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ABSTRACT
The surface temperature field in the Arctic winter is primarily controlled by downward longwave radiation,
which is determined by local atmospheric temperature and humidity profiles and the presence of clouds. The
authors show that regional differences in the atmospheric thermal energy budget are related to the tropospheric
circulation in the Arctic. Data sources include several gridded meteorological datasets and surface and rawinsonde
observational data. Four independent climatologies of mean January surface temperature show consistent spatial
patterns: coldest temperatures in the western Arctic north of Canada and warmer regions in the Chukchi,
Greenland, and Barents Seas. Data from the five winters of 1986–90 illustrate the coupling between the surface
temperature, the downward longwave radiative fields, and the tropospheric temperature and humidity fields, with
monthly surface–upper-air correlations on the order of 0.6. Upper-level circulation patterns reveal features similar
to the surface temperature fields, notably a persistent low center located over northern Canada; the cyclonic
flow around the low is a tropospheric extension of the polar vortex. Colder and drier conditions are maintained
within the vortex and communicated to the surface through radiative processes. The polar vortex also steers
transient weather systems, the most important mechanism for horizontal heat transport, into the eastern Arctic,
which results in as much as 25 W m22 more heat flux into the eastern Arctic than the western Arctic. A reason
for the colder temperatures in the western Arctic is that the polar vortex tends to be situated downstream of the
northern Rocky Mountains; this preferred location is related to orographic forcing of planetary waves. Monthly
and interannual variability of winter temperatures is conditioned by the interaction of the Arctic and midlatitude
circulations through the strength and position of the polar vortex.

1. Introduction
The polar atmosphere in winter is a reservoir of cold
air that establishes latitudinal pressure gradients, which
force the general circulation (Peixoto and Oort 1992;
Grotjahn 1993; Hartmann 1994). Sea ice insulates the
polar atmosphere from the reservoir of heat stored in
the ocean. In the summer ice surface temperatures are
fixed at the melting point, and the influence of the ice
surface on shortwave fluxes—that is, albedo—is the
most important variable in the energy budget. In the
winter longwave fluxes dominate, and ice surface temperatures vary in response to radiative forcing and
cloud feedbacks. The regional variability of the winter
energy budget is manifested in the time and space variability of the surface temperature field. Thus, surface
temperature becomes an important proxy for the Arctic
winter climate.
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The February 1987 monthly mean temperature soundings, shown in Fig. 1, are from six coastal weather stations around the perimeter of the Arctic and illustrate
typical wintertime conditions over sea ice: cold surface
air temperatures, a steep surface-based temperature inversion capped by a relatively warm layer with a maximum temperature around the 900-mb level (;1 km),
and a negative lapse rate through the remainder of the
troposphere (Reed 1962; Overland and Davidson 1992).
The six soundings have the same general shape but exhibit regional differences. There is a large temperature
gradient across the Arctic at the surface, with Eureka,
Canada, in the west being 128 colder than Chelyuskin,
Russia, and Kotelny, Russia, in the east. These gradients
persist throughout the depth of the troposphere. Barrow
shows evidence of warm air advection from the North
Pacific. The strength of the surface-based inversion, the
height of the maximum temperature in the lower troposphere, and the tropopause height also vary with region.
In the Arctic winter (November through March), the
atmospheric thermal energy budget is a balance of outgoing radiation at the top of the atmosphere, radiative
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and sensible heat fluxes at the surface, and lateral advection of heat from lower latitudes. Surface temperature and ice thickness are coupled to the temperature
and humidity structure in the lower troposphere, principally through radiative processes (Overland and Guest
1991). Overland et al. (1996) found that the convergence
of moist static energy flux from the poleward advection
of heat by transient eddies was at a minimum north of
Canada in the western Arctic.
The intent of this paper is to show that spatial differences in the surface temperature field are related to
horizontal gradients in temperature and humidity at midlevels in the atmosphere and are thus influenced by the
dynamics of the polar atmosphere. A tropospheric extension of the polar vortex, a cyclonic circulation that
develops in the stratosphere during winter, has a tendency to be located over the western Arctic. This vortex
location has been attributed to the upstream location of
the northern Rocky Mountains (Valdes and Hoskins
1989, 1991). The vortex contains relatively cold and
dry air that is isolated from other regions of the Arctic;
the cold temperatures are effectively communicated to
the surface through radiative processes. In addition, the
extension of the polar vortex acts as a barrier to transient
eddies in the troposphere. These weather systems, the
most important mechanism for horizontal heat transport
(Overland and Turet 1994), are steered into the eastern
Arctic, resulting in more heat flux into the eastern Arctic
than the western Arctic.
We present an examination of the large-scale features
of the radiative and dynamic state of the Arctic wintertime atmosphere, highlighting regional variability.
The following section discusses data sources, section 3
contains a discussion of thermodynamic and radiative
fields, section 4 covers the upper-level thermodynamic
and dynamic fields, section 5 shows some examples of
interannual differences in the radiative and dynamic
fields, and a summary and conclusions are in section 6.
2. Data sources

