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[1] Polar lows are intense mesoscale weather systems which develop in response to
combinations of upper tropospheric vorticity advection, low-level baroclinicity near the
sea ice-ocean margin and strong air-sea thermodynamical fluxes. In this paper, an
evaluation of the associations between dominant patterns of low-frequency variability in
the atmospheric circulation and polar low developments over the North Atlantic during
winter is presented. Because polar lows are rather poorly represented in reanalyses, the
temperature (T500) and geopotential height at 500 hPa, the wind at 925 hPa, the SST, and
the difference (SST-T500), which are critical for their formation, are considered. The
North Atlantic Oscillation (NAO) has a strong impact on all these variables, but it is
contrasted spatially and temporally. Polar low formation is stimulated in the Labrador Sea
for a positive NAO phase, while over the Norwegian Sea, there is an increase of polar
lows forming on the flank of synoptic storms. Still over the Norwegian Sea, higher
SST from January on favor the formation of polar lows of predominantly convective
nature, while to the east of Greenland, the reduction of sea ice plus the northerly low-level
flow lead to a larger number of polar lows. Other teleconnection patterns also exhibit
associations with polar low developments. The Scandinavia pattern shows a strong
negative association with the studied variables over the Norwegian and Barents seas, but
only marginally affects the Labrador Sea. The formation of polar lows is encouraged over
the Norwegian and Greenland seas when the Polar/Eurasia pattern is in its negative phase.

Citation: Claud, C., B. Duchiron, and P. Terray (2007), Associations between large-scale atmospheric circulation and polar low

developments over the North Atlantic during winter, J. Geophys. Res., 112, D12101, doi:10.1029/2006JD008251.

1. Introduction

[2] The North Atlantic region is prone to the development
of intense mesoscale maritime weather systems called polar
lows which form during wintertime when very cold air is
transported over relatively warm open sea. It has been
known for a long time that the Norwegian and Barents
Seas are preferred regions for their development [e.g.,
Rasmussen and Turner, 2003]; however the occurrence of
polar lows is not limited to these particular areas and such
cyclones may form in several places around the world,
provided that very cold air is advected out over relatively
warm water. A rather southern genesis region is found over
the Labrador Sea between the east coast of Labrador and
southwestern Greenland [Rasmussen et al., 1996]. The
eastern Canadian waters (Davis Strait, Baffin Bay and
Hudson Bay) are also genesis regions and occasionally,
during intense cold northerly outbreaks, the north of the
United Kingdom is prone to polar lows too [Hewson et al.,
2000]. Considerable insight into the structure and dynamics

of polar lows has followed advances in remote sensing
techniques [e.g., Claud et al., 1993, 2004; Carleton et al.,
1995; Heinemann, 1996; Rasmussen et al., 1996; McMurdie
et al., 1997; Lieder and Heinemann, 1999]. There is a range
of conditions leading to the development of such systems,
sometimes referred to as the ‘‘polar low spectrum’’ [Rasmussen
and Turner, 2003]. However, observational and model stud-
ies have both shown that a predevelopment condition is
provided by an outbreak of very cold air flowing from an
ice or land surface over a warmer water surface, therefore
providing strong surface heat fluxes and reduced low-level
stability. In addition, a number of polar lows are triggered
by the approach of an upper level system under the form of
a potential vorticity (PV) anomaly or a cold upper trough,
which initiates deep convection by decreasing stability
[Rasmussen and Turner, 2003, and references therein].
[3] The relatively small scale of these systems (typical

size in the range 100–1000 km) added to their relatively
short life time (one to two days) present some concern as to
their representation in the meteorological reanalysis data
sets. Recently, Condron et al. [2006] have shown that a
large portion of these systems is not represented in ERA-40
data (about 3 out of 4 for polar lows having a size between
100 and 500 km). It probably explains to a certain extent
why so far the relationship of polar lows to large-scale
atmospheric circulation has not been investigated in detail.
Nevertheless, with surface winds which can be in excess of
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30 m/s, they are associated with large turbulent fluxes.
Given that they tend to cluster temporally and spatially,
polar lows may assist deep water formation in regions such
as the East Greenland and Labrador Seas [e.g., Hakkinen,
1995]. They are therefore an important component of
the coupled atmosphere-ocean system. Documenting the
synoptic-climatological environments favorable to the
development of polar lows is thus relevant not only for
medium- to long-range forecasting but also for understand-
ing climate variability. This is even more true in the context
of climatic change in which the impact of global warming in
the Arctic on severe weather over this area remains to be
assessed.
[4] A variety of teleconnection patterns which refer to

