geopotential height (ms™ ')
for December 2010 with mean wind speeds superimposed. (b) Difference in atmospheric ve-
locities at 300 hPa between SSTA NAO negative ensemble and CONTROL for December

2010 (ms ™).

we assess to what extent the response of the NAO to SST
anomalies is statistically significant and how the level of
significance for December 2010 compares to the other
23 months of the 2009-10 period.

The occurrences of atmospheric conditions represen-
tative of NAO— phases in the CONTROL and SSTA
ensembles are tested by examining the mean NAO in-
dices for a particular month in the 24-month simulation
to establish if SST anomalies influence the frequency of
atmospheric patterns. We start by comparing the distri-
butions of NAO indices in the 24th month (December
2010) for both the CONTROL and SSTA ensembles. The
results indicate a pronounced shift to negative NAO in-
dices in the SSTA ensemble as evidenced by both the
ensemble mean and overall distribution (Fig. 8). The
CONTROL ensemble has a mean NAO index for month
24 (December 2010) of —0.08 whereas the SSTA en-
semble has a mean of —1.1. The SSTA ensemble has
21 outcomes with a mean NAO index less than —1 and
only 5 with a mean NAO index greater than +1.

The significance of this result was tested by comparing
the mean from the SSTA ensemble against the means of
100000 random composites of the CONTROL ensem-
ble using 50 samples chosen randomly for December
with replacement (Fig. 9). As expected, the means of the

NAO taken from the randomly selected composites of
the CONTROL ensemble were normally distributed
around an NAO index of —0.08. The distribution was
further tested using the central limit theorem to create
the distribution from the mean and standard deviation
from month 24 of the CONTROL ensemble. The result
shows good agreement with the distribution from the
random composites confirming the two datasets to have
the same distribution. Comparing the distribution to the
mean NAO index of the SSTA ensemble reveals that the
value of —1.1 is significant. We expect to find a mean
NAO index of —1.1 or less in fewer than 1 in 1000 ran-
domly chosen 50-member ensembles. The shift toward
negative NAO values for December 2010 is statisti-
cally significant and very unlikely to have occurred by
chance.

A similar level of significance is obtained for the en-
semble global SST anomaly (GSSTA) where we pre-
scribe global SST anomalies (mean NAO index of —1.0).
However, ENSO teleconnections reliant on the strato-
sphere cannot be represented in this model and we are
unable to determine if tropical Pacific SST anomalies
contributed to a response in the NAO in our experiments.

So far our analysis has concentrated on the NAO
response occurring in December 2010. However,
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FIG. 7. Surface upward total heat flux anomalies (W m~2) between SSTA NAO negative
ensemble and control mean for (top) December 2009 and (bottom) December 2010. Contours
show SST for December 2009 and December 2010 (°C).

pronounced SST anomalies also occurred in other
months of the 2009-10 period (e.g., during the winter of
2009/10, see Fig. 2). Is the response we find for December
2010 unusual compared to the responses for the other
23 months? To answer this question we compare
the mean monthly NAO indices for every month in
the 24-month simulations in the SSTA, GSSTA, and
CONTROL ensembles (Fig. 10). The monthly mean
of the NAO index in the SSTA and GSSTA ensembles is
compared with the corresponding monthly mean found
in CONTROL. Even though the NAO extremes for
each of the 24 months are similar in the ensembles SSTA
and CONTROL the monthly means of the NAO index
remain close to 0 in CONTROL. In contrast we find
significant shifts in the NAO index for several months in
the SSTA and GSSTA ensembles (i.e., shifts in excess
of two standard deviations from monthly random com-
posites of the CONTROL ensemble). A weak NAO
response is seen in months 11 and 12 (corresponding to
November and December 2009) coincident with the first
episode of North Atlantic SST anomalies. However, the
NAO response is always weaker than for months 23
and 24 (corresponding to November and December
2010), which were both influenced by reemerging SST
anomalies (Taws et al. 2011). The negative NAO re-
sponse for November 2010 is almost as strong as that
found for December 2010. This is consistent with the

observed values of the NAO index, which started its
dip toward record low values in November 2010.

We note that applying observed SST anomalies in
experiment SSTA has little impact on the spread of the
values of the NAO index (Fig. 10). As mentioned above
the extreme values of the NAO index are similar in
CONTROL and SSTA. In addition, we find that for all

nurnber

NAQ index

nurmber

-6 5 -4 3 -2 -1 0 1 2 3 4 5 3
NAQ index
FIG. 8. Distribution of NAO indices for December 2010 in the
(a) CONTROL and (b) SSTA ensembles. Red lines show the en-
semble mean.
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months the first and third quartiles for the values of the
NAO index are comparable in SSTA and CONTROL
(and also in GSSTA; not shown). Both the extreme
values of the NAO index and the quartiles show a sea-
sonal cycle with a larger spread of values occurring in
winter and spring than in summer and autumn. This
reflects the higher variability of the atmosphere and
therefore of the NAO index that characterizes the
boreal winter season. The similarity in the spread of
NAO values in CONTROL and SSTA is a strong in-
dication that the shifts seen for the mean value of the
NAO index (Fig. 10) are not the consequence of in-
creased variability in the NAO index in SSTA com-
pared to CONTROL. In summary, our results suggest
that the SST anomalies in November and December
2010 were more conducive to the development of
a negative NAO than those in the preceding cold Eu-
ropean winter of 2009/10.

