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Abstract
A survey of the spatial and temporal behavior of the atmospheric general circulation as it relates to both
polar regions is presented. The review is based on the European Centre for Medium-Range Weather Forecasts
(ECMWF) 40-year reanalysis (ERA-40), updated using ECMWF operational analyses. The analysis spans
1960–2005 in the Northern Hemisphere, but is restricted to 1979–2005 in the Southern Hemisphere because
of difficulties experienced by ERA-40 prior to the modern satellite era.
The seasonal cycle of atmospheric circulation is illustrated by focusing on winter and summer. The huge
circulation contrasts between the land-dominated Northern Hemisphere and the ocean-dominated Southern
Hemisphere stand out. The intensification of the North Atlantic Oscillation/Northern Annular Mode and
the Southern Annular Mode in DJF is highlighted and likely due to warming of the tropical Indian Ocean.
The Arctic frontal zone during northern summer and the semi-annual oscillation throughout the year in the
Southern Hemisphere are prominent features of the high latitude circulation in the respective hemispheres.
Rotated principal component analysis (RPCA) is used to describe the primary modes of temporal variability
affecting both polar regions, especially the links with the tropical forcing. The North Atlantic Oscillation is
a key modulator of the atmospheric circulation in the North Atlantic sector, especially in winter, and is the
dominant control on the moisture transport into the Arctic Basin. The Pacific-South American teleconnection
patterns are primary factors in the high southern latitude circulation variability throughout the year, especially
in the Pacific sector of Antarctica where the majority of moisture transport into the continent occurs.
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1. Introduction
As the result of unevenly distributed solar radiation, the atmosphere develops motions in
an attempt to reach thermal equilibrium between sources and sinks of radiative heating. The
atmospheric general circulation usually refers to atmospheric motion that has a relatively large
horizontal scale (greater than several hundred kilometers) and persists for a few days to a
few weeks (Monin, 1986; Grotjahn, 1993); examples are the Hadley and Ferrel cells (Lorenz,
1967).
The atmospheric circulation exhibits substantial variability. A teleconnection is a persistent,
large-scale pattern of inter-correlated circulation anomalies within the atmosphere. Teleconnection patterns are preferred modes of low-frequency variability, typically lasting for weeks,
months, or even years, and are associated with changes in the planetary-scale waves. Teleconnections are often associated with widespread and anomalous temperature and precipitation
patterns, occurring in response to the anomalous pressure and wind fields. Temporally, the variability of teleconnection patterns reflects weather and circulation systems occurring on many
time scales. Spatially, teleconnection patterns are regional in scale but can span entire ocean
basins and continents (Wallace and Gutzler, 1981; Mo and Livezey, 1986; Barnston and Livezey,
1987; Bretherton et al., 1992). For example, changing circulation over the North Pacific basin
can substantially influence climate over North America, central Europe, Eurasia and the Arctic
region.
Enhancing our understanding of the spatial and temporal variability of atmospheric teleconnections is an important step toward improving climate forecasts. All teleconnections are naturally
occurring aspects of the quasi-chaotic atmospheric system and are generally thought to result
from internal atmospheric dynamics, although land masses, topography, sea surface temperatures
and ocean circulation patterns are also central to the creation and persistence of teleconnections
(Glantz, 1991). The tropics and subtropics, areas with high interannual and interdecadal variability, play key roles in the atmospheric circulation. The El Niño-Southern Oscillation (ENSO),
which is associated with sea surface temperature (SST) changes in the central and eastern equatorial Pacific, has impacts on the climate at local (e.g., Kiladis and Diaz, 1989; Bell and Halpert,
1998; Bell et al., 1999), mid-latitude (e.g., Ropelewski and Halpert, 1986, 1989; van Loon and
Shea, 1987; Hoerling et al., 2001, 2004), and high latitude (e.g., Cullather et al., 1996; Bromwich
et al., 2000a; Genthon and Cosme, 2003; Fogt and Bromwich, 2006) regions on interannual and
interdecadal timescales.
The concept of reanalysis has been described by Bengtsson and Shukla (1988), Trenberth
(1995) and Kalnay et al. (1996). Reanalysis represents an effort to remove spurious trends in
archived operational analyses that are associated with the evolving modeling and data assimilation system (Cullather et al., 2000). The primary goal of reanalysis is to provide global quality
controlled data sets of analyzed and forecast fields for the research community. One recent and
widely used reanalysis data set is the European Centre for Medium-Range Weather Forecasts
(ECMWF) 40-year Reanalysis (ERA-40) (Simmons and Gibson, 2000; Uppala et al., 2005). The
data set covers the period from September 1957 to August 2002, overlapping the earlier ECMWF
15-year reanalysis (ERA-15) (Gibson et al., 1999). Many variables from reanalyses are of high
quality over regions with sufficiently abundant data (Uppala et al., 2005).
The outline of this paper based primarily on ERA-40 (see Section 2) is as follows. Geographic
maps of the study regions are shown in Fig. 1. Section 3 reviews the general features of the
atmospheric circulation at high latitudes. Original analysis is presented in Sections 4 and 5. The
spatial and temporal variability (leading modes) during the December–January–February (DJF)
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Fig. 1. Geographic maps of the study regions.