persistent and recurring large-scale pressure and circulations
over the globe have been defined using monthly mean
700 hPa heights [Barnston and Livezey, 1987]. These
patterns represent preferred modes of atmospheric variabil-
ity that last for a few weeks or months, and influence
temperature, precipitation, storm tracks, location and inten-
sity of the jet stream. Several teleconnection patterns have
been observed over the northern Atlantic during the cold
season, and may therefore be associated with polar low
formation. A primary teleconnection pattern is the North
Atlantic Oscillation (NAO), which is represented by
changes in the intensity of the westerly circulation in middle
and higher latitudes of the North Atlantic/Europe sector. In
the NAO positive phase, below normal pressure over
Greenland and the high latitudes of the North Atlantic,
and higher than normal pressure over western Europe is
observed. This explains why for high-latitude regions, these
have sometimes been called the GA (Greenland Above
temperature) and GB (Greenland Below temperature) pat-
terns [van Loon and Rogers, 1978; Rogers and van Loon,
1979], which correspond to negative and positive phases of
the NAO, respectively. In addition to the NAO, there are
other regional teleconnection patterns. The positive index of
the Scandinavia (SCAND) pattern is associated with a
blocking high over Scandinavia, which pushes the storm
track south over Europe, while the negative phase corre-
sponds to anomalously low pressure in Scandinavia and
high pressure over western Europe. The Polar/Eurasia
(POLASIA) pattern is a dominant mode of low-frequency
atmospheric variability in winter, which reflects changes in
the strength of the circumpolar circulation. The positive
phase is dominated by lower than normal pressure over the
polar region, an enhanced circumpolar vortex, and higher
than normal pressure over Europe. The East Atlantic/West
Russia (EAWR) pattern brings lower than normal pressure
and colder drier air over the eastern North Atlantic and
Europe during its negative phase, which will lead to an
intensification of the storm track or local cyclogenesis over
the southeastern part of the area. Finally, the East Atlantic
(EASTATL) pattern has some resemblance to the NAO but
is centered further south. In its positive phase, synoptic
activity is enhanced across the whole of the North Atlantic,
but does not penetrate into the Nordic Seas (i.e., the
northeast Atlantic east of Greenland and north of 60�N,
the Greenland Sea, the Norwegian Sea, the Barents Sea and
the North Sea).
[5] The association of polar lows with changes in the

locations and amplitude of planetary waves [e.g., Forbes

and Lottes, 1985], SST anomalies, sea-air temperature
difference and sea ice extent provides a context for a low-
frequency signature associated with major climatic tele-
connection patterns. Rather surprisingly, these low-frequency
associations of polar lows have been better studied for the
Southern Hemisphere than for the Northern Hemisphere
[Carleton, 1996]. Moreover the few studies for the Northern
Hemisphere are restricted to short periods of time (typically
a couple of years characterized by contrasting climate and
circulation conditions). Carleton [1985, 1996] analyzed
satellite imagery in conjunction with surface and upper air
synoptic observations for two years (December-January-
February) in order to derive climatological information on
polar lows. He observed during GB winter (positive NAO
phase) that (1) more systems develop east of Labrador and
Newfoundland, (2) the mesoscale cyclones that form in the
Norwegian Sea have a strong northward component to
system motion, and (3) a larger number of mesocyclones
form near Greenland. Harold et al. [1999], using a 2-year
database compiled from infrared satellite imagery, studied
polar mesocyclone activity over the Northeast Atlantic
(polar mesocyclones are sub-synoptic-scale low pressure
systems which form over high-latitude oceans, the most
vigorous being polar lows). These authors found that the
number of cyclones with a size in the range 200–600 km
increases as the NAO index becomes more positive, and
related this result to a response of the formation of polar
mesocyclones to enhanced synoptic cyclone activity in the
central Nordic Seas area. Their study also indicated that in
winter, formation of midsized mesocyclones (200 to 600 km
wide) is encouraged when the polar vortex is weak, sug-
gesting cyclogenesis in off-ice flow from the Arctic and
Barents Sea ice sheets caused by anticyclonic conditions
over the Arctic and Greenland. Recently, Kolstad [2006],
also related the NAO to reverse shear polar lows [Duncan,
1977], which represent a specific type of polar lows, in
which the low-level winds are antiparallel to the thermal
wind in adjoining layers.
[6] The objective of this study is to extend the previous