FIG. 1. Monthly mean temperature soundings for February 1987
from 6 land stations around the perimeter of the Arctic ocean: 1)
Krenkel (818N, 588E), 2) Chelyuskin (788N, 1048E), 3) Kotelny
(768N, 1388E), 4) Barrow (718N, 1588W), 5) Mould Bay (768N,
1198W), and 6) Eureka (808N, 868W). Data are from the Historical
Arctic Rawinsonde Archive (Kahl et al. 1992). All stations show
similar profiles but vary in the details.

We investigated five gridded meteorological datasets
and surface and rawinsonde observational data. The primary data source used to describe the tropospheric structure is the 5-yr global dataset produced by the Data
Assimilation Office at the National Aeronautics and
Space Administration (NASA) Goddard Space Flight
Center. Observational data from conventional sources
plus aircraft, ship, rocketsonde, and rawinsonde reports,
satellite retrievals of geopotential height, and cloud motion winds were reanalyzed using the Goddard general
circulation model GEOS-1, which provides a dynamically and physically consistent global framework for
interpreting the assimilated observations (Schubert et
al. 1993). The data cover the time period from March
1985 to February 1990 and are presented on a 28 latitude
by 2.58 longitude grid at 18 vertical levels. The output
is grouped into two general categories: prognostic pa-
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FIG. 2. Six-year time series of surface air temperature in 8C at two land stations on opposite sides of the Arctic. The eastern station
(Chelyuskin) is at 788N, 1048E; the western station (Eureka) is at 808N, 868W. The time series is smoothed with a 30-day running mean.
Eureka is consistently colder throughout the cold season.

rameters, which are directly assimilated and are strongly
constrained by the observations, and diagnostic parameters, which are derived from model parameterizations
(Schubert et al. 1995). Sea ice is treated in the GEOS-1
model as a 3-m slab. We found that the model-derived
surface temperatures in the Arctic were often 108 colder
than the climatology. This may be attributed to reduced
downward longwave radiation in the GEOS-1 model
caused by inadequate cloud radiative forcing (Schubert
et al. 1995; Molod et al. 1996). However, the upperlevel prognostic fields are consistent with sounding data
and other analyses. Our validation efforts are discussed
in the appendix.
To supplement the GEOS-1 data, we use the longwave
and shortwave radiant fluxes at the surface and the top
of the atmosphere from the Arctic Ocean Radiative
Fluxes (AORF) dataset produced by Schweiger and Key
(1994). Monthly means of the radiant fluxes for the
ocean areas of the Arctic were estimated using the cloud
products of the International Satellite Cloud Climatology Project (ISCCP) and supplementary atmospheric
vapor and temperature profiles compiled by Serreze et
al. (1992). The AORF data span the time period from
July 1983 to December 1990 and are presented on a
100-km grid.
We made use of two other Arctic surface temperature
analyses: the Nimbus-7 Temperature Humidity Infrared
Radiometer (THIR) temperatures (Comiso 1994) and
the Polar Exchange at the Sea Surface (POLES) 2-m
air temperatures (Martin and Munoz 1997), which are
based on interpolations of coastal stations, Arctic buoys,
and Soviet drifting stations. We also investigated the
National Centers for Environmental Prediction (NCEP)/
National Center for Atmospheric Research (NCAR)
Reanalysis Project data (Kalnay et al. 1996). Here, the
Arctic surface temperatures appear to have some of the