and June–July–August (JJA) seasons are evaluated for both hemispheres in Section 4. The linkage
between tropical/subtropical SST (ENSO) forcing and changes of the general circulation at high
latitudes is also discussed. Section 5 evaluates the effects of changes of the general circulation on
meridional moisture flux transport into the Arctic and Antarctic.
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2. Data and methods
2.1. Extended ERA-40 reanalysis
The primary meteorological data used in this study are from ERA-40 that spans the period from
September 1957, when a major improvement was made to the atmospheric observing system in
preparation for the International Geophysical Year 1957–1958, to August 2002. The model has
T159 spatial resolution (equivalent to 125 km) in the horizontal and with 60 levels in the vertical
located between the surface and a height of about 65 km (Simmons and Gibson, 2000; Uppala
et al., 2005). The basic analyzed variables include not only the conventional meteorological
fields, but also stratospheric ozone and ocean-wave and soil conditions. ERA-40 can be thought
of as a second generation reanalysis, in contrast to the first generation reanalysis systems used
for the National Centers for Environmental Prediction (NCEP)/National Center for Atmospheric
Research (NCAR) Reanalysis (NNR) (Kalnay et al., 1996) and the earlier ERA-15.
ERA-40 provides a large variety of six-hourly, daily, and monthly mean meteorological variables covering 1957–2002. However, during the earlier years, upper-air data were fewer and less
reliable, and most observations were primarily made in the Northern Hemisphere (NH). Bromwich
et al. (2007) found that ERA-40 was generally reliable in middle and high northern latitudes for
the entire reanalysis period. By contrast, Bromwich and Fogt (2004) demonstrated over the mid
and high latitudes of the Southern Hemisphere (SH) that the basic variables in ERA-40 improved
dramatically after 1979 when compared to surface and radiosonde data. Therefore, the reanalysis
data from 1960 to 2002 for the NH and from 1979 (modern satellite era) to 2002 for the SH are
used in this study. Because ERA-40 ends in August 2002, the ECMWF operational analysis data
(as of February 2006, running at T799 horizontal resolution and 91 vertical levels, available at
6-h intervals) are appended to the ERA-40 data from September 2002 to December 2005. Henceforth, the combined data will be referred to as ERA-40e (ERA-40 extended). Both the ERA-40
and ECMWF operational data sets were provided by the University Corporation for Atmospheric
Research (UCAR) Data Support Section (DSS) (http://dss.ucar.edu). All data sets are available at
2.5◦ × 2.5◦ resolution at the surface (or near-surface) and upper levels for our study periods.
2.2. Global teleconnection indices and tropical SSTs
The NH teleconnection indices are available from the National Weather Service Climate Prediction Center (CPC) (http://www.cpc.noaa.gov). The teleconnection patterns and indices were
identified by applying the RPCA procedure (Barnston and Livezey, 1987) to NNR standardized
monthly mean 500 hPa geopotential height anomalies, from 20◦ N to 90◦ N. The procedure isolates the primary teleconnection patterns for all months and permits construction of time series
of pattern amplitudes. Thus, the analysis accounts for variability in the structure and amplitude of teleconnection patterns associated with the annual cycle of the extratropical atmospheric
circulation.
For the SH, the Antarctic Oscillation (AAO) indices and the Southern Annular Mode (SAM)
indices are used. It is noteworthy that the terms AAO and SAM are often used interchangeably,
and both can be thought of as a measure of the strength of the SH circumpolar vortex. Here, we
use both indices to determine how well the results compare. The monthly AAO indices, which are
obtained from CPC, are constructed by using NNR data. Rotated principal component analysis
(RPCA) was applied to the monthly mean 700 hPa height anomalies poleward of 20◦ S. The
loading pattern of AAO is defined as the first leading mode from the RPCA procedure. Because
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the AAO is often considered to have the largest variability during the cold season, the loading
patterns primarily capture characteristics of the cold season patterns. The SAM can be defined as
the normalized monthly zonal mean sea level pressure (MSLP) difference between 40◦ and 65◦
S (Gong and Wang, 1999). Marshall (2003) used station MSLP observations approximately from
these two latitude-bands to calculate the long-term SAM indices which can be obtained from
British Antarctic Survey (BAS) (http://www.nerc-bas.ac.uk/icd/gjma/sam.html).
Tropical Pacific SST anomalies are referred as El Niño-Southern Oscillation (ENSO) events.
An ENSO event involves large-scale ocean–atmosphere interactions between the eastern and
western hemispheres. During El Niño events, the sea level pressure increases in the western
tropical Pacific and Indian Ocean regions and lower sea level pressure develops in the southeastern tropical Pacific; higher-than-normal SSTs develop in the eastern and central equatorial
Pacific Ocean. A large-scale weakening of the trade winds also occurs. On the other hand, La
Niña events are characterized by lower pressure west of the dateline, higher pressure east of
the dateline, cooler equatorial SSTs in the central and eastern equatorial Pacific, and stronger
trade winds. The strength of ENSO can be measured by the Southern Oscillation Index (SOI),
the normalized sea level pressure difference between Tahiti and Darwin, which also is a measure of the trade wind strength. A positive SOI is associated with La Niña conditions, and
a negative SOI with El Niño conditions. Here, we use the SOI record obtained from the
CPC.
2.3. Principal component analysis
Principal component analysis (PCA) is a useful tool for reducing the number of variables in
a data set and for obtaining two-dimensional depictions of a multidimensional data set. It may
often indicate which variables in the data set are important and which are of little consequence.
Some of these less important variables can therefore be removed from consideration in order to
simplify the overall analysis (Jolliffe, 1986; Preisendorfer, 1988).
The rationale for the extensive use of rotated PCA (RPCA) methods in the atmospheric sciences
is discussed by Richman (1986). The RPCA solutions show four characteristic advantages over
unrotated ones. The first is domain shape independence. The topography of unrotated PCs is
primarily determined by the shape of the domain and not by the covariation among the data. On
the other hand, the rotated PCs represent the data set covariance more accurately. The second
advantage is sub-domain stability. If a PCA pattern is considered a mode of variation, it should
remain similar in shape when a sub-domain is examined. However, the unrotated PCs usually do
not satisfy this agreement. The third advantage is the avoidance of sampling problems. Unrotated
solutions may suffer from large sampling errors if eigenvalues are close together, and the PCA
patterns may become mixed together. The rotated solutions can overcome these problems. The
fourth advantage is the avoidance of inaccurate descriptions of the physical relations within the
data. The rotated solutions sometimes yield results which are more intuitively meaningful for a
meteorological data set (Richman, 1986; Trenberth et al., 2005).
The RPCA is applied to ERA-40e standardized seasonal mean 500 hPa geopotential height
anomalies. To ensure equal area weighting for the covariance matrix, the gridded data are interpolated to 21 × 21 Cartesian grid, centered over the poles with spacing of 680 km. The edge
of corners are near 19◦ N for the NH and 19◦ S for the SH. RPCs were constructed using the
covariance matrix, and an orthogonal varimax rotation algorithm is employed in this study. The
number of factors retained is determined from scree plots and varies for different seasons (DJF
and JJA), as well as each hemisphere.
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2.4. The moisture budget equation
The moisture budget equation can be written in pressure coordinates as (Trenberth and
Guillemot, 1995)
∂W
1
P −E =−
−∇ ·
∂t
g

psfc

qV dp,
ptop

where P is the precipitation rate, E the rate of evaporation, W precipitable water, q specific
humidity, p pressure, psfc surface pressure, ptop pressure at top of the atmosphere, V (=ui + vj) the
horizontal wind velocity, and g the gravity constant.
The first term on the right-hand side is the time derivative of precipitable water which is defined
as
1
W=
g

psfc

qdp.
ptop

This term is referred to as the storage term.
Applying Reynolds decomposition and temporal averaging, the second term on the right-hand
side can be written as the sum of mean and eddy components
qV = q̄V̄ + q V  ,
where the transient term is defined as

(qi − q̄)(V i − V̄ )


.
qV =
n
In these equations, all of the overbar terms refer to monthly means. Thus, the atmospheric
moisture budget equation can be written in the form of mean and eddy flux terms
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In this study, we mainly focus on meridional fluxes (mean, eddy and total fluxes) at 70◦ N and
S, into the polar caps of each hemisphere.
3. Long-term seasonal averages and trends in ERA-40e
3.1. Sea level pressure (SLP)
Fig. 2 shows the seasonal mean seal level pressure pattern during DJF and JJA for each
hemisphere. In the Northern Hemisphere, Fig. 2a and b show a strong reversal of the pattern
from winter to summer, especially over the oceans. During winter there are deep lows centered
over the North Atlantic and Pacific (the Icelandic and Aleutian Lows) with high pressure over
the continents (the Siberian and Canadian Highs) (Fig. 2a). The subtropical highs are relatively
weak during winter. The summer pattern (Fig. 2b) is the reverse of this; the subtropical highs have
expanded over the oceans and the pressure is lower over the land. The Aleutian Low has nearly
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Fig. 2. ERA-40e seasonal mean sea level pressure (hPa). For the Northern Hemisphere (1960–2005): (a) winter DJF and
(b) summer JJA. For the Southern Hemisphere (1979–2005): (c) winter JJA and (d) summer DJF. Average mean sea level
pressures over the high terrain of Antarctica are artifacts of reducing surface pressure to sea level.