studies by examining statistically over a sufficiently long
period of time the relationships between teleconnection
patterns and polar low activity. The existence of the so-
called reanalyses, which consist of long global data records,
should enable one to reconsider this question, but, as
mentioned above, because of the relatively poor represen-
tation of polar lows, it is rather the association between
these patterns and surface and atmospheric variables impor-
tant for polar lows developments that will be assessed. A
number of studies concerning the occurrence of polar lows
and the large-scale environment in which they tend to form
have been carried out over the years in and around the
Nordic Seas [e.g., Businger, 1985, 1987; Ese et al., 1988;
Parker, 1991, 1997; Rasmussen et al., 1996]. Several
variables have thus been identified as key factors for the
development and therefore the forecasting of polar lows
[Noer and Ovhed, 2003]. Since many polar lows are
triggered by cold, upper level troughs, the temperature
and the geopotential height at 500 hPa are considered
(a value of �39�C is generally considered as a threshold).
Cold air outbreak occurrence is investigated through the
study of wind at 925 hPa. The SST is a critical variable for
at least two reasons: first, several polar lows form at the sea
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ice margin, in connection with preexisting shallow bound-
ary layer fronts; second, because of the importance of
thermodynamical fluxes for their intensification. A number
of numerical studies have shown that without the contribu-
tion of the latter, polar lows would not develop beyond the
stage of a moderately strong trough [e.g., Emanuel and
Rotunno, 1989; Claud et al., 2004]. In addition, the differ-
ence between the SST and the temperature at 500 hPa is
used as an indicator of the static stability, such that strongly
positive values indicate instability and convection from the
surface (45�C is often taken as a threshold value [Noer and
Ovhed, 2003]). Finally, the wind at 300 hPa is also
considered because several polar lows may form within
the parent circulation of a synoptic-scale occluded cyclone
[Rasmussen and Turner, 2003].
[7] A statistical analysis of these variables, as provided

by ERA-40 [Simmons and Gibson, 2000] and NCEP R-2
[Kanamitsu et al., 2002] reanalyses, is carried out. We
employ the monthly mean data covering the period 1979–
2001. Although data exist over a longer period for the
previous NCEP-NCAR reanalysis [Kalnay et al., 1996] and
for ERA-40, we choose to use only the period after 1979,
since use is made of satellite data (possible shifts due to
their use are therefore avoided). Geographically, this study
concentrates on the North Atlantic Sector.
[8] The paper is organized as follows. In section 2, the

data and the method are presented. In section 3, associations
between large-scale circulation as reflected by the different
teleconnection indices and tropospheric fields important to
polar low developments are presented. Finally, the results
from the analysis are summarized and discussed in section 4.

2. Data and Method

2.1. ERA-40 Reanalysis

[9] The ERA-40 data assimilation system [Simmons and
Gibson, 2000] uses the Integrated Forecasting System (IFS)
developed jointly by ECMWF and Météo-France. A three-
dimensional variational method is used to assimilate the
observations into the spectral model, which has 60 vertical
levels and T159 horizontal spectral resolution. Since 1979,

the reanalysis makes comprehensive use of satellite obser-
vations. Data are available for 23 pressure levels with a
spatial resolution of 1.125�. A more detailed description of
the ERA-40 data set can be obtained online at http://
www.ecmwf.int/research/era.

2.2. NCEP/NCAR Reanalysis

[10] Use was also made of the NCEP R-2 reanalysis data
[Kanamitsu et al., 2002] to characterize the links between
the large-scale circulation and polar lows. The reanalysis is
available from January 1979 through December 2001. The
model is run at a horizontal resolution of T62, with
28 vertical levels. Geopotential heights, temperatures and
winds in the troposphere are available at 12 pressure levels
from 1000 to 100 hPa. Data are given on a 2.5� 2.5� latitude/
longitude grid.

2.3. Sea Surface Temperatures

[11] Despite of the fact that SST are available in these two
reanalyses, we have also considered Extended reconstructed
SST (ERSST), which correspond to a monthly extended
reconstruction of global SST based on Comprehensive
Ocean-Atmosphere Data Set and underwent a rigorous
quality control [Smith and Reynolds, 2003, 2004]. In
addition, sea ice concentrations have been used to improve
high-latitude SST analysis. SST are available on a 2� spatial
grid at: http://lwf.ncdc.noaa.gov/oa/climate/research/sst/
sst.html#ersst.