same diagnostic difficulties as the GEOS-1 data. In addition, the fields seem to be influenced by unreasonable
extrapolations from station observations.
Additional observational data came from the Historical Arctic Rawinsonde Archive (Kahl et al. 1992) and
the network of Russian drifting ice stations, provided
by the International Arctic Buoy Program at the Applied
Physics Laboratory in Seattle, Washington.
3. Thermodynamic and radiative fields
a. Surface temperature fields
Illustration of the east–west differences in surface
temperature appears in the 5-yr time series from two
weather stations on opposite sides of the Arctic Ocean
(Fig. 2). The eastern Arctic is represented by the Russian
station in Chelyuskin at 788N, 1048E; the western Arctic
is represented by the Canadian station in Eureka at 808N,
868W. The time series shows differences between the
east and west on seasonal and interannual timescales.
Wintertime temperatures can differ by as much as 158,
with warmer temperatures in the east. During the autumn season, the west appears to cool faster than the
east. Cooling rates, minimum temperatures, and temperature differences vary between winters.
Four climatologies of mean January surface temperature from independent sources are shown in Fig. 3; the
temperature color scale is the same for all four analyses.
All data are plotted on polar stereographic projections,
with the North Pole in the center of the image, western
longitudes on the left side, and eastern longitudes on
the right side. The first climatology (Fig. 3a) is from
the AORF ice surface temperatures, which are taken
directly from the ISCCP C2 dataset (Rossow and Schiffer 1991). The data span the years from 1983 to 1990.
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Through comparison with buoy data, ISCCP surface
temperatures during winter are estimated to be 48–68C
too high; this is most likely due to the undetected radiative effects of ice crystal precipitation (Schweiger
1992). Schweiger points out that although the surface
temperatures may be biased the spatial variability is
captured quite well. The second climatology (Fig. 3b)
is from all available 2-m air temperature observations
from 1979 to 1993 interpolated to a 200-km grid (Martin
and Munoz 1997). Through comparison with independent observations from drifting ice stations, the gridded
temperatures show a positive bias of 0.38–1.38C. The
2-m air temperature is usually slightly warmer than the
ice surface temperature in winter; Yu (1996) reports a
mean difference of 1.48C. The third climatology (Fig.
3c) is the surface skin temperature derived from the
Nimbus-7 THIR for the years 1979 through 1985 (Comiso 1994). Comiso estimates the rms error to be 18–28C,
depending on the surface type. The fourth climatology
(Fig. 3d) is from the Russian atlas (Treshnikov 1985)
and is based on observations from coastal and island
stations and drifting ice camps. An estimate of the error
in the surface temperatures from the Russian atlas is not
available.
All four analyses show a similar spatial pattern, with
the coldest temperatures in the western Arctic north of
Canada and warmer regions in the Chukchi, Greenland,
and Barents Seas. In the cold region in the western
Arctic, the Russian data indicate temperatures as much
as 58 colder than the THIR and POLES climatologies;
these two are in general agreement, although there are
some discrepancies as to how far east the coldest air
extends. The AORF climatology is about 28 warmer than
the THIR and POLES climatologies. In the warmer
regions, the four climatologies are in better agreement.
Overall, the differences between the four fields can be
greater than the error estimates. These differences may
be attributed to the biases inherent in the retrieval algorithms and analysis procedures, but the varying number of years included in each climatology may also be
a factor. Although the four climatologies differ somewhat in absolute magnitude, each of them does capture
the horizontal variability. Spatial gradients in the surface
temperature field are important because the temperature
at the surface, which is regulated by radiant and turbulent fluxes, is a wintertime thermodynamic link between atmospheric forcing and sea ice.
b. Surface energy budget
The components of the surface energy budget are the
net longwave flux and the net shortwave flux, plus sensible and latent heat fluxes:

1

2 1

2

Qnet 5 F lw↑ 2 F lw↓ 2 F sw↓ 2 F sw↑ 1 SH 1 LH. (1)
We define the total surface flux (Qnet) to be positive
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in the upward direction, representing heat lost from the
surface to the atmosphere as the surface cools during
the winter season. Figure 4 contains plots of estimates
for the primary components of Qnet in January 1987.
We chose 1987 because it was the coldest winter in the
5-yr time series, and the east–west temperature differences were also quite large. The dominant terms in (1)
are the longwave fluxes; shortwave fluxes in January
are zero. We assume that latent heat flux averaged over
large areas of sea ice is small, and it is not included in
our calculations. The downward longwave flux (Fig. 4a)
shows a distinct minimum on the western side, with
values generally 10–20 W m22 less in the western Arctic
than in the eastern Arctic. The upward longwave flux
(Fig. 4b) has a similar pattern to the downward longwave flux, with a minimum on the western side collocated with the minimum in the downward longwave
flux; the spatial gradient corresponds to a temperature
difference of as much as 108 across the Arctic. The local
minimum along the Siberian coastline is stronger in the
downward flux; it is this minimum that is manifested
as a maximum in the net longwave flux (not shown).
The AORF dataset does not contain an estimate of the
sensible heat flux, so we used the January climatology
from the GEOS-1 reanalysis (Fig. 4c), which employs
a bulk parameterization (Takacs et al. 1994). The sensible heat flux is negative everywhere over the sea ice,
meaning that heat is transferred from the atmosphere to
the surface; the absolute value of the flux is lowest in
the eastern Arctic. The colder surface temperatures in
the GEOS-1 data may influence the accuracy of sensible
heat flux estimates, but regardless of the error estimate,
the magnitude of the heat flux is still more than an order
of magnitude smaller than the longwave fluxes (Maykut
1986; Overland and Guest 1991).
The total surface flux for January 1987, the sum of
the net longwave flux (Fig. 4b minus Fig. 4a) and the
sensible heat flux (Fig. 4c), is plotted in Fig. 5a. This
somewhat noisy field varies by 30 W m22 across the
Arctic with a maximum in the eastern Arctic, implying
that more heat is lost, which cools the surface. For comparison, we also show Qnet for January 1987 using the
surface longwave fluxes from the GEOS-1 reanalysis
(Fig. 5c). This smoothly varying field has a smaller
variation (;10 W m22) across the Arctic with a maximum in the west, just north of the Canadian archipelago. The Qnet of both GEOS-1 and AORF are of the
same order of magnitude; the discrepancies between
these two estimates are due to their different calculations
of the downward longwave flux. The ISCCP cloud information used in the AORF analysis gives us more
confidence in that dataset. Because the downward longwave flux is strongly affected by both the vertical temperature profile and the presence of clouds, accurate
cloud detection and representation is a crucial component of any surface energy budget calculation.
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FIG. 3. January climatologies of surface temperature from four independent sources: (a) AORF dataset, 1983–90; (b) 8C poles 2-m air
temperature observations interpolated to a 200-km grid, 1979–93; (c) Nimbus-7 infrared radiometer, 1979–85; and (d) the Russian atlas. The
data are plotted on an equal-area azimuthal projection centered on the North Pole, with western longitudes on the left side and eastern
longitudes on the right side. The 708 and 808 latitude circles and the 08, 1808, 908E, and 908W longitude lines are drawn with dashed contours.
See text for references.
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FIG. 4. Primary components of the wintertime surface energy budget. (a) Downward longwave flux and (b) upward longwave flux at the
surface for January 1987 from the AORF dataset; (c) 5-yr January climatology of sensible heat flux from the GEOS-1 reanalysis; (d) AORF
outgoing longwave radiation for January 1987. All parameters are in W m22.

c. Residual flux calculations
The total heat budget for the Arctic atmosphere in
winter is a balance of outgoing shortwave and longwave
radiation at the top of the atmosphere (OSR and OLR),
the total surface flux (Qnet), and the convergence in lateral advection of moist static energy from lower latitudes. This convergence is estimated as a residual:
Energy flux convergence 5 OSR 1 OLR 2 Qnet. (2)

Equation (2) is valid assuming steady-state conditions,
which is reasonable for midwinter.
The outgoing longwave radiation at the top of the
atmosphere for January 1987 (Fig. 4d) shows a strong
east–west gradient with a broad minimum centered
north of the Canadian archipelago. The residual flux
calculation for the AORF data (OLR–Qnet; Fig. 5b)
shows two minima in energy flux convergence, one on
the western side north of the Canadian archipelago,
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FIG. 5. Total surface flux (Qnet) and residual flux (OLR minus Qnet) in W m22 for January 1987. Top panels are from the AORF dataset;
bottom panels are from the GEOS-1 reanalysis.

and the other on the eastern side along the Siberian
coast. Higher values are in the Barents Sea and along
the north coast of Alaska. The residual flux calculation
using the GEOS-1 data (Fig. 5d) has an offset of ;15
W m22 from that based on the AORF data but shows
a similar spatial pattern. Both fields also show a relative
maximum between the western Arctic and the Siberian
coastal regions. Horizontal differences in the energy
flux convergence over the whole Arctic Ocean are 25–
30 W m22 in both the AORF and GEOS-1 datasets.
The fluxes in both estimates are relatively large O(130
W m22), showing that the atmospheric energy budget

in winter is mainly a balance between outgoing longwave radiation and horizontal temperature advection.
These results are consistent with the direct calculation
of the horizontal flux convergence by Overland et al.
(1996).
4. Upper-level thermodynamic and dynamic fields
The patterns in the radiative fields described in the
previous section are linked to the thermodynamic structure and circulation of the polar atmosphere. The
500-mb temperature field in Fig. 6a and the 700-mb
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FIG. 6. Monthly means for January 1987 of (a) 500-mb temperature in 8C, (b) 700-mb specific humidity in g kg21, (c) 500-mb height in
dam, and (d) isentropic potential vorticity on the u 5 285-K surface, which is roughly located at the 500-mb level. All data are from the
GEOS-1 reanalysis.