disappeared, while the Icelandic Low is much weaker with a split pair of centers over Baffin
Island and Denmark Strait. The pressure pattern over the land is easily understood as a simple
surface thermal effect: in winter the cold surface air is denser; in summer the warmer air is less
dense compared to the nearby ocean. These patterns persist throughout the lower troposphere.
In the SH (Fig. 2c for JJA and Fig. 2d for DJF), there is a small seasonal variation due to
the dominant influence of the circumpolar ocean and the ice-covered Antarctic continent. The
subtropical highs tend to be centered over the oceans all year. The mid- and high-latitude patterns
are much more zonally symmetric than in the NH, with a belt of intense low-pressure cells
centered near the coast of Antarctica. These low-pressure cells are slightly intensified (2–5 hPa)
during austral winter (JJA). The low in the southeast Pacific oscillates between the Ross Sea (JJA)
and the Bellingshausen Sea (DJF). Fig. 2a–d are similar to the figures shown in the ERA-40 Atlas
(Kållberg et al., 2005).
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Fig. 3. ERA-40e seasonal mean sea level pressure trend (hPa year−1 ). For the Northern Hemisphere (1960–2005): (a)
winter DJF and (b) summer JJA. For the Southern Hemisphere (1979–2005): (c) winter JJA and (d) summer DJF. Regions
with trends statistically different from zero at 95% and 99% levels are shaded with light and dark grey.

Fig. 3a–d show the long-term (1960–2005 for the NH; 1979–2005 for the SH) MSLP trends
with significance tests. For the NH winter (Fig. 3a), a significant negative trend (−0.05 to
−0.15 hPa year−1 ) nearly surrounds the Arctic Ocean, with minima in the Greenland and Bering
Seas. The mid-latitude Atlantic displays a strong positive winter MSLP trend (nearly 6 hPa) from
1960 to 2005. These changes mostly parallel a marked strengthening of the North Atlantic Oscillation (NAO) over the past 45 years (discussed later). In contrast to winter, the changes of MSLP
in the NH during summer (Fig. 3b) are smaller at high latitudes. The Arctic Ocean exhibits a small
negative trend (−0.08 hPa year−1 ), qualitatively agreeing with the analysis of Walsh et al. (1996)
based on observations. The most significant MSLP change occurs in the mid-latitude Asian region.
For the SH summer (Fig. 3d), the two largest positive trends are located in the South Atlantic and
south of Australia. At the higher latitudes, most regions exhibit strong negative trends but with low
statistical significance (<90%), with exception of the Antarctic coast between 70◦ W and 100◦ E.
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This underscores the high seasonal MSLP variability in the Antarctic. The upward trends in the
mid-latitudes, and downward trends in the high-latitudes are consistent with a strong observed
summertime trend in the SAM (Marshall, 2003). In winter (Fig. 3c), the largest trends are located
east of South America over the Atlantic Ocean. The winter MSLP trends are generally small with
low statistical significance (<90%) compared to summer, coinciding with a weak observed winter
trend in the SAM (Marshall, 2003). It is notable that the strengthening of the meridional pressure
gradient in DJF (Fig. 2a and d) in two hemispheres spans roughly the same range in longitude
and latitude.
3.2. Upper-air geopotential height (500 and 200 hPa)
In the 500 hPa geopotential height field (Fig. 4a–d), both hemispheres have notable zonally
asymmetric patterns, mainly in zonal wave numbers 1, 2 and 3. In the NH winter (Fig. 4a), two

Fig. 4. ERA-40e seasonal mean 500 hPa geopotential height (m). For the Northern Hemisphere (1960–2005): (a) winter
DJF and (b) summer JJA. For the Southern Hemisphere (1979–2005): (c) winter JJA and (d) summer DJF.
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main troughs are located near 80◦ W and 140◦ E, associated with the cold air over Canada and
eastern Siberia. A weaker trough can also be found over eastern Europe (roughly 40◦ E). The
strongest height gradients can be observed in the mid-latitudes under the two major troughs. In
summer (Fig. 4b), the low center that was located over Baffin Island during winter has moved to
the North Pole where the coldest hemispheric temperatures are found. This occurs even though
there is a >300 m increase in the Arctic Ocean compared to winter. Both major troughs shift
eastward over the ocean and are less prominent. The Siberian upper-level trough shifts east to
the Bering Sea during summer, but the Baffin Island trough persists. The melting of snow over
Siberia allows the region to warm up during summer to dissipate the upper-level trough, while
the Greenland and Baffin Island ice masses inhibit this process. The meridional geostrophic wind
gradients are also much weaker than in winter. In the SH (Fig. 4c and d), the height pattern is
more zonal with a deep low over Antarctica, with the main center located over the Ross Sea and
Ross Ice Shelf. During the austral summer (Fig. 4d), two secondary low regions can be found
over the Ross and Amundsen Seas and along the Antarctic coast near 20◦ E. These are associated
with more summer storm activity in these regions. Diagrams similar to Fig. 4a–d are shown in
the ERA-40 Atlas (Kållberg et al., 2005).
Fig. 5a–d show the trends in the 500 hPa geopotential height with significance tests. For the
NH winter (Fig. 5a), which shows some similarities to winter MSLP trends (Fig. 3a), mostly
negative trends surround the Arctic Ocean, especially in the North Atlantic and North Pacific,
with minima over western Greenland and the Bering Sea. The mid-latitude Atlantic displays a
strong positive trend (a 40–55 m increase). These results also reflect the strong positive trend in the
NAO. The 500 hPa geopotential height trends during summer (Fig. 5b) are less significant at midand high-latitudes in the NH compared to winter. The most significant changes, with magnitudes
of 20–30 m over 45-years (approximately 0.5%), can be found at Alaska, eastern Canada, Europe
and Siberia. For the SH summer (Fig. 5d), similar to MSLP trend analysis (Fig. 3d), the two
largest positive trends are over the South Atlantic and south of Australia. In addition, these results
also indicate there is a significant trend (about 1.3 m year−1 ) in the South Pacific. At the higher
latitudes, most regions exhibit large negative trends and low statistical significance (<90%). Again,
this reflects the large interannual seasonal variability over the Antarctic. In austral winter (Fig. 5c),
the trends are greatest over Antarctica. The most significant change is over the Ross Sea, where the
circumpolar vortex is centered at 500 hPa. The height increases by ∼90 m since 1979, indicating
a strong tropospheric warming trend as reported by Turner et al. (2006).
At the 200 hPa level, geopotential height patterns (Fig. 6a–d) and trends (not shown) of each
hemisphere show some similarity to the 500 level during both DJF and JJA. In the NH, a clear
wavenumber 3 pattern (two main and one weaker troughs) can be distinguished in the winter
(Fig. 6a). A stronger pressure gradient exists in the mid-latitudes in winter than in summer. During
summer (Fig. 6b), the upper-air troughs shift eastward and are less prominent. In the SH (Fig. 6c
and d), both seasons have zonal patterns with deep lows over Antarctica. The features lower in
the atmosphere related to storm activity cannot be seen. For the trend analyses, highly statistically
significant positive trends (99%), occur in most mid-latitude regions over the oceans. The heights
over southern Greenland, the Bering Sea and along the Antarctic coast decrease in recent years
during DJF. The largest trends (+4.8 m year−1 ) occur near the Ross Sea area in austral winter.
3.3. Arctic frontal zone
Reed and Kunkel (1960) studied summer NH MSLP for the period 1952–1956. They indicated two belts of high frontal frequency: one extends along the northern shores of Siberia
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Fig. 5. ERA-40e seasonal mean 500 hPa geopotential height trend (m year−1 ). For the Northern Hemisphere (1960–2005):
(a) winter DJF and (b) summer JJA. For the Southern Hemisphere (1979–2005): (c) winter JJA and (d) summer DJF.
Regions with statistically significant trends at 95% and 99% levels are shaded.

