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[1] The Barents Oscillation (BO) is an anomalous
wintertime atmospheric circulation pattern in the Northern
Hemisphere that has been linked to the meridional flow
over the Nordic Seas. There are speculations that the BO
has important implications for the Arctic climate; however,
it has also been suggested that the pattern is an artifact of
Empirical Orthogonal Function (EOF) analysis due to an
eastward shift of the Arctic Oscillation/North Atlantic
Oscillation (AO/NAO). In this study, EOF analyses are
performed to show that a robust pattern resembling the BO
can be found during different time periods, even when the
AO/NAO is relatively stationary. This “BO” has a high and
stable temporal correlation with the geostrophic zonal wind
over the Barents Sea, while the contribution from the AO/
NAO is small. The surface air temperature anomalies over
the Barents Sea are closely associated with this mode
of climate variability. Citation: Chen, H. W., Q. Zhang,
H. Körnich, and D. Chen (2013), A robust mode of climate
variability in the Arctic: The Barents Oscillation, Geophys. Res.
Lett., 40, 2856–2861, doi:10.1002/grl.50551.

1. Introduction

[2] Dramatic changes in the Arctic climate have been ob-
served in recent decades, including rising surface air temper-
ature (SAT) with a trend of up to 2�C per decade in spring
[Rigor et al., 2000] and substantial loss of sea ice [e.g.,
Cavalieri, 2003]. These trends are often seen as an amplified
response to global warming and can largely be explained by
the anthropogenic forcing [Johannessen et al., 2004].
However, the Arctic climate system also exhibits a strong in-
ternal variability, which is largely caused by natural factors.
There is, for example, evidence that the large Arctic warming
in the early twentieth century was caused by natural climate
variability [Johannessen et al., 2004; Bengtsson et al., 2004].
[3] The Barents Sea has been pointed out as a key region in

the Arctic climate system. Goosse and Holland [2005] found

that the meridional heat exchange between the North Atlantic
and Arctic sector has a predominate role in driving the natural
Arctic climate variability in the Community Climate System
Model. Changes in the oceanic and atmospheric heat trans-
port into the Barents Sea were particularly important in the
model simulations. The heat transport in the ocean is
connected to changes in the atmospheric circulation, since
the inflow of warm Atlantic water into the Barents Sea is
largely driven by the wind stress.
[4] In Bengtsson et al. [2004], the large Arctic warming in

the early twentieth century was explained by enhanced west-
erly winds between Spitsbergen and Norway. This led to an
increased oceanic heat transport into the Barents Sea and a
subsequent retreat of sea ice in this region. The mechanism
for sustaining the wind anomalies was described as a positive
feedback loop, where an anomalous cyclonic circulation was
created over the Barents Sea by enhanced surface heat fluxes
due to the sea ice loss, thus driving more warm water into the
Barents Sea.
[5] Goosse and Holland [2005] and Bengtsson et al.

[2004] examined the relationship between changes in
Arctic climate conditions and the Arctic Oscillation/North
Atlantic Oscillation (AO/NAO), but found that it was not ro-
bust over longer time periods. Both studies remarked that
there were similarities with another mode of climate variabil-
ity called the Barents Oscillation (BO). The BO was origi-
nally found as the second Empirical Orthogonal Function
(EOF) of monthly sea level pressure (SLP) anomalies north-
ward of 30�N for the winter months December through
March (DJFM) [Skeie, 2000]. With a primary center of action
located over the Barents Region, the BO is related to the me-
ridional flow over the Nordic Seas and sensible heat loss in
the same region. Skeie [2000] noted that the BO could not
be found during the period 1899–1947, although it could
not be concluded whether this was because of a change in
the atmospheric circulation or due to poor data coverage.
[6] Tremblay [2001] offered a different interpretation of