specific humidity field in Fig. 6b for January 1987 show
similar spatial patterns to the residual flux. The temperature patterns at levels between 850 and 300 mb are
qualitatively similar to those at 500 mb, as implied by
the soundings in Fig. 1. The low values of outgoing
longwave radiation and the low surface temperatures in
the western Arctic are related to the cold temperatures
and low humidities in the troposphere and lower stratosphere. The lower specific humidity reduces the emissivity of the air, which reduces the radiative flux from
that layer and increases the transmissivity between the

surface and higher levels in the atmosphere. Because of
the problems with the GEOS-1 cloud parameterizations,
we use the specific humidity as a proxy for cloudiness.
Monthly mean specific humidity values that are less than
0.3 are assumed to represent primarily clear conditions,
while values greater than 0.3 are assumed to include
clouds.
Although the two minima in 500-mb temperature are
of equal magnitude, the 500-mb height field in Fig. 6c
indicates a deeper trough on the western side. The westerly flow around the center of the low heights delimits
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FIG. 7. Same as Fig. 6 but all plots are monthly means for February 1987.

a tropospheric extension of the polar vortex, which can
be a quasi-stationary feature during the winter (Davis
and Benkovic 1994). The polar vortex features high
values of isentropic potential vorticity (IPV); Fig. 6d
shows that the region encircled by the westerly jet has
higher IPV values at 500 mb than the surrounding area.
Because IPV is a quasi-conservative property and air
parcels tend not to move across the IPV gradient, the
relatively cold and dry air within the vortex is isolated
from the more temperate air that surrounds it. Thus, this
extension of the polar vortex acts as a barrier to transient
eddies in the troposphere, which are the primary agents

for poleward transport of heat and moisture. The transient eddies are embedded in the westerly jet, which is
located south of the high IPV region.
Figure 7 shows the same upper-level fields (500
mb-temperature and height, 700-mb specific humidity,
and isentropic potential vorticity) for the following
month, February 1987. These fields illustrate how the
tropospheric polar vortex persisted and intensified in the
western Arctic and lost strength in the eastern Arctic.
The January–February 5-yr means of the upper-level
parameters (Fig. 8) indicate that these spatial patterns
are common features of the wintertime Arctic. The
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FIG. 8. Same as Fig. 6 but all plots are January–February 5-yr means.

colder temperatures, lower specific humidities, lower
500-mb heights, and higher values of potential vorticity
associated with the tropospheric extension of the polar
vortex are all centered on the western side over northern
Canada; the spatial patterns are similar to the surface
temperature climatologies in Fig. 3.
Temperatures within the polar vortex in wintertime
are primarily driven by radiative processes (Schoeberl
and Hartmann 1991). A sensitivity test was performed
to estimate the relative contributions of the colder temperatures versus the lower specific humidities on reducing the downward longwave radiation within the polar vortex and, hence, lowering surface temperature. A

band model for longwave radiation (Rodgers and Walshaw 1966) was used to compute clear-sky downward
flux at the surface. The model was driven with a representative winter sounding from the GEOS-1 dataset
to which small tropospheric perturbations in temperature and humidity were applied. The fields shown in
Figs. 6–8 indicate that a change of 28C in 500-mb temperature is typically accompanied by a change of 0.1 g
kg21 in 700-mb specific humidity. Applying these magnitudes of changes in temperature and specific humidity
separately over the lowest 500 mb in the model yielded
respective changes of 4 W m22 and 7 W m22 in the
downward longwave radiation at the surface. Therefore,
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FIG. 9. Gray-shaded contours of surface orography for elevations
between 0.5 and 1 km, 1 and 2 km, 2 and 3 km, and 3 km and above.
Overlain line contours are for the upper-level (s 5 0.2) perturbation
streamfunction response to forcing by the Rocky Mountains. Contour
interval is approximately 2.2 3 106 m2 s21. The zero contour is the
thick solid line. Latitude circles are drawn at 408, 608, and 808N.
(Taken from Valdes and Hoskins 1989.) This figure shows the tie
between the location and orientation of the Rocky Mountains and
their influence on the location of the upper-level atmospheric circulation anomalies.

the variations in temperature in the Arctic troposphere
appear to be roughly one-half as important as the variations in humidity to the downward longwave flux and,
hence, the surface energy budget. It should be noted
that the horizontal distributions of tropospheric temperature and humidity are not the only determinants of
variations in downward longwave radiation. In particular, these variations are often controlled by the gradients in cloud cover and ice crystal concentration,
which are indirectly accounted for in the monthly humidity fields.
It has been hypothesized that the polar vortex is a
forced planetary wave, influenced by the location and
orientation of the northern Rocky Mountains (Nigam et
al. 1988; Valdes and Hoskins 1989, 1991; DaSilva and
Lindzen 1993). Figure 9 shows the gray shaded contours
of surface orography overlain with contours of the upper-level streamfunction perturbation in response to
forcing by the Rocky Mountains (adapted from Valdes
and Hoskins 1989). The data show that a trough forms
over western Canada, extending from the Great Lakes
to the Arctic ice edge. The strength of the forced stationary wave is a function of the strength of the flow
impinging on the orography. Although Greenland is a
major orographic feature, the upstream flow impinging
on its elevated plateau is weaker than that on the northern Rocky Mountains, and thus the downstream effect