and the other spans from Alaska southeastward across Canada. They argued that this “Arctic
frontal zone” at high latitudes should be distinctly separate from frontal activity in the midlatitudes. The Arctic frontal zone is generally considered to exist only in summer. During the
winter, there is no clear separation between high and mid-latitude frontal activity. Development of the summer Arctic frontal zone can be interpreted as combinations of: (1) differential
heating between the ocean (Arctic Ocean) and land (snow-free land), and (2) strong temperature gradients caused by extreme topography (Serreze and Barry, 2005). As a result, the
Alaska/Yukon and northeastern Eurasia are the preferred regions for summer Arctic frontal
events.
Serreze et al. (2001) studied the Arctic frontal zone using NNR over the period 1979–1998.
They revealed a relative maximum in frontal frequency during summer along northern Eurasia
and over Alaska near 60–70◦ N. These high-latitude features are clearly distinguished from the

224

D.H. Bromwich, S.-H. Wang / Dynamics of Atmospheres and Oceans 44 (2008) 213–243

Fig. 6. ERA-40e seasonal mean 200 hPa geopotential height (m). For the Northern Hemisphere (1960–2005): (a) winter
DJF and (b) summer JJA. For the Southern Hemisphere (1979–2005): (c) winter JJA and (d) summer DJF.

polar frontal zone in the mid-latitudes and collectively resemble the summertime Arctic frontal
zone discussed in earlier studies based on observations. In order to determine the skill of ERA-40e
in resolving the Arctic frontal zone features, we examined vertical cross-sections (from 20◦ N
poleward) of the zonal (u) wind component throughout the troposphere at 100◦ E (Eurasia, Fig. 7a
and b) and 140◦ W (Alaska, Fig. 7c and d) using ERA-40e averaged for DJF and JJA from 1960
to 2005.
At 100◦ E longitude, where the cross-section cuts through a part of the summer Eurasia frontal
zone, the zonal wind is characterized by a single jet near 30◦ N during winter (Fig. 7a). The
maximum is located at the 200 hPa level with an average speed of 52 m s−1 . Compared to winter, the summer zonal wind maximum (Fig. 7b) has shifted northward and weakened (about
30 m s−1 ). Easterlies (or very weak westerlies) aloft at lower latitudes are associated with the
east Asian summer monsoon (Serreze et al., 2001). A distinct secondary zonal wind maximum
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Fig. 7. Vertical cross-sections (from 20◦ N poleward) of ERA-40e horizontal mean zonal wind component (u) throughout
the troposphere from 1960 to 2005 (m s−1 ): at 100◦ E (a) DJF and (b) JJA; at 140◦ W (c) DJF and (d) JJA.

(8 m s−1 ) is observed at the 300 hPa level near 70◦ N, associated with the northern Eurasian
summertime Arctic frontal zone. During winter along the Alaska cross-section (140◦ W), the
zonal winds (Fig. 7c) again exhibit a single jet feature in the upper troposphere near 30◦ N, with
core speed of 26 m s−1 . The lower half of the polar night jet, which caused by the strong temperature gradient between the polar region and lower latitudes in the stratosphere during winter
months, is located near 70◦ N near the 100 hPa level. By contrast to winter, a clear three-jet
feature (a subtropical jet at about 25◦ N, a polar jet at 50◦ N and a third Arctic jet near 75◦
N) can be observed in the cross-section of zonal winds during summer (Fig. 7d). The average
zonal wind speeds are generally less than winter. The summer Arctic frontal circulation features
shown in Fig. 7b and d are similar to those found by Serreze et al. (2001) (Figs. 6 and 7) using
NNR.
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3.4. Southern semi-annual oscillation
At mid- and high latitudes in the SH, the annual cycle of the mean sea level pressure is dominated
by a strong half-yearly wave. This phenomenon is known as the semi-annual oscillation (SAO). As
noted by Schwerdtfeger (1984), Antarctica is unique in terms of geographical characteristics. The
entire south polar region consists of an elevated ice continent encircled by the Southern Ocean.
Each year during early autumn months (around March and April) in the Antarctic, the sun begins
to retreat and temperature starts to drop. However, this process is delayed by 1 or 2 months over
the Southern Ocean. A similar reverse process, temperature warming faster over the Antarctic
continent than oceans, also appears in spring (near September and October). As a result of the
out-of-phase temperature cycles, the meridional temperature gradients in the mid-troposphere
between approximately 50◦ S and the Antarctic continent display a strong semi-annual variation.
In contrast to the SH, the NH does not have a similar SAO feature because of a different physical
setting: ocean surrounded by land (NH) vs land surrounded by ocean (SH). The SAO is associated
with changes in baroclinicity and vertical stratification resulting in half-yearly changes of surface
pressure (van Loon, 1967; Parish and Bromwich, 1997; Walland and Simmonds, 1999).
Fig. 8a shows the climatology of the zonal average mean sea level pressure from the ERA40e for the period 1979–2005. Two low centers corresponding to the maximum intensity of the
circumpolar trough can be observed in March/April and around October, with the minimum in
October (about 2.5 hPa lower than March/April); the trough is present throughout the year around
Antarctica. These circumpolar trough maxima reflect the increase in cyclonic activity from the
seasonal cycle of baroclinicity as a result of changes to the meridional temperature gradient in the
mid-troposphere as well as alterations to the static stability. The results shown here agree with
previous studies using observations (e.g., Meehl, 1991; Hurrell and van Loon, 1994; Meehl et
al., 1998) and other reanalyses (e.g., Walland and Simmonds, 1999). The locations and minimum
of zonal monthly mean sea level pressures between 60◦ S and 70◦ S are plotted in Fig. 8b.
The semi-annual pressure can be observed with minima in April and October and maxima in
January and June. A negative correlation (r = −0.51) is found between the location and value
of minima zonal mean sea level pressure. The semi-annual maximum temperature gradients in
the mid-troposphere over the southern oceans, through increased cyclonic activity, cause the
mean position of the circumpolar trough to shift poleward during the transition seasons. The
displacement of the pressure minimum between February and May is not evident. This may be
attributable to the coarse spatial resolution of ERA-40e (2.5◦ × 2.5◦ ) used in this study.
The spatial distribution of surface pressure changes over the Antarctic during two transitional
periods (January to April and October to January) from the ERA-40e are shown in Fig. 9. Surface
pressure over Antarctica falls during the austral autumn and rises during the austral spring in
association with pressure changes in the circumpolar trough; opposite surface pressure changes
occur at lower latitudes. The most significant changes are seen over the high plateau of East
Antarctica with magnitudes in excess of 15 hPa. The patterns in both the April–January and
January–October cases can be seen to mirror the Antarctic orographic contours. The isallobaric
gradient appears tied to the gradient of the Antarctic terrain. The largest gradients of seasonal
surface pressure change are situated along the Transantarctic Mountains. The isallobaric patterns
decrease away from the Antarctic continent, and show less organization northward of 60◦ S
latitude. This clearly reflects the SAO transition zone. The meridional mass exchanges implied by
Fig. 9 are driven by mass imbalances in the polar direct circulation over Antarctica as a result of
strengthening and weakening of the Antarctic katabatic winds in autumn and spring, respectively
(Parish and Bromwich, 1997).
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Fig. 8. (a) Zonally averaged mean sea level pressure (hPa) over the Southern Hemisphere. The regions with pressure less
than 985 hPa are shaded. (b) The location and minimum value of zonally averaged mean sea level pressure between 60◦
S and 70◦ S.
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Fig. 9. Mean monthly surface pressure difference (hPa) for (a) April minus January; (b) January minus October in
ERA-40e from 1979 to 2005.
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4. RPCA on 500 hPa heights during DJF and JJA
4.1. Northern Hemisphere
RPCA is performed on the standardized seasonal anomalies from 1960 to 2005 of the ERA40e 500 hPa geopotential heights. The RPCA procedure can isolate spatially coherent regions,
where the data exhibit similar temporal variability. Seven DJF and four JJA PCs are retained in the
rotation based on the scree plots (not shown). The rescaled loadings for seasonal leading modes
(the first three modes for DJF and the first one mode for JJA) are plotted in Fig. 10a–d.
The first seven leading modes for DJF 500 hPa seasonal height anomalies explain more than
70% of the total variance. The first component (RPC1) (Fig. 10a), which explains 15.2% of
the total variance, displays a strong negative loading center over the northern Bering Sea and