the BO and suggested that it cannot be considered a robust
and physical mode of variability. Using a toy model, it was
shown that a BO-like pattern can arise from the EOF analysis
due to a shift in the action centers of the leading mode, the
AO [Thompson and Wallace, 1998]. Thus, the BO could be
a manifestation of nonstationarity in the AO pattern, in par-
ticular the large eastward shift of the AO action centers in
the mid-seventies [e.g., Hilmer and Jung, 2000]. Although
the AO and BO are unrelated over the whole time period
by construction, Tremblay [2001] showed that their principal
components (PCs) are negatively correlated (r=�0.29) over
the period 1949–1976 and positively correlated (r= 0.40) for
1977–1999. This result resembles the toy model where the
first two PCs are perfectly anticorrelated before the shift
and perfectly correlated after the shift, resulting in zero
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correlation over the whole time period. Their study also
pointed out that the BO pattern could not be found in the first
four EOFs in the second time period (1977–1999).
[7] Recent rapid shifts of atmospheric circulations in the

Northern Hemisphere [e.g., Zhang et al., 2008] have led to
an increasing interest in studying circulation patterns other
than the traditionally dominant wintertime modes, the AO/
NAO and Pacific/North American pattern (PNA) [e.g.,
Quadrelli and Wallace, 2004]. Overland and Wang [2005]
showed that the Arctic climate can be controlled by EOFs
other than the first two corresponding to the AO and PNA.
They found that a meridional BO-like pattern, defined as
the third EOF of SLP anomalies north of 20�N, had a larger
influence on SLP during spring 2000–2005 than the AO
and PNA combined. The BO-like mode plays an important
role in contributing to the meridional dipole pattern over
the Arctic and was referred to as the Arctic Dipole by
Overland and Wang [2010]. A large number of recent studies
have shown that the more meridional atmospheric circulation
contributed to dramatic loss of sea ice in the Arctic [e.g.,
Overland et al., 2008; Zhang et al., 2008; Overland and
Wang, 2010] and anomalously cold winters in Eurasia
[Honda et al., 2009; Overland et al., 2011]. However, it re-
mains to show that the BO (or Arctic Dipole) is independent
of the AO/NAO and not due to the nonstationarity of the
leading mode, as suggested by Tremblay [2001].
[8] The purpose of this study was to investigate if the BO is

a robust, independent mode of climate variability and further
examine its implications for the Arctic climate, particularly in
the Barents Sea region. To do this, we performed multiple
EOF analyses over different time periods covering both re-
cent decades and the early twentieth century. An objective
circulation classification system was used to link the BO
to the atmospheric circulation over the Barents Sea,

independent of the EOF analysis. Finally, we took a closer
look at the relationship between the BO and the SAT anom-
alies over the Barents Sea.

2. Data and Methods

[9] Two reanalysis data sets were used in this study,
National Centers for Environmental Prediction (NCEP) and
National Center for Atmospheric Research (NCAR)
Reanalysis 1 (NCEP R1) [Kalnay et al., 1996] from 1948
to 2011, and National Oceanic and Atmospheric
Administration (NOAA) Twentieth Century Reanalysis
(20CR) [Compo et al., 2011] spanning 1871–2010. The hor-
izontal resolution of NCEP R1 is 2.5� � 2.5� for SLP and
1.9� � 1.9� for 2m SAT data, while 20CR has a resolution
of 2.0� � 2.0�.
[10] Monthly wintertime (DJFM) SLP anomalies were

decomposed using area-weighted EOFs in a region over the
North Atlantic and Arctic sector (90�W–90�E and northward
of 30�N). This differs from the method of Skeie [2000] and
Tremblay [2001], which used the full latitude circle. The
main purpose of the limited region is to exclude SLP variabil-
ity over the Pacific Ocean and North America associated with
the prominent PNA. All EOFs and PCs in this study have
been scaled by the standard deviation of the PC, so that the
EOF patterns show the variation associated with one positive
standard deviation of the corresponding PC time series.
[11] Following the method used by Chen [2000], we ap-