2.4. Teleconnection Patterns Indices

[12] The indices were taken from http://www.cpc.ncep.
noaa.gov/data/teledoc/telecontents.shtml. As an example,
the temporal evolution of the NAO index can be seen in
Figure 1. Because this index is not necessarily persistent
over the whole cold season (Figure 1), we have chosen to
consider a monthly index rather than an annual index; this
holds also for the other indices.

2.5. Method

[13] To characterize the associations between low-
frequency patterns and polar low developments, standard

Figure 1. Temporal evolution of the NAO monthly index between January 1979 and December 2001.
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cross-correlation and regression techniques between the
corresponding indices and atmospheric fields have been
performed. The statistical significance of the results has
been assessed with a phase-scrambling bootstrap test with
999 samples [Davison and Hinkley, 1997], taking into
account the autocorrelation characteristics of the time series.
The associations will be shown separately for months from
November through March, which corresponds to the period
of polar lows maximum occurrence. Key variables for the
development of polar lows include the 500 hPa temperature
(T500) and geopotential height (for the determination of
enhanced potential vorticity), the low-level wind (indicative
of cold air outbreaks), the Sea Surface Temperature (SST),
and the difference between the SST and the temperature at
500 hPa (SST-T500). The wind at 300 hPa was also
investigated because polar lows can form as a result of
convective instability in cold air flowing over a warm ocean
during a cold air outbreak, after the passage of a synoptic
depression.
[14] Although the results are shown for the whole area

poleward of 45�N, results are discussed only for a domain
situated north of 60�N, and from 60�W to 60�E. In
particular, associations with polar lows over the North
Pacific Basin are not discussed here, since they should
include other teleconnection patterns like the El Nino
Southern Oscillation [Yarnal and Henderson, 1989a,

1989b]. Besides, since polar lows are maritime weather
systems, results are discussed only over open sea.
[15] Correlation coefficients between the different indices

for the period 1979–2001 have been determined for months
between November and March (Table 1). Significant corre-
lations have been obtained for POLASIA and EAWR in
December (0.386), NAO and SCAND in January (�0.360),
and SCAND and EASTATL in March (�0.443). For this
reason, as an example, in December, partial correlation
analysis is first performed with EAWR and the anomalies
associated with EAWR substracted from the full signal
prior to the correlation with POLASIA (and vice versa). A
similar procedure is used for the other cases of significant
correlation.

3. Associations Between Teleconnection Patterns
and Surface and Atmospheric Fields Over the
North Atlantic

3.1. NAO

3.1.1. The 500 hPa Temperature and Height
[16] Figure 2 presents the correlations between the NAO

index and the temperature at 500 hPa derived from ERA-40.
For the five winter months, a positive phase of the NAO
corresponds to a significant cooling of a large area centered
approximately over the Davis Strait and south Greenland and
including the Labrador Sea and Newfoundland, favorable for
polar low developments in these subregions [Carleton,
1988]. Correlations reach �0.7; �0.8; conversely, it corre-
sponds to warmer temperatures over the eastern part of our
domain (correlations of about 0.5; 0.6) resulting in less
favorable conditions for the development of polar lows.
There are however regional differences depending on the
month: in November and December, there is no significant
positive correlation in the polar low genesis regions. In
January and March, significant positive correlations are
found over the Barents and Kara Seas, while in February
they cover a portion of the Norwegian Sea. Correlations
between the NAO index and ERA-40 500 hPa geopotential
heights (not shown) have also been determined. Large-scale
patterns of 500 hPa geopotential heights are in line with
temperature patterns. The negative 500 hPa temperature and
height patterns indicate a positive potential vorticity anom-
aly and the potential for deep convection over the area.
[17] Correlations between the NAO index and the 500 hPa

temperature deduced from NCEP-R2 are presented in
Figure 3, and illustrate the high degree of similarity between
the results obtained by the two reanalyses. Patterns agree to
a large extent; it is only the significant areas which differ
slightly; in the following, we will therefore just show and
discuss correlations with ERA-40 fields, which have better
vertical and spatial resolutions.
3.1.2. The 925 hPa Wind
[18] Figure 4 displays regression patterns of the NAO

index and the corresponding ERA-40 reanalyzed 925 hPa
wind for winter months. Only features that exhibit correla-
tions exceeding the 90% confidence level are displayed. For
the whole winter, a positive NAO phase is associated with
northerly to westerly winds over the Labrador Sea and the
eastern Canadian waters (more significant in November-
January-March). East of Greenland, from December on-
ward, the positive phase corresponds also to northerly or