Fig. 10. The leading varimax-rotated PC loadings of the Northern Hemisphere 500 hPa seasonal geopotential height
anomalies constructed from ERA-40e for 1960–2005: DJF (a) RPC1; (b) RPC2 and (c) RPC3; for JJA (d) RPC1. The
signs of the loadings are arbitrary.
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eastern Siberia. The highest positive loading center is located in the western and subtropical
North Pacific with a loading magnitude >0.80. Secondary positive maxima exist over North
America and southern Europe. This pattern exhibits similarity to the West Pacific teleconnection
pattern from CPC (based on NNR). The West Pacific pattern is a primary mode of low-frequency
variability over the North Pacific, and can be observed in all months during year. During winter
and early spring, the West Pacific pattern consists of a north–south dipole pattern, with one center
located over the Kamchatka Peninsula and another broad center of opposite sign over portions of
southeastern Asia and the western subtropical North Pacific (Barnston and Livezey, 1987; Wallace
and Gutzler, 1981). Strong positive or negative phases of the West Pacific pattern are manifested
in the location and intensity of the Pacific (or East Asian) jet steam. The locations of the jet
stream can strongly influence the temperature and precipitation variability over the region and
even extend to high latitudes of the North Pacific. The correlation between the temporal variability
(scores) of RPC1 and the West Pacific index is strong (r = +0.72) and highly statistically significant
(p < 0.01).
The second leading mode for DJF 500 hPa seasonal height anomalies (Fig. 10b) explains 12.1%
of the total variance. The spatial loading pattern of RPC2 exhibits features of the Pacific/North
America (PNA) pattern: a pair of negative centers located in the North Pacific and southeastern
U.S., and opposite phase centers in western Canada and in the central North Pacific. The PNA
is one of the most prominent modes of low-frequency variability in the NH subtropics and midlatitudes. It appears in all months except June and July. The spatial scale of the PNA pattern is
most expansive in winter. A classic winter PNA pattern is characterized by a quadripole height
anomaly pattern, with anomalies of the same sign located south of the Aleutian Islands and over
the southeastern United States. Anomalies of opposite sign to the Aleutian center are located near
Hawaii, and over the Rockies and northwestern Canada during PNA extreme months. During this
period, the Aleutian center spans most of the North Pacific, and a positive height anomaly is located
in the northwestern United States and the western Canada while a secondary low height anomaly
is located along the eastern coast of the U.S. During PNA negative years when the subtropical
high expands and the Aleutian low is weaker, moisture can be transported from the Pacific into
the western U.S. by strong horizontal flow. In contrast, PNA positive years are characterized by a
deepening and intensifying Aleutian low, and a high over western Canada that brings dry air from
the north to the central U.S. The southeastern U.S. can be affected by an upper-level ridge and
may experience blocking and drought conditions. The RPC2 scores and PNA index are strongly
correlated (r = +0.73) and highly statistically significant (p < 0.01).
The NAO is one of the most prominent teleconnection patterns in the NH. The NAO pattern can
be observed in all seasons, however, it is primarily considered to be strongest during winter. The
NAO consists of a north–south dipole with centers over the Denmark Strait and the subtropical
North Atlantic between 35◦ N and 40◦ N. The positive (negative) phase of the NAO reflects
below-normal (above-normal) heights and pressure across the high latitudes of the North Atlantic
and above-normal (below-normal) heights and pressure over the central North Atlantic, eastern
United States and western Europe. Both NAO phases are associated with basin-wide changes in
the intensity and location of the North Atlantic jet stream and storm track that result in changes
in temperature and precipitation patterns extending from eastern North America to western and
central Europe (Hurrell, 1996; Hurrell and van Loon, 1997). Fig. 10c shows the spatial distribution
of RPC3 loadings which explains 11.5% of the total variance. It displays a NAO-like pattern: a
minimum is located over Denmark Strait and a maximum is located over the central North Atlantic.
The time series of RPC3 scores is positively correlated with NAO indices (r = +0.67) with high
statistical significance (p < 0.01).
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For the summer season, only four PCs are retained in the rotation based on the scree plot.
The first four leading modes for JJA 500 hPa seasonal height anomalies explain roughly 47%
of the total variance. The first component (RPC1) (Fig. 10d), which explains 20.8% of the total
variance, displays strong positive loadings over mid-latitude and subtropical regions. This feature
is associated with summertime subtropical high expansions. Two negative centers are located
over Japan and along the coast of Quebec, however, both are less significant (about 0.30) in
magnitude compared to winter RPC minima. Averaged over the domain, most leading PCs of
summer explain less total variance than winter, with the exception of RPC1. RPC2, RPC3 and
RPC4 explain 10.2%, 7.9% and 7.8% of the total variance, respectively. The difference of total
variance explained between RPC3 and RPC4 is very small. This indicates that both RPC3 and
RPC4 have about the same overall impact on the summer 500 hPa height anomalies. The spatial
distribution of the summer RPC2 to RPC4 loadings (not shown) have little resemblance to synoptic
general circulation features.
4.2. Arctic Ocean
RPCA is also performed on the standardized seasonal anomalies from 1960 to 2005 of the
ERA-40e 500 hPa geopotential heights over the Arctic Ocean to better resolve the circulation
behavior there. Seven DJF and Six JJA PCs are retained in the rotation based on the scree plots
(not shown). Only the first three rescaled loadings for the leading seasonal modes are plotted in
Fig. 11a–f.
The first seven leading modes for DJF explain more than 94% of the total variance. The first
component (RPC1) (Fig. 11a), which explains 22.4% of the total variance, displays a strong
positive loading center over west and southern Greenland, which is strongly influenced by the
NAO during winter, with a loading magnitude >0.90. The correlation between RPC1 scores and
NAO indices is −0.68 with high confidence (p < 0.01). RPC2 loadings (Fig. 11b, 16.8% of total
variance) exhibit similarity to the Polar/Eurasian teleconnection pattern from CPC (based on NNR)
over the Arctic Ocean. The positive phase of the Polar/Eurasia pattern consists of negative height