plied an objective circulation classification on monthly SLP
over the Barents Sea from the NCEP R1 data set. The analysis
area was defined from latitudes 65�N to 85�N and longitudes
22.5�E to 52.5�E, with a grid spacing of 5� latitude by 10�
longitude. Six circulation indices were obtained, describing
the zonal and meridional components of geostrophic wind and
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Figure 1. First and second EOFs of monthly wintertime (DJFM) SLP anomalies (hPa) in the selected region from 1949 to
2011 and their corresponding PCs. The patterns associated with the (a) North Atlantic Oscillation and (b) Barents Oscillation
and (c, d) their time-varying index. The black line in Figures 1c and 1d is the annual mean.
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shear vorticity, total wind speed, and total shear vorticity in the
region of interest. We then examined the relationship between
the indices and the temporal variation of the leading EOFs.
See Chen [2000] for a more thorough explanation of the
classification system.

3. Results

[12] The first two EOFs of monthly wintertime SLP anom-
alies from NCEP R1, 1949–2011, are shown in Figure 1.
EOF 1 reflects the large-scale NAO pattern with the Azores
high and Icelandic low pressure centers. It accounts for
33.5% of the total variance in the selected domain and is well
separated from the other modes according to North’s rule of
thumb [North et al., 1982].
[13] EOF 2 (Figure 1b) has its primary center of action over

the Barents Region, with another action center located over
the North Atlantic Ocean and a center with opposite sign
over Greenland. The pattern differs slightly from the one
found by Skeie [2000, Figure 1b], mainly in that it has
another positive center over the North Atlantic Ocean.
However, the pattern is sufficiently similar and we will
henceforth refer to it as the Barents Oscillation (BO).
[14] The BO in the limited region closely corresponds to

the hemispheric EOF 3 (temporal correlation r = 0.94) and
has similar centers of action as the Arctic Dipole [Overland
and Wang, 2005, 2010; Overland et al., 2008]. In the smaller
domain, EOF 2 explains 15.1% of the SLP variability and is
not well separated from EOF 3 (14.2%), which means that
they may be mixed due to sampling errors [North et al.,
1982]. Therefore, it is important to investigate if the pattern
can be reproduced reliably. PC 2 displays a large
intraseasonal and interannual variability with no obvious
long-term trend, see Figure 1d.

[15] Tremblay [2001] attributed the BO (their EOF 3) to
a shift in the action center locations of EOF 1 around
1976. Following their study, we divided the period into two
sub-periods, 1949–1976 and 1977–2011, and performed an
EOF analysis on each sub-period. The results reveal an appar-
ent eastward shift of the first EOF between 1949–1976 and
1977–2011. However, a BO-like pattern is still found in
EOF 2 in the two sub-periods, as shown in Figure 2. (The
change in the spatial pattern may be related to the recent
changes in the atmospheric circulation patterns [e.g., Zhang
et al., 2008], but the exact reason behind the change and its
implications are beyond the scope of this study.) This result
contrasts with the findings of Tremblay [2001], who did not
find the BO in the first four EOFs in their second sub-period.
Repeating the analysis with the same years as Tremblay
[2001] (1977–1999) did not change the results significantly;
the obtained EOF 2 looks similar to the one in Figure 2b but
with slightly shifted centers. Thus, the reason for the disparate
results is likely due to how the domain is chosen for the EOF
analysis. By limiting the longitude range in this study to be-
tween 90�W and 90�E, the large SLP variability associated
with the PNA is no longer taken into consideration when
constructing the EOFs, which leads to a more robust pattern
in EOF 2.
[16] The second EOF explains 18.2% of the total variance