FIG. 10. Standard deviation of the 5-yr-mean 700-mb height for
January, calculated from the GEOS-1 reanalysis dataset and contoured in dam. High values are associated with the height anomalies
caused by transient cyclones and are an indicator of increased synoptic activity.

is smaller (Valdes and Hoskins 1989). These model results are consistent with the observational fields that we
have presented.
Because the polar vortex is preferentially located on
the western side, midlatitude weather systems are
steered into the eastern Arctic. Climatological studies
of synoptic activity in the Arctic have shown that there
is a higher frequency of wintertime cyclones in the eastern Arctic, with the strongest storms in the marginal
seas (Serreze and Barry 1988; Serreze et al. 1993). We
use the standard deviation of the 700-mb height field as
an indicator of synoptic activity; high standard deviations are associated with the large height anomalies
caused by cyclones. Figure 10 shows the standard deviation of the 5-yr mean 700-mb height field for January,
which suggests higher cyclone frequency in the eastern
Arctic. The indication that there are more storms in the
Barents and Kara Seas and the Chukchi Sea is consistent
with the residual heat flux calculations in Fig. 5b. Based
on our residual flux calculations, we conclude that the
east receives about 25 W m22 more heat flux by lateral
advection than the western Arctic.
5. Interannual differences
A 5-yr time series is not long enough to draw definitive conclusions about the long-term variability of the
climate processes in the Arctic, but it is enough to suggest the nature of the interannual differences in the horizontal inhomogeneity of the Arctic atmosphere. The
temperature time series in Fig. 2 indicates that while
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TABLE 1. Correlation coefficients for surface air temperatures and
three upper-level parameters for January.

Jan 1986
Jan 1987
Jan 1988
Jan 1989
Jan 1990
5-yr mean

500-mb
temperature

500-mb
height

700-mb
specific
humidity

0.21
0.55
0.68
0.45
0.69
0.52

20.08
0.37
0.42
0.37
0.39
0.29

0.46
0.78
0.61
0.62
0.66
0.63

the western Arctic is colder than the eastern Arctic in
the mean, there is interannual variability in the surface
temperature field on both sides of the Arctic. As discussed in the previous section, orographic effects are
likely to be responsible for the polar vortex’s preferred
location over the Canadian archipelago, but diabatic
heating and thermal forcing by transient eddies along
the periphery of the Arctic are also important factors
governing the time-mean climatological flow. Variability in the strength of the upstream flow impinging on
the orography is also a factor. The fluctuations in the
Arctic atmosphere on monthly to interannual timescales
are believed to be a result of the oscillations in the
stronger midlatitude circulation (e.g., Barnston and Livezey 1987; Walsh and Chapman 1990; Agnew 1993).
These effects are not geographically fixed and would
be expected to cause variations in the flow impinging
on the northern Rocky Mountains, and thus in the
strength and position of the polar vortex.
It is instructive to compare the results shown previously for January 1987 with other years. Compare the
surface temperature climatologies in Fig. 3 with the
monthly means for January 1988, 1989, and 1990 from
the POLES 2-m air temperature dataset in Fig. 11. All
three years showed colder temperatures on the western
side, yet the locations of the minima are different in
each year. In 1988 there was a broad region of warm
temperatures extending northward from Alaska, and in
1990 a warm tongue extended from the Barents Sea
across the Arctic to the Bering Strait. In 1989 temperatures were colder than normal over most of the Arctic.
The magnitudes of these interannual differences are
quite large; for example, the North Pole was 88C warmer
in 1990 than it was in 1989. We have some confidence
in these conclusions through comparison with the corresponding mean 500-mb height analyses for these three
years, also shown in Fig. 10. The 500-mb height analyses indicate low heights over the Canadian archipelago,
as in January 1987, as well as the large-scale features
that are consistent with the surface temperature analyses. In 1988, a broad, high-amplitude ridge extended
northward of Alaska, resulting in an elongated trough
stretching across the Arctic. In 1989, the broad polar
vortex was centered just off the pole, resulting in a more
zonally symmetric circulation. In 1990, the 500-mb
heights were higher than normal over much of the east-
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TABLE 2. Correlation coefficients for surface air temperatures and
three upper-level parameters for February.