anomalies over the polar region and positive anomalies over northern China and Mongolia. This
pattern is associated with fluctuations in the strength of the circumpolar circulation, with positive
phase reflecting an enhanced circumpolar vortex and the negative phase reflecting a weaker
than average polar vortex. The correlation coefficient between RPC2 scores and Polar/Eurasia
teleconnection indices is −0.53 with p < 0.01. RPC3 loading patterns (Fig. 11c, 15.5% of total
variance) have a positive center over Siberia. This pattern exhibits similarity with the CPC West
Pacific teleconnection pattern, which is associated with the Pacific jet stream, but with a westward
shift of the positive center. The time series of RPC3 scores is negatively correlated with West
Pacific indices (r = −0.44) with high statistical significance (p < 0.01).
For the summer season, the first six leading modes explain roughly 85.0% of the total variance.
Similar to results in the previous section, the spatial distributions of the summer patterns over the
Arctic Ocean have less resemblance to synoptic general circulation features. This can be easy to
understand because mid to high latitude synoptic features are usually weaker or less organized
during the summer. RPC1 and RPC2 (Fig. 11d–e) both explain roughly 20% of the total variance
(21.7% for RPC1 and 19.8% for RPC2). The order of leading modes can be interchangeable.
The Arctic Oscillation (AO) (later called the Northern Hemisphere annular mode) was introduced by Thompson and Wallace (1998) as the first Empirical Orthogonal Function (EOF) of
the monthly MSLP in the NH. The spatial pattern is a seesaw between the northern Atlantic
and mid-latitudes with marked zonal symmetry. Thompson and Wallace (2000) asserted that the
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Fig. 11. The leading varimax-rotated PC loadings of the Arctic Ocean 500 hPa seasonal geopotential height anomalies
constructed from ERA-40e for 1960–2005: DJF (a) RPC1; (b) RPC2 and (c) RPC3; for JJA (d) RPC1; (e) RPC2 and (f)
RPC3. The signs of the loadings are arbitrary.
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AO incorporates the NAO. Discussions as to whether the NAO is more physical or the AO is
more fundamental have been ongoing ever since (e.g., Wallace and Thompson, 2002; Itoh, 2002;
Kodera and Kuroda, 2003).
The loading patterns of summer RPC1 (Fig. 11d) exhibit an AO feature with a positive center
at 80◦ N latitude near 180◦ longitude. The correlation between RPC1 scores and AO indices is
−0.42. Fig. 11e (summer RPC2) features a strong positive loading center over east Greenland.
This pattern resembles both AO and NAO patterns with correlation coefficients of −0.37 and
−0.34. Summer RPC3 (Fig. 11f) only explains 11.8% of total variance, which is much less than
the first two leading modes. This loading exhibits some features similar to both West Pacific and
East/North Pacific teleconnection patterns. The correlation coefficients between RPC3 scores and
both indices are −0.41 and −0.40, respectively.
Proshutinsky and Johnson (1997) studied wind-forced ice drift in the Arctic Ocean. They
found that there are two regimes for the annual cycle of wind-driven motion in the Arctic. During
winter an anticyclonic regime prevails in the central Arctic Ocean, and during summer a weak
cyclonic circulation occurs after weakening of the anticyclonic circulation. Anticyclonic atmospheric circulation is associated with negative precipitation anomalies that result in reduced river
discharge and increased surface salinity. On the other hand, cyclonic atmospheric circulation is
associated with increased precipitation and freshwater discharge to the shelf regions. Proshutinsky
and Johnson (1997) speculate that the shift between regimes maybe triggered by SST variations
in the far northern Atlantic. Positive SST anomalies drive the formation of a tongue of low atmospheric pressure toward the Arctic that may develop into a broad cyclonic atmospheric pattern. If
the SST anomalies are negative, then high atmospheric pressure sets up the anticyclonic phase.
Serreze and Barry (2005) suggest that there is some relationship between the two regime shifts
and the NAO/AO. In comparison to Proshuntinsky and Johnson’s result (their Figs. 11 and 12),
both DJF and JJA RPC1 and RPC2 spatial patterns can be related to the anticyclonic and cyclonic
circulations over the Arctic Ocean. Some recent studies (Polyakov et al., 2003; Polyakova et al.,
2006; Maslanik et al., 2007) also suggest that the effect of the atmospheric circulation on sea
ice conditions is more complex than modulation by the NAO/AO. It can be tied to multi-decadal
variability (lower frequency) in the Arctic-North Atlantic region.
4.3. Southern Hemisphere
The principal mode of variability in the atmospheric circulation of the SH extratropics and
high latitudes is essentially a zonally symmetric structure, which is characterized by anomalies
of opposite sign in Antarctica and the mid-latitudes (Thompson and Wallace, 2000; Marshall,
2003). This feature of the general circulation often can be referred to as the Antarctic Oscillation
(AAO) or the Southern Annular Mode (SAM). The AAO (or SAM) pattern usually can be found
in one of the leading modes for many atmospheric fields, including surface pressure, surface
temperature, geopotential height, and zonal wind. It contributes a significant portion of SH climatic
variability.
In the SH, there are two other leading modes in the extratropics, which are characterized
by two well-defined wave trains (wavenumber 3) spanning the South Pacific from southeastern
Australia to Argentina. These teleconnection patterns are referred to as the Pacific-South American
(PSA) patterns (Ghil and Mo, 1991; Lau et al., 1994). Spatially, the PSA1 mode appears as
a large center in the South Pacific between 160◦ E and 80◦ W near 60◦ S. The PSA2 mode
is associated with tropical heating anomalies in the central Pacific extending from 160◦ E to
150◦ W, with enhanced amplitude further east near the Antarctic Peninsula. Mo and Higgins
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Fig. 12. The leading varimax-rotated PC loadings of the Southern Hemisphere 500 hPa seasonal geopotential height
anomalies constructed from ERA-40e for 1979–2005: JJA (a) RPC1; (b) RPC2 and (c) RPC3; for DJF (d) RPC1; (e)
RPC2 and (f) RPC3. The signs of the loadings are arbitrary.
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(1998) associate the PSA1 mode with enhanced convection in the South Pacific and suppressed
convection over the Indian Ocean. Mo and Peagle (2001) believe that the PSA1 mode is linked
with the interannual component of ENSO: positive during El Niño events and negative during La
Niña events. They also find that the PSA2 mode has ties to the quasi-biennial (22–28 months)
component of ENSO. Thus, both PSA modes are largely governed by the location of tropical
convection.