in the first sub-period (Figure 2a) and 15.7% in the second
period (Figure 2b). The most prominent difference between
the spatial patterns in the two sub-periods is the large nega-
tive center in Figure 2a. During 1977–2011, the center is
much weaker and restricted to north of 60�N. A likely
explanation is poor separation between the EOFs. In the
second sub-period (1977–2011), the fourth EOF displays a
similar negative center over the North Atlantic Ocean as
Figure 2a. The center over the Barents Region, however,
appears to be stable in both sub-periods.
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Figure 2. EOF 2 of SLP anomalies (hPa) over different sub-periods, using monthly SLP data in the winter season (DJFM)
from NCEP R1 (a and b) and 20CR (c and d). (a) 1949–1976, (b) 1977–2011, (c) 1872–1909, and (d) 1910–1948.
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[17] To further test the robustness of the second EOF, the
analyses were repeated using early twentieth century SLP
data from 20CR. Figures 2c and 2d show the second EOFs
for the sub-periods 1872–1909 and 1910–1948, which ac-
count for 20.7% and 18.2% of the explained variance in re-
spective period. The EOF 2 patterns from 20CR show
similar centers of action as the second EOF from NCEP R1
(see, e.g., Figure 2a) and support our BO pattern. We also
performed EOF analyses on observational SLP data from
NCAR Northern Hemisphere Sea-Level Pressure (NCAR
SLP) [Trenberth and Paolino, 1980] and Hadley Centre
Sea Level Pressure (HadSLP2) [Allan and Ansell, 2006]. In
contrast to Skeie [2000], who could not find the BO during
1899–1947 when using the NCAR SLP data set, we find a
similar EOF 2 pattern as the ones from 20CR (Figures 2c
and 2d) in NCAR SLP during 1872–1947 and 1949–2011,
as well as during 1851–1948 and 1949–2004 in HadSLP2
(not shown). This gives us further confidence that the BO is
a stable mode of climate variability.
[18] PC 2, associated with the BO pattern, shows a strong

correlation (r= 0.71) with the geostrophic zonal wind U over
the Barents Sea, which is one of the six circulation indices
obtained from the objective classification for the period
1949–2011 (see Chen [2000] for more information). The
standardized time series of PC 2 and U are shown in
Figure 3a. It appears that the relation between PC 2 and U
is high during the whole period. A regression analysis of
SLP anomalies in NCEP R1 on U reveals a pattern strikingly
similar to EOF 2 from the same period, compare Figure 3b
with 1b. Similar regression patterns were found when divid-
ing the analysis period into two sub-periods, 1949–1976 and
1977–2011. The results still resemble the BO when SLP
anomalies associated with the NAO were removed.
[19] The correlation between U and PC 1 is weak over the

whole period,�0.12. In order to test whether the regime shift
of the NAO in the mid-seventies has any impact on the rela-
tion between U and the NAO/BO, we used the earlier EOF
analyses for 1949–1976 and 1977–2011 to calculate the
correlation between U and PC 1/PC 2 in each respective
sub-period. This method is different from using the EOF
analysis over the whole period and calculating a correlation
coefficient for each sub-period, since a change in the EOF
pattern during one period will yield a different PC.
[20] The correlation analysis shows that the linear relation-

ship between U and PC 1 is weak in both sub-periods, 0.14

for 1949–1976 and�0.08 for 1977–2011. PC 2, on the other
hand, is well related to U, with a correlation coefficient
r = 0.66 over the period 1949–1976 and r = 0.61 during
1977–2011. These results indicate that the second EOF has
a physical meaning and is not purely an artifact due to a shift
in the leading EOF.
[21] Over the whole period, the correlation between PC 2

and the other indices from the circulation classification
ranges from moderate (0.35 with the geostrophic meridional
wind over the Barents Sea and �0.36 with the zonal compo-
nent of vorticity) to weak. PC 1 shows only a weak correla-
tion with all indices. The mean atmospheric circulation at
the surface is dominated by cyclonic activity, 61.3% of the
winter months are classified as the cyclonic (C) type. If
hybrid types containing C are included, the number increases
to 80.5%. An SLP composite of months classified as C minus
months of other types reveals a cyclone centered over the
Barents Sea (not shown).
[22] SAT anomalies associated with the BO have their