Table 1. Correlation Coefficients Between the Different Indices

for Months Between November and Marcha

POLASIA NAO SCAND EASTATL EAWR

November
POLASIA 1.000
NAO �0.063 1.000
SCAND 0.244 0.146 1.000
EASTATL �0.134 0.097 0.168 1.000
EAWR 0.092 �0.029 �0.038 �0.203 1.000

December
POLASIA 1.000
NAO 0.072 1.000
SCAND 0.289 0.054 1.000
EASTATL �0.004 �0.074 0.047 1.000
EAWR 0.386 0.048 0.183 0.046 1.000

January
POLASIA 1.000
NAO �0.251 1.000
SCAND �0.085 �0.360 1.000
EASTAL �0.256 0.333 0.147 1.000
EAWR 0.245 �0.165 �0.275 0.009 1.000

February
POLASIA 1.000
NAO �0.334 1.000
SCAND 0.207 �0.299 1.000
EASTATL �0.204 0.179 �0.265 1.000
EAWR 0.001 �0.058 �0.076 0.230 1.000

March
POLASIA 1.000
NAO 0.034 1.000
SCAND 0.258 �0.342 1.000
EASTATL 0.108 �0.210 �0.443 1.000
EAWR �0.122 0.152 0.019 �0.182 1.000

aValues in bold are significant at the 90% level.

D12101 CLAUD ET AL.: LARGE-SCALE CIRCULATION AND POLAR LOWS

4 of 16

D12101



Figure 2. Distribution of correlation coefficients of ERA-40 500 hPa temperature between November
and March versus the NAO index. Correlation coefficients have been computed for the 1979–2001
period. Correlation coefficients above the 90% confidence level following a phase-scrambling procedure
with 999 samples are shaded. See text for more details.
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Figure 3. Same as Figure 2 but for NCEP R-2 reanalysis.
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Figure 4. Distribution of monthly regression coefficients of ERA-40 925 hPa wind between November
and March versus the NAO index. Regression coefficients have been computed for the 1979–2001
period, and only 1 out of 3 wind vectors are plotted. Maps only show wind vectors corresponding to
regression coefficients above the 90% confidence level following a phase-scrambling procedure with
999 samples. See text for more details.
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northeasterly winds. These positive correlations reflect
favorable conditions for polar low developments. A positive
NAO phase is conducive to southerly or southwesterly
winds over most of the Norwegian and Barents Seas. These
will favor the development of synoptic storms coming from
the southwest that are likely to be followed by reverse shear
conditions, as shown by Kolstad [2006].
3.1.3. SST
[19] In agreement with previously published studies, a

strong association between the NAO and SST is observed
during winter months, as can be seen on Figure 5. Consis-
tently over the 5 months, there is a reduction of sea ice to
the east of Greenland [e.g., Rigor et al., 2002]. An indirect
effect of this sea ice reduction is that the boundary layer is
less stably stratified over the Nordic and Barents Sea [Wu et
al., 2004]. There is also a negative correlation area over the
North Atlantic that is significant for all months, except
February. In addition, from January onward, there is a
positive correlation all along the Norwegian coast with
correlation coefficients larger than 0.4, especially in Febru-
ary. Conversely, over the Labrador Sea, negative correla-
tions are observed (significant in December and January and
higher than 0.6 for this latter month).
3.1.4. SST-T500
[20] Figure 6 displays the correlations between the NAO

index and the variable (SST-T500) for winter months.
Positive correlations are observed over the Barents and
Kara Seas during the whole period, over the Norwegian
and Greenland Sea in December-January-February, and
over the Labrador Sea in January. However, the correlations
are hardly significant, except in December north of 65�N.
Conversely, negative correlations are observed over the
Denmark Strait in December and over the Labrador Sea
for the whole season except January.
3.1.5. The 300 hPa Wind
[21] Because several polar lows form within the parent

circulation of a synoptic-scale occluded low, the wind at
300 hPa has also been considered. A positive phase of the
NAO is associated with west-southwesterly 300 hPa winds
over the north Atlantic (not shown), leading to an increased
likelihood of synoptic-scale storms, and therefore of polar
lows over the Norwegian Sea.