5. Discussion and conclusions

Earlier studies have illustrated that Atlantic SSTs af-
fect the evolution of the NAO on interannual to decadal
time scales (e.g., Rodwell et al. 1999; Robertson et al.
2000). Here in contrast our focus is on shorter (monthly)
time scales and we show that the strength of the feed-
back from Atlantic SSTs onto the atmospheric circu-
lation can vary by investigating two recent European
cold events that both coincided with similarly low NAO
values: the winter of 2009/10 and the early winter of
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FI1G. 10. Mean monthly NAO indices for CONTROL (black),
SSTA (red), GSSTA (green), and two standard deviations of
monthly mean NAO index sampled randomly from CONTROL
(blue). Shaded areas denote the range (maximum and minimum)
for each of the 24 months in the CONTROL (black) and SSTA
(red) ensembles.

2010/11. Our results suggest that North Atlantic SST
anomalies significantly increased the probability of
changes in atmospheric circulation affecting Europe
in late 2010, but that they had a smaller impact in the
preceding winter of 2009/10. Our findings also suggest
that the tropical SST anomalies observed in the Pacific
are unlikely to have caused the NAO responses observed
in the early winter of 2010/11. Positive SST anomalies in
the Labrador/Irminger Sea Basins and negative SST
anomalies in the subtropical North Atlantic result in
changes in the atmospheric pressure structure. The jet
stream is deflected southward giving rise to a band of
low pressure in the Azores around 40°N and high
pressure over Iceland resembling a NAO— mode
(Rodwell et al. 1999).

The absence of a stratosphere in our model limits our
ability to model the possible atmospheric teleconnec-
tions between the tropical Pacific and the North Atlantic
region, although such teleconnections would be expec-
ted to operate later in the winter (Bell et al. 2009). We
also note that the SST anomalies experienced in SSTA
and GSSTA can be outside the range of the SST vari-
ability of CONTROL. This happens since we add the
observed SST anomalies to the SSTs of CONTROL,
which increases the SST variance.

However, this does not affect our main findings. While
the applied SST field in ensemble SSTA/GSSTA can
be outside the model’s natural variability range the use
of observed SST anomalies over the 24-month period
provides a comparison of the atmospheric responses
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over that period. The range of variability and distribu-
tion of NAO values in SSTA and CONTROL over the
24 months are similar, which indicates that the use of
observed SST anomalies in the model produce results
that are still within the bounds of the natural atmo-
spheric variability of the coupled model (Fig. 10). The
prescribing of observed SST anomalies in uncoupled
atmosphere experiments has been used in other studies
(e.g., Kushnir et al. 2002; Jung et al. 2011). While the size
of the NAO response could be influenced by the scale
of the SST anomalies our experiments show a larger
atmospheric response for November/December 2010
than for any of the other months of the 2009-10 period.
In particular, our study indicates that anomalous SSTs
over the North Atlantic region contributed toward forc-
ing the atmosphere toward a negative NAO state in the
early winter of 2010/11.

Our results should not be interpreted as the ocean
being the sole driver for the extreme cold event in the
early winter of 2010/11. As mentioned earlier an in-
teresting aspect of our results is the indication that SST
anomalies occurring during similarly negative NAO
phases (as observed during the cold winter of 2009/10
and in late 2010) do not necessarily have the same im-
pact on the atmosphere. The strongly NAO— atmo-
spheric circulation pattern that coincided with both
periods is itself consistent with the development of an
anomalous SST tripole pattern in the North Atlantic
(Czaja and Frankignoul 2002). However, our results
suggest that in late 2010 coupled ocean—atmosphere
processes over the North Atlantic were particularly
important. This is illustrated by the different atmo-
spheric responses we find for the winter of 2009/10 and
for late 2010. Both phases coincided with pronounced
NAO- phases and an anomalous SST tripole in the
North Atlantic. However, in late 2010 the SST anoma-
lies were significantly more pronounced particularly
over the Labrador/Irminger Sea Basins with anomalous
heat flux lying between the northern two poles in the
tripole at 45°N weakening the background equator-to-
pole SST gradient. We would expect this to reduce
storm activity downstream, weakening the surface eddy-
driven jet or shifting it equatorward and weakening the
surface westerlies at this latitude. The stronger NAO
responses to November/December 2010 SST anomalies
compared to the response found in the winter of 2009/10
suggest that the conditions in the early winter 2010/11
were significantly influenced by coupled ocean—atmosphere
processes, whereas in 2009/10 the strong NAO— pattern
is more likely to reflect internal variability of the atmo-
sphere with the ocean playing a more passive role.

The implication of our results is that the ocean can
play an important role in the genesis of certain extreme
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weather events in the North Atlantic region. The years
2009 and 2010 were particularly interesting from an
oceanic point of view. An observing system in the
North Atlantic registered a marked decrease of the
strength of the Atlantic meridional overturning circu-
lation (AMOC) in 2009 (McCarthy et al. 2012; Rayner
et al. 2011). The AMOC is highly correlated to the
oceanic northward transport of heat (Johns et al. 2011)
and the period of reduced AMOC coincided with a
reduction in the North Atlantic ocean heat content
(OHC) in late 2009 (Sonnewald et al. 2013). Alongside
anomalous Eurasian snow cover (Cohen et al. 2010)
and anomalous Arctic sea ice extent (Strey et al. 2010;
Liu et al. 2012), the reduced ocean heat transport may
have contributed to the buildup of a negative OHC
anomaly during the severe winter of 2009/10, which
subsequently reemerged in the early winter of 2010/11
(Taws et al. 2011).

At this stage the sequence of events described above
is speculative. Nevertheless, the evidence presented
here indicates that simulations of the NAO are influ-
enced by the pattern of ocean surface temperatures
occurring in October—December 2010. Our conclusion
is that reemergence of SST anomalies in the North
Atlantic contributed toward the development of an
SST anomaly pattern, which favored the persistence of
a negative NAO resulting in the cold weather anomaly
of December 2010 in northern Europe.
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