largest amplitude over the Barents Sea, as shown in the re-
gression map in Figure 4a. A positive PC 2 is associated with
enhanced southerly winds over the Nordic Seas and westerly
wind anomalies over the Barents Sea, which can drive an in-
creased atmospheric and oceanic heat transport into the
Barents Sea (as described by Goosse and Holland [2005]
and Bengtsson et al. [2004]). There is also a significant
cooling over the Labrador Sea and a large part of Eastern
Europe, likely related to enhanced northerly winds.
[23] The SAT regression pattern in Figure 4a is remarkably

similar to the second EOF of monthly SAT anomalies in the
winter season (DJFM), shown in Figure 4b, which explains
15.1% of the total SAT variance in the whole domain. A
strong correlation (0.72) is found between the SAT PC 2
and the SLP PC 2 from Figure 1d, which we will refer to as
the BO index from now on to avoid confusion. It also resem-
bles the fourth EOF of wintertime SAT anomalies found by
Semenov and Bengtsson [2003]. Similarly, the first EOF of
SAT anomalies (23.3% of the explained variance, not
shown) is associated with the NAO and has a 0.84 correlation
with the SLP PC 1.
[24] The BO index is generally well related to the horizon-

tally averaged SAT anomalies over the Barents Sea, defined
as the domain within 70�N–80�N latitude and 0�E–60�E
longitude. During 1949–1989, the temporal correlation be-
tween the two is 0.65. However, between 1990 and 2003,
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Figure 3. (a) Standardized PC 2 (blue) and geostrophic zonal wind U over the Barents Sea (red) during the winter season
(DJFM). The time series is continuous but has been divided into two parts for viewing clarity. (b) Linear regression of
wintertime SLP anomalies on standardized U during 1949–2011. The map shows the SLP variations associated with one
positive standard deviation of U. The region where U was calculated is indicated with a black box.
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the correlation suddenly decreases to 0.26, then increases to
0.66 for 2004–2011. The correlation over the whole period
is 0.52. Figure 4c shows the sudden dip in the correlation
around 1990. A similar result is found when substituting the
BO index with U or SAT PC 2 in the correlation analysis.
The results suggest that none of the variables alone can
adequately explain the SAT variability over the Barents Sea
during the 1990–2003 period. The reason for this result still
remains an open question.
[25] Skeie [2000] mentioned that the BO is similar to an-

other teleconnection pattern called the Scandinavia Pattern
(SCAND), which was first introduced by Barnston and
Livezey [1987] (referred to as Eurasian pattern Type 1). The
temporal correlation between the BO index and SCAND in-
dex, obtained from NOAA/Climate Prediction Center, is
0.66 for 1949–2011 during the winter months (DJFM). The
BO is better related to the geostrophic zonal wind over the
Barents Sea (r= 0.71, compared to 0.60 for SCAND) and
may thus better describe the mode that is important for the
Arctic climate variability.

4. Concluding Remarks

[26] This study shows that the BO is a stable mode that can
be found during four sub-periods from 1872 to 2011. It is not
well separated from EOF 3; however, the pattern could be
reproduced over various time periods and in different
reanalysis and observational data sets.
[27] We restricted the EOF analysis region to the North

Atlantic and Arctic sector to obtain a more robust BO pattern.
When doing an EOF analysis over the full latitude circle, the
second EOF usually corresponds to the PNA [Quadrelli and
Wallace, 2004]. Excluding most of the SLP variability over
the Pacific Ocean and North America associated with the
PNA resulted in a better separation of the EOFs. Thus, we