RPCA is performed on the standardized seasonal anomalies from 1979 to 2005 of the ERA-40e
500 hPa geopotential heights for the SH. Six principal components are retained for austral winter
(four for austral summer) in the rotation based on the scree plots (not shown). The first three
rescaled loadings for the leading modes for each season are plotted in Fig. 12a–f.
During austral winter (JJA), the six retained factors explain nearly 70% of the total variance.
The first three RPCs explain similar percentages of the total variance: 15.1%, 14.1% and 12.2% for
RPC1, RPC2 and RPC3, respectively. For RPC1 (Fig. 12a), the majority of the Antarctic continent
is covered by the negative loadings with the largest negative center over East Antarctica near 140◦
E. The positive loadings extend from southern Indian Ocean across into the South Pacific. This
pattern strongly resembles the AAO/SAM. The correlation coefficients between the RPC1 scores
and the AAO/SAM indices are r = +0.81/+0.74 with high statistical significance (p < 0.01). In
contrast to the RPC1 patterns, RPC2 (Fig. 12b) is characterized by subtropical features. Positive
loadings occur at low latitudes with maxima over Australia and near the east coast of South
America. A secondary maximum can be found in the Amundsen Sea along the coast of Antarctica
(near 140◦ W). Minima are located in the Weddell Sea and Southern Ocean to the south of New
Zealand. This indicates that the strength of the subtropical highs over Australia and the South
Atlantic has a strong correlation with the climate variability over the Weddell Sea, Southern
Ocean, and Ross Sea during winter. RPC2 is similar to the PSA2 pattern. RPC3 (Fig. 12c) is
characterized by a South Pacific dipole seen in the PSA1 pattern. The largest maximum is located
at 40◦ S in the South Pacific, adjacent to a minimum at 65◦ S. A weak dipole is also found in
the southern Indian Ocean. Both the RPC2 and RPC3 spatial loadings exhibit PSA-like patterns.
However, the correlation analyses between the RPC scores and the SOI (r = −0.09 for RPC2 and
r = +0.65 for RPC3) indicate that tropical Pacific SST forcing (ENSO) is more likely associated
with the RPC3 pattern than the RPC2 pattern.
For DJF (Fig. 12d), RPC1, which explains 25.6% of the total variance, is characterized by the
highest positive loadings in sub-tropical regions. In addition, a secondary maximum is located near
Drake Passage and two weak minima are over the southern Indian Ocean. These patterns suggest
that there is a strong tropical forcing on the Antarctic general circulation during austral summer.
RPC2, which explains 15.6% of the total variance, is characterized by large maxima over the midlatitude oceans (Fig. 12e). A minimum is located in the South Pacific along the West Antarctic
coast. This indicates that the circulation changes in the mid-latitude southern oceans are strongly
associated with summertime climate variability over the southeast Pacific near Antarctica. Both
of the two leading SH DJF patterns exhibit weak PSA-like structures. The correlation coefficients
between both RPC scores and the SOI are −0.42 (RPC1) and +0.69 (RPC2) with high statistical
significance (p < 0.03 for RPC1; p < 0.01 for RPC2). The results indicate that tropical SST forcing
has an important summer impact on the variability of the general circulation in the Antarctic as
found by Fogt and Bromwich (2006) and L’Heureux and Thompson (2006). Fig. 12f (RPC3,
11.6% of the total variance) is characterized by anomalies of opposite sign between Antarctica
and the mid-latitudes, a feature associated with the AAO/SAM. Examining the correlation between
the AAO/SAM indices and the RPC3 scores, both indices are strongly correlated with the scores
(r = 0.83 for AAO; and r = 0.80 for SAM) with high statistical significance (p < 0.01).
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5. Meridional moisture ﬂux transport at high latitudes
Moisture budget analysis has been successfully applied in several recent studies. Trenberth and
Guillemot (1995) calculated and compared the moisture budget from the global analyses of the
ECMWF, the National Meteorological Center (NMC), and the National Aeronautics and Space
Administration (NASA) Goddard Space Flight Center for the period 1987–1993. They found
that the moisture budget is highly dependent on the velocity field, specifically the horizontal
convergence/divergence in the tropics. In a subsequent study, Trenberth and Guillemot (1998)
evaluated the global atmospheric moisture and hydrological cycle in the NNR during 1987–1993.
They showed that the results from the reanalyses are superior to the operational analyses in many
aspects, particular in time consistency. Moisture budget analysis has also been applied to high
latitudes. Bromwich et al. (2000b) and Cullather et al. (2000) used the moisture budget method
to evaluate forecast fields of ERA-15 and NNR in the North Polar Cap region (poleward of
70◦ N). Annual moisture convergence values obtained from ERA-15 and NNR are similar and
both are much higher than forecast (P-E) values indicating severe nonclosure of the atmospheric
moisture budget. They found that the nonclosure is primarily a result of large forecast evaporation
values. The moisture flux convergence values in NNR are more reasonable than in ERA-15 when
compared with other studies. Bromwich et al. (2002) found that the skill of ERA-40 in reproducing
the moisture budget in both polar regions is superior to ERA-15 and NNR.
5.1. Northern Hemisphere
The seasonal meridional moisture transports at 70◦ N are plotted in Fig. 13 (Fig. 13a–c for
DJF; Fig. 13d–f for JJA). The patterns of total meridional moisture fluxes along 70◦ N (Fig. 13a
and d) are characterized by large poleward transports in the Atlantic sector (about 20◦ W to 50◦
E), Baffin Bay (about 50–70◦ W) and Pacific sector near the international date line. This pattern
is primarily controlled by the stationary (mean) components of the moisture flux (Fig. 13b and e),
and reflects planetary wave patterns. Both mean and total fluxes are characterized by southward
fluxes in the North America sector (between 70◦ and 135◦ W). These features are related to
dynamical forcing by the orography of the Rocky Mountains. The transient eddy components
of moisture flux (Fig. 13c and f) are positive at most longitudes and largest values occur in the
Atlantic sector.
During the winter (Fig. 13a–c), the NH general circulation pattern is dominated by the Icelandic
Low and Aleutian Low at high latitudes (Fig. 2a). The moisture is transported into the Arctic Ocean
in association with the intensified polar jet stream. The strength of pressure systems at lower
levels, where the moisture component (q) is significantly more important, modulates the amount
of meridional moisture transport. For example, in the Atlantic sector, the strength of the Icelandic