3.2. Other Teleconnection Patterns

[22] In the following, the emphasis will be put on the
major significant patterns. In addition, as observed for the
NAO, there is a high degree of similarity between the 500 hPa
temperature and geopotential height results. For this reason,
geopotential height results are not shown or discussed, but a
negative (positive) correlation with T500 also means a
negative (positive) correlation with the 500 hPa geopoten-
tial height.
3.2.1. Scandinavia Pattern
[23] The positive phase of the Scandinavia pattern corre-

sponds to the presence of a blocking high over Scandinavia.
This teleconnection pattern exhibits a strong significant
correlation with T500 (coefficients of about 0.7) with higher
temperatures over most of the Norwegian and Barents Seas
in the case of a positive index (Figure 7a, valid for
December). In February (Figure 7b) and March, the warmer
area is centered over the Norwegian Sea, while it is situated
further northeast for the other months.

[24] This pattern also shows a strong association with 925
hPa wind over the northeast Atlantic. A positive phase is
associated with southeasterly winds over the Norwegian Sea
in November-December (Figure 7c), and southerly winds
over the Greenland Sea from January onward. This corre-
sponds to a decreased likelihood of polar lows over this
area. Conversely, the Kara Sea, and the Barents Sea are
characterized by northerly winds from January onward
(Figures 7d–7e).
[25] Among all other teleconnection patterns, the Scan-

dinavian pattern shows the strongest association with SST.
In February (Figure 7f) and March, a positive index
corresponds to decreased SST along the western coast of
northern Europe, that is opposite to the NAO results, with
correlations as high as 0.6 in February. At the beginning of
the winter season, the Norwegian Sea and part of the
Barents Sea exhibit a significant positive correlation.
[26] Concerning (SST-T500), the Scandinavia pattern

exhibits mostly negative correlations (neutral in February),
practically never significant except in November and March
over the Barents Sea (not shown).
[27] For completeness, the Scandinavia pattern is associ-

ated with easterly 300 hPa winds over the north Atlantic
during the period January–March (not shown), leading to a
decreased likelihood of polar lows forming to the rear of
synoptic-scale storms over the Norwegian Sea.
3.2.2. Polar/Eurasia Pattern
[28] A positive Polar Eurasian index, i.e., an enhanced

circumpolar vortex, is generally associated with lower
temperatures over the northernmost latitudes surrounded
by higher values to the south. However, in December
(Figure 8a) and March, large positive correlations of
T500 with the Polar Eurasian index are obtained over
the Norwegian Sea with values of 0.6 and higher and 0.4,
respectively. There is no effect of the Polar/Eurasia pattern
on polar low developments in eastern Canadian waters.
[29] A positive Polar Eurasian index is also associated

with northerly or northwesterly winds over the Barents Sea
during the whole winter (not shown). This is true for Baffin
Bay and Davis Strait in December and March too. The
correlation of the Polar Eurasian index with 925 hPa winds is
low over the Greenland/Norwegian Sea, except in December,
for which a positive index corresponds to southwesterly
winds, which may generate reverse shear polar lows (see
above), and in March with southerly winds which inhibit
polar low activity.
[30] In January (Figure 8b) and February, the Polar

Eurasian index and the SST are significantly correlated.
Negative significant correlation areas are found over a broad
area, west of Europe and covering part of the Barents Sea
(values of �0.4 in January, smaller in February).
[31] Negative correlations between the Polar Eurasian

index and (SST-T500) are observed over the Norwegian
and Barents Sea; they are significant in November over the
Barents Sea, in January (Figure 8c) over the Norwegian Sea
and in February over the Greenland Sea. However, by the
end of the polar low season, significant positive correlations
are found over an area covering the Labrador Sea and to the
west of the British Isles (Figure 8d).
3.2.3. East Atlantic/West Russia Pattern
[32] The positive phase of the East Atlantic/West Russia

pattern is associated with warmer air over the eastern North
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Figure 5. Distribution of correlation coefficients of SST between November and March versus the
NAO index. Correlation coefficients have been computed for the 1979–2001 period. Correlation
coefficients above the 90% confidence level following a phase-scrambling procedure with 999 samples
are shaded. See text for more details.
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Figure 6. Distribution of correlation coefficients of the difference (SST-T500) between November and
March versus the NAO index. Correlation coefficients have been computed for the 1979–2001 period.
Correlation coefficients above the 90% confidence level following a phase-scrambling procedure with
999 samples are shaded. See text for more details.
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Figure 7. Distribution of correlation coefficients versus the SCAND index for (a) T 500 in December,
(b) T 500 in February, (c) 925 hPa wind in December, (d) 925 hPa wind in January, (e) 925 hPa wind in
February, and (f) SST in February.
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Atlantic. Accordingly, positive correlation patterns between
the corresponding index and the temperature at 500 hPa are
obtained to the west of the domain of interest and negative
ones to the east. In November and January, significantly
higher temperatures are found over most of the Norwegian
Sea, while in November and February (Figure 9a), signif-
icantly lower temperatures are observed over the Barents
Sea (correlation values of about �0.6).
[33] There is not much association between the East