were able to identify the BO during 1977–1999 while
Tremblay [2001] could not find it for the same time period.
Contrary to the results of Skeie [2000], the BO could also
be found in the NCAR SLP data set for 1899–1947.
Surprisingly the NCAR SLP result from this study was not
sensitive to the analysis region; the BO could still be obtained
when not restricting the longitude range. However, it
appeared as EOF 2 (which usually represents the PNA) in-
stead of EOF 3 during 1899–1947. In the later time period
(1949–2011), the BO was found as the hemispheric EOF 3
in NCAR SLP. One possible explanation for this discrepancy
is that Skeie [2000] used a slightly different method when
doing the EOF analysis. It could also explain why the BO
was originally found as EOF 2, while subsequent studies
(including this one for the hemispheric EOF analysis) found
it as EOF 3 [Tremblay, 2001; Overland and Wang, 2005;
Overland et al., 2008; Overland and Wang, 2010].
[28] In the correlation analyses with the geostrophic zonal

wind U over the Barents Sea, we divided the time period into
two sub-periods around when the shift in the AO/NAO oc-
curred. PC 2 still shows a high correlation with U, while
the correlation between PC 1 and U is weak in both sub-pe-
riods. The regression of SLP anomalies on U also supports
the BO pattern. Although we cannot exclude that some vari-
ability in EOF 2 is related to the nonstationarity of the AO/
NAO, this result strongly suggests that the BO is an indepen-
dent mode of the AO/NAO.
[29] Even though the large-scale NAO pattern explains a

larger amount of the total SLP variance than the second
EOF, it mostly modulates SAT in the zonal direction.
Therefore, a regional pattern like the BOmay be more impor-
tant for the Arctic climate conditions. Indeed, the BO is well
related to the meridional flow over the Nordic Seas and zonal
wind anomalies over the Barents Sea, both of which have
been found to be important for driving the natural Arctic
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Figure 4. (a) Linear regression of winter SAT anomalies (�C) on SLP PC 2. Regions within contours are statistically signif-
icant at the 95 % confidence level. (b) Second EOF of monthly wintertime SAT anomalies (�C). (c) Moving correlation
between SAT anomalies over the Barents Sea and SLP PC 2, with a time window of 33 months (about 8 years).
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SAT variability in previous studies. A positive BO index is
associated with a warming in the Arctic, particularly over
the Barents Sea. We can also confirm the linkage between
the BO and sensible heat loss over the Barents Sea (first iden-
tified by Skeie [2000]) using 20CR data.
[30] Here we have focused on the physical interpretation of

the BO and did not investigate the mechanisms behind it.
Previous observational and modeling studies have linked
recent loss of Arctic sea ice in summer to a more meridional
atmospheric circulation pattern in winter, changes in cyclone
tracks, anomalously cold Eurasian winters, and more rapid
decline of sea ice extent in the Arctic [e.g., Inoue et al.,
2012; Honda et al., 2009; Hopsch et al., 2012; Overland
and Wang, 2010; Overland et al., 2008, 2011; Petoukhov
and Semenov, 2010]. In the study by Honda et al. [2009],
they found a circulation pattern in November with a primary
center over the Barents Region associated with decreased
Arctic sea ice in early autumn. The related SAT pattern
shows a warm Arctic-cold Eurasian continent dipole, remi-
niscent of the SAT regression pattern associated with the
BO (Figure 4a). Honda et al. [2009] explained the mecha-
nism as a stationarity Rossby wave generated around the
Barents-Kara Seas by the anomalous sensible and latent heat
fluxes due to reduced sea ice cover. Whether this is related to
the BO still remains to be studied.
[31] EOF analysis has many limitations, for example, the

spatial patterns are assumed to be either stationary or propagat-
ing, and the EOFs are forced to be orthogonal to each other.
There are similar methods that try to overcome these limita-
tions such as rotated EOF, but they usually have their own
shortcomings. In this study, the EOF 2 patterns were verified
using regression analysis. We have shown that the second
EOF of wintertime SLP anomalies over the North Atlantic
and Arctic sector has a physical meaning and that it has conse-
quences for the SAT variability over the Barents Sea. Whether
by EOF analysis or by using other methods, this mode of cli-
mate variability is worth investigating further.
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