Feb 1986
Feb 1987
Feb 1988
Feb 1989
Feb 1990
5-yr mean

500-mb
temperature

500-mb
height

700-mb
specific
humidity

0.62
0.40
0.43
0.91
0.87
0.65

0.45
0.26
0.39
0.89
0.53
0.50

0.56
0.57
0.37
0.86
0.81
0.63

ern Arctic. All three Januaries had low 500-mb heights
in the western region downstream of the northern Rocky
Mountains and the corresponding minimum in surface
temperature, yet the differences in the circulation in
other locations had profound effects on the overall distribution of surface air temperature.
To quantify the relationship between the surface air
temperature and the upper-level thermodynamic and dynamic fields, we calculated the correlation between the
2-m air temperature, the 500-mb height and temperature,
and the 700-mb specific humidity. The domain of the
comparison is a rectangular area, (3000 km) 3 (2400
km), that covers most of the Arctic Ocean and the northern Canadian archipelago. The corners of the rectangular domain are in Baffin Bay (738N, 688W), at the
mouth of the Mackenzie River (688N, 1358W), in eastern
Siberia (718N, 1438E), and at the northern tip of Novaya
Zemlya (778N, 628E). The correlation statistics for January and February are shown respectively in Tables 1
and 2. The results show considerable variability in the
monthly correlation between surface temperatures and
upper-level dynamic and thermodynamic parameters.
Approximately half of the months examined showed
strong correlations. In general, the correlations between
surface temperature and 500-mb temperature are comparable to those with 700-mb specific humidity; correlations with 500-mb height were somewhat lower. On
average, these parameters correlated better in February
than in January.
6. Summary
Surface temperatures are persistently colder in the
western Arctic than in the eastern Arctic in winter. This
temperature pattern extends from the surface through
the troposphere. Surface temperatures are coupled to
conditions aloft through radiative processes; this coupling is particularly strong in regions of low humidity,
such as within the polar vortex. The upper-level circulation in the Arctic winter tends to be zonally asymmetric, with the polar vortex located on the western side
of the Arctic. Colder and drier conditions are maintained
within the polar vortex, which also directs transient eddies into the eastern Arctic. Thus, the western Arctic
becomes a region of minimum energy flux convergence.
The results shown for January 1987 indicate that re-
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FIG. 11. (a), (b), and (c) Air temperatures at 2-m in 8C from the POLES air temperature dataset and (d), (e) and (f) 500-mb height in dam
from the GEOS-1 reanalysis. Monthly means for January 1988, 1989, and 1990 are shown, respectively, in the top, center, and bottom panels.
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of the westerlies impinging on the northern Rocky
Mountains. Thus, Arctic climate is tied to the variability
in the midlatitude circulation. Arctic temperatures, in
turn, establish latitudinal pressure gradients and influence the general circulation.
This paper has addressed the links between the tropospheric circulation and the surface temperature in the
Arctic during winter, examining the processes that maintain colder conditions in the western Arctic. A related
but separate subject involves the fall cooling cycle and
the development of the surface temperature gradients in
the Arctic. These topics will be the focus of a forthcoming paper.
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APPENDIX

Validation of the NASA GEOS-1 Reanalysis
Dataset
FIG. A1. January climatologies of surface temperature in 8C. (a)
NASA GEOS-1 reanalysis, 1985–90 and (b) NCEP/NCAR reanalysis,
1982–94.

gional differences in downward longwave radiation and
energy flux convergence make comparable contributions toward maintaining colder conditions in the western Arctic. Thus the strength, extent, and persistence of
the polar vortex are major determinants of the Arctic
climate.
A forced stationary wave pattern is responsible for
the tendency of the polar vortex to be located downstream of the northern Rocky Mountains. Greenland has
elevations comparable to the Rocky Mountains but has
less influence on the Arctic general circulation because
of weaker upstream flow. The variability of the Arctic
atmosphere is influenced by the location and strength

The January surface temperature climatologies from
the NASA GEOS-1 and NCEP/NCAR reanalysis datasets (Fig. A1) show discrepancies from the climatologies in Fig. 3. Although the spatial pattern in the
GEOS-1 5-yr climatology (Fig. A1a) is consistent with
the other datasets, the temperatures are much colder than
the other climatologies: the image is plotted with the
temperature scale offset by 128 relative to Fig. 3. The
NCEP/NCAR 13-yr climatology (Fig. A1b) has a more
consistent range of values but shows an unrealistic
wavelike pattern in the western Arctic, extending from
Eureka toward Barrow, Alaska. We hypothesized that
this is due to incorrect extrapolation of assimilated observations. The wavelike pattern appears even more
strongly in the diagnostic radiative fields (not shown)
and discouraged us from exploring this dataset further.
Several validations of the GEOS-1 reanalysis are doc-
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FIG. A2. Comparisons of daily surface observations (solid lines) with the GEOS-1 reanalysis (dotted lines) for the 6-month winter season
October 1987 through March 1988. The GEOS-1 data are compared to (a) sea level pressure (in mb) and (b) surface air temperature (in 8C)
at the Russian drifting ice station NP28, which was initially located at 848N, 1558E and ended up near the pole at the date line, traveling a
great circle distance of 517 km. Surface air temperatures were also compared at (c) Eureka (808N, 868W) and (d) Chelyuskin (788N, 1048E).
See text for comparison statistics.