Atlantic/West Russia index and 925 hPa winds. The excep-
tions are for November (Figure 9b) and February over the
Barents Sea, where a positive index corresponds to north-
easterly winds, and January over the southern part of the
Norwegian Sea corresponding to westerly winds.
[34] The East Atlantic/West Russia index also shows little

association with the SST, with the exception of negative
correlations over the Barents Sea at the end of the polar low
season.

[35] It is correlated with (SST-T500) only in December
and February (negative in December, positive in February,
barely significant).
[36] Finally, the East Atlantic/West Russia index is asso-

ciated with easterly 300 hPa winds over the North Atlantic
at the beginning of the winter season, leading to a decreased
likelihood of synoptic-scale storms, and therefore of polar
lows over the Norwegian Sea.
3.2.4. East Atlantic Pattern
[37] In the positive phase of the East Atlantic pattern,

synoptic activity is inhibited in the Nordic Sea, and
enhanced to the south. This results in T500 becoming
significantly correlated with the East Atlantic index gener-
ally at southern latitudes, compared to other indices. How-
ever, negative significant correlations are found in
November (Figure 10a) over an area centered over Iceland,
and in January (Figure 10b) over the Labrador Sea and the
eastern Canadian waters (coefficients of about �0.7). In

Figure 8. Same as Figure 7 but versus POLASIA and for (a) T500 in December, (b) SST in January,
(c) (SST-T500) in January, and (d) (SST-T500) in March.
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March, there is also a significant area over the Barents Sea,
but correlation coefficients are lower (about �0.4).
[38] Concerning the 925 hPawind, inNovember (Figure 10c)

and January, a positive phase of the East Atlantic pattern is
associated with northerly winds over the Davis Strait and
Labrador Sea. Conversely, over the Norwegian Sea, it
corresponds to either easterly or southerly winds in January,
which do not favor polar low developments.
[39] There are significant positive correlations between

the East Atlantic index and the SST in January over an area
between Spitzbergen and northern Scandinavia, and in the
following months over an area between Iceland and Norway
(Figure 10d, valid for February). This will favor the
formation of polar lows of predominantly convective nature.
[40] Correlations between the East Atlantic index and

(SST-T500) are negative over eastern Canadian waters,
but never significant except in January (Figure 10e); they
are generally positive over the Norwegian Sea, and partly
significant in December and January. Correlations over the
Barents Sea are mostly negative, except in December, and
not significant.

4. Summary and Concluding Remarks

[41] The North Atlantic region is prone to the develop-
ment of polar lows which form when very cold air is
transported over relatively warm open sea. Because the
warming in the Arctic is expected to be larger than the
global average [e.g., Holland and Bitz, 2003], it is important
to assess its effect on severe weather over polar and
subpolar areas. It is therefore necessary to understand the
associations between large-scale environment and polar low
activity. As a first step toward documenting these associa-
tions, standard cross-correlation and regression techniques
between the corresponding indices and atmospheric fields
have been performed. The statistical significance of the
results has been carefully assessed taking into account the
autocorrelation characteristics of the time series. The asso-

ciations have been investigated separately for the months
November until March, which correspond to the period of
maximum polar low activity. The variables examined in this
study are the temperature and geopotential height at 500 hPa,
the wind at 925 hPa, the SST, the difference between the
SSTand air temperature at 500 hPa, and the wind at 300 hPa,
which are known to have an influence on polar low
developments, and are better represented in reanalyses than
are the polar lows themselves [Condron et al., 2006]. Upper
level fields were provided by reanalyses (ERA-40 and
NCEP-R2), and the SST from a monthly extended recon-
struction of global SST based on Comprehensive Ocean-
Atmosphere Data Set with improved high-latitude values.
[42] It is found that the NAO has a strong impact on all