Unauthenticated | Downloaded 01/10/23 12:34 AM UTC

836

JOURNAL OF CLIMATE

VOLUME 10

FIG. A3. Observations of (a) surface air temperature and (b) cloud
fraction from the Russian drifting ice station NP27 (solid lines) compared to the GEOS-1 reanalysis (dotted lines). Plots show daily averages from 25 January to 28 February 1986. All observations are
within the grid box centered at 848N, 147.58E. GEOS-1 and NP27
have similar temperatures for clear-sky conditions but diverge under
cloudy conditions.

umented in Schubert et al. (1995), but none focus exclusively on high latitudes and most are comparisons of
monthly mean statistics. Here we focus on validation of
the GEOS-1 temperature fields in the Arctic by comparing them to daily observations. Figure A2 contains
comparisons of daily surface observations from the Russian drifting ice station NP28 and the land stations Eureka and Chelyuskin (solid lines) with the GEOS-1 reanalysis (dotted lines) for the 6-month winter season, October 1987 through March 1988. The 6-h observations
of sea level pressure (Fig. A2a) are in excellent agreement, with a mean difference of 1.4 mb and standard
deviation of 2.2. This leads us to believe that the NP28
observations were assimilated into the GEOS-1 reanalysis because sea level pressure is a prognostic parameter, constrained to match the assimilated data. However,
surface air temperature is a diagnostic parameter, which
is strictly model derived. The surface air temperature
estimate is made by assuming that the model’s lowest
layer is well mixed, with potential temperature constant
in that layer (Takacs et al. 1994). The comparisons of
GEOS-1 surface air temperatures with observations
from NP28 (Fig. A2b), Eureka (Fig. A2c), and Chelyuskin (Fig. A2d) give different results: the GEOS-1
estimates are much colder than the observations. At
NP28, which was located in the central Arctic near the

FIG. A4. Comparison of January 1987 mean temperature soundings
from Russian drifting ice station NP28 (solid line) and GEOS-1 reanalysis (dashed line). The ice station was located within the grid cell
centered at 808N, 167.58E. Profiles match above 900 mb but diverge
near the surface, with the GEOS-1 reanalysis being too cold. Results
are similar for other months and locations (not shown).

pole, the mean difference was 7.08C with a standard
deviation of 5.08C. At Eureka, located in the western
Arctic, the mean difference was 3.68C with a standard
deviation of 7.28C. At Chelyuskin, on the eastern side,
the mean difference was 12.68C with a standard deviation of 6.68C. Additional comparisons with other drifting ice stations in different regions around the Arctic
produced similar statistics.
The overall shapes of the curves in Fig. A2 are relatively well matched. The GEOS-1 reanalysis appears
to be successfully tracking events but not always capturing the magnitude of the temperature changes. Other
investigators have found the GEOS-1 model to underestimate cloud forcing and cloud amounts at high latitudes (Schubert et al. 1995; Molod et al. 1996). Figure
A3 contains a sample of observations of surface air
temperature and cloud fraction from the Russian drifting
ice station NP27 and the GEOS-1 reanalysis for January
and February 1986 that reinforce this conclusion. Surface air temperature and cloud fraction at NP28 (solid
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lines) are well correlated: it is colder under clear skies
and warmer when clouds are present because of increased downward longwave fluxes. When the two datasets agree on the surface temperature (e.g., 12, 17, 22,
and 28 February), both indicate mostly clear skies and
temperatures are at local minima. When the datasets
agree on the cloud fraction (e.g., 30 January, 8 February), the GEOS-1 estimate is still too cold; the warming effect of the clouds is too weak in the GEOS-1
model, even if skies are completely overcast.
We have much more confidence in the upper-air data
from the GEOS-1 reanalysis. These prognostic parameters are strongly influenced by the assimilated observations and compare well with soundings from the Russian drifting ice stations and the coastal stations around
the perimeter of the Arctic. The representative soundings in Fig. A4 are very much like all the soundings
we compared at a variety of locations during several
winters. The GEOS-1 data match the observations extremely well at all levels above the layer of maximum
temperature, which occurs at approximately 900 mb.
Below this level, the GEOS-1 temperature profile is too
cold because of the influence of the surface temperature
field, and the strength of the surface-based inversion is
always overestimated.
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