these variables, and therefore on the likelihood of polar low
formation. In the Labrador Sea and the eastern Canadian
waters, the positive phase of the NAO is associated
with lower temperatures (and lower geopotential height) at
500 hPa, and a northerly flow, especially at the beginning of
the season, both of which favor polar low formation. Over
the Norwegian Sea, the influence of the NAO occurs more
through the increase of synoptic activity, and the fact that
several polar lows will form on the flank of synoptic storms,
or through the creation of favorable conditions for reverse
shear polar lows. Also over the Norwegian Sea, higher SST
for positive NAO conditions from January onward will
favor the formation of polar lows of predominantly con-
vective nature, while to the east of Greenland, the reduction
of sea ice plus the northerly low-level flow should lead to a
larger number of polar lows to form. Carleton [1985, 1996]
observed that fewer systems entered the British Isles and
western Europe from the Atlantic when the NAO was in its
positive phase; this is likely related to the lack of northerly
flows added to the significant SST decrease to the southwest
of the domain associated with this NAO phase. The Barents
and Kara Seas polar low activity exhibits little association
with NAO, except through the increase of SST and reduc-
tion of sea ice. All these results are consistent with the

Figure 9. Same as Figure 7 but versus EAWR and for (a) T500 in February and (b) 925 hPa wind in
November.
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Figure 10. Same as Figure 7 but versus EASTATL and for (a) T500 in November, (b) T500 in January,
(c) 925 hPa wind in November, (d) SST in February, and (e) (SST-T500) in January.
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results obtained by Carleton [1985, 1996] and place them in
a climatological context.
[43] In addition, our study shows that other teleconnec-

tion patterns also help determine polar low regimes. Of
those, the Scandinavia pattern shows a strong negative
association with the studied variables over the Norwegian
and Barents Seas, but only marginally affects the Labrador
Sea and the east Canadian waters. The presence of a
blocking high over Scandinavia leads to warmer upper level
temperatures over most of the area where polar lows form,
generally colder SST and a decrease of (SST-T500), and
low-level flow from the east or the southeast over a large
part of the domain, except the Barents and Kara Seas. A
positive phase of the Scandinavia pattern is also associated
with a decreased likelihood of synoptic-scale storms, and
therefore of polar lows over the Norwegian Sea. Polar lows
which form over more southern regions may, however, be
favored through the occurrence of lower 500 hPa temper-
atures and larger (SST-T500). The Polar/Eurasia pattern,
which reflects the strength of the circumpolar vortex, has
contrasting impact on polar low development. A strong
vortex will tend to inhibit polar low genesis with colder SST
from January onward and a global decrease of (SST-T500),
with the exception of the 55–60�N latitude band at the end
of the winter. The positive phase of the Polar/Eurasia pattern
is associated with higher T500 over the Greenland/Norwe-
gian and Barents Sea, that is especially significant in
December and March. Its impact on cold air outbreaks is
such that a strong vortex favors off-ice flow from the Arctic
in November and February over the Barents Sea, and in
March over the Kara Sea. In addition, in November, a
positive phase of the Polar/Eurasia pattern is associated
with equatorward flow over eastern Canadian waters while
over the Norwegian Sea, the southwesterly flow can be
conducive to reverse shear polar lows. The East Atlantic/
West Russia pattern shows less association with polar low
developments than the two previously discussed patterns.
There is practically no significant association with SST and
(SST-T500). The exception is for 500 hPa temperatures that
are lower over the Barents/Kara Sea mainly in November
and February, and to a certain extent in January (not
significant in the latter case). The same months are charac-
terized by northerly flow over these areas, which increases
the likelihood of polar low formation. In January, reverse
shear polar lows may be favored over the Norwegian Sea.
Finally, a positive East Atlantic pattern promotes the genesis
of polar lows at more southern latitudes, through colder
500 hPa temperatures, and the advection of very cold air
over the Labrador Sea and Denmark Strait, but it has no big
impact on higher latitudes. These results agree overall with
those by Harold et al. [1999]; there are, however, some
slight differences which are due to the fact that these authors
consider mesocyclones for all seasons, while this study only
considers those that are likely to be the most intense winter
ones.
[44] The results presented above show the complexity of

the associations between circulation teleconnections and
variables associated with polar low formation, which vary
both temporally and spatially. It is therefore important to
study the links on a month-by-month basis, rather than
averaging over several months, as it is usually the case. It
must be also noted that in the areas where these relation-

ships depend on sea ice extent and sea surface temperature,
future changes due to climate change in either of these two
variables are likely to alter these relationships, which adds
to the complexity of the problem. It is hoped however that
future very high resolution reanalyses or satellite imagery
will permit to evaluate directly the association between
the large-scale circulation and polar low occurrence and
characteristics.
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