Low can be measured by winter NAO indices. During NAO positive years the Icelandic Low is
intensified and the general circulation pattern is amplified resulting more moisture transport into
the Arctic region. During NAO negative years when the Icelandic low is weaker, the circulation is
more zonal resulting in less meridional moisture flux. The correlation coefficients between winter
mean meridional moisture fluxes (Fig. 13b) in the Atlantic sector and the NAO index is about
r = +0.35 with high statistical significance (p < 0.01). Topography also plays an important role in
the distribution of moisture transport to the Arctic Ocean. The polar jet stream is often split by
the high terrain of southern Greenland inducing a secondary maximum over Baffin Bay.
In the summer (Fig. 13d–f), both the Icelandic and Aleutian Lows are weaker, and the subtropical highs are stronger (Fig. 2b). The warmer temperatures favor greater evaporation resulting in
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Fig. 13. ERA-40e seasonal meridional moisture flux transport at 70◦ N latitude from 1960 to 2005 (kg m−1 s−1 ): for DJF
(a) total flux; (b) mean flux and (c) eddy flux; for JJA (d) total flux; (e) mean flux and (f) eddy flux. Positive values are
poleward, and thick solid line = 0 kg m−1 s−1 . The levels of shadings have been scaled to actual values.
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Fig. 14. ERA-40e seasonal meridional moisture flux transport at 70◦ S latitude from 1979 to 2005 (kg m−1 s−1 ): for JJA
(a) total flux; (b) mean flux and (c) eddy flux; for DJF (d) total flux; (e) mean flux and (f) eddy flux. Negative values are
poleward (to the south), and thick solid line = 0 kg m−1 s−1 . Levels of shadings have been scaled to actual values.
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more water vapor over the oceans. The intensified subtropical air flow can carry moisture from
low latitudes through the Greenland/Norwegian Seas and Bering Sea into the Arctic Ocean. The
amount of meridional moisture transport at 70◦ N near the Atlantic and Pacific sector is generally
higher in boreal summer than in winter. Because of periodic flow reversals during the winter years
(Fig. 13b), both the Atlantic and Pacific sectors have more consistent poleward mean moisture
fluxes in summer (Fig. 13e). The transient eddies (Fig. 13c and d) are also more poleward in
summer than in winter at most longitudes.
5.2. Southern Hemisphere
The seasonal meridional moisture transports at 70◦ S are plotted in Fig. 14 (Fig. 14a–c for
JJA; Fig. 14d–f for DJF). Inspection of the patterns of the meridional moisture fluxes indicates that East Antarctica (0–180◦ E) generally has weaker (close to zero) meridional fluxes,
while West Antarctica (180–360◦ E) is characterized by stronger meridional moisture transport
(either divergence or convergence). This feature can be explained by the geographic contrast.
In the East Antarctica, the majority of the 70◦ S parallel is located over the continent with elevations greater than 2000 m. The cold temperatures and high terrain are consistent with low
moisture amounts resulting in smaller moisture fluxes. By contrast, West Antarctica along the
70◦ S parallel is characterized by a lower-elevation ice sheet, ice shelves, ocean and a pronounced poleward airflow (Fig. 2c, d and Fig. 4c, d). This leads to stronger meridional moisture
transport.
In austral winter, the average temperatures drop significantly and sea ice extends equatorward
of 60◦ S latitude. The mean meridional moisture fluxes (Fig. 14b) are characterized by a strong
poleward transport between 180◦ and 300◦ E. Equatorward meridional moisture transport occurs
in the Weddell Sea sector. The magnitudes of the meridional mean fluxes, both poleward and
equatorward, are weaker than during summer. The winter eddy fluxes (Fig. 14c), as in summer, are
dominated by poleward transport, especially over the Ross, Amundsen, and Bellingshausen Seas.
The total transport (Fig. 14a) indicates that wintertime flux of moisture to Antarctica is mainly
through this corridor. The low-level synoptic activity over this region (Fig. 2c) can substantially
influence the winter precipitation in West Antarctica.
During DJF (austral summer), the temperature is warmer and sea ice melts and retreats closer to
the Antarctic coastline. More moisture is present in the atmosphere. The mean meridional moisture
fluxes (Fig. 14e) are characterized by two significant positive (equatorward) moisture transport
zones at 170–270◦ E and 315–360◦ E. A strong negative (poleward) transport region is located
in the Bellingshausen Sea (near 280◦ E). The eddy fluxes (Fig. 14f) are dominated by poleward
transport at all longitudes, especially over the Ross, Amundsen, and Bellingshausen Seas (between
180◦ and 270◦ E). The total fluxes (Fig. 14d) indicate that the Bellingshausen and Ross Seas are the
two main transport corridors for summer moisture transport into Antarctica. Comparing Fig. 14d
to the long-term average MSLP (Fig. 2d), both positive and negative moisture transport bands
correspond well to the surface low-pressure centers, indicating that summer meridional moisture
fluxes are strongly influenced by low-level synoptic activity as they are in winter.
6. Summary and discussion
A survey of the spatial and temporal behavior of the atmospheric general circulation as it
relates to both polar regions is presented. The analysis is based on the ECMWF 40-year reanalysis,
updated through the end of 2005 by the addition of ECMWF operational analyses. The analysis
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spans 1960–2005 in the NH, but is restricted to 1979–2005 in the SH because of difficulties
experienced by ERA-40 prior to the modern satellite era.
The seasonal cycle of atmospheric circulation is illustrated by focusing on winter and summer.
The huge circulation contrasts between the land-dominated NH and the ocean-dominated SH
stand out. The intensification of the North Atlantic Oscillation/Northern Annular Mode and the
Southern Annular Mode in DJF is highlighted; Hoerling et al. (2001, 2004) attribute the former
to tropical Indian Ocean warming and the same cause for the SAM strengthening is likely. The
Arctic frontal zone during northern summer and the semi-annual oscillation through the year in
the SH are discussed.
Principal component analysis is used to described the primary modes of temporal variability
affecting both polar regions, especially the links with the tropical forcing. The survey concludes
with an examination of the atmospheric moisture transport into both polar caps (≥70◦ latitude)
and how this is modulated by the atmospheric circulation.
Reanalysis data are theoretically preferred for climate studies due to their consistent use of a
fixed data assimilation scheme and the incorporation of a wide variety of observations. Here, we
demonstrate that ERA-40e captures the well known (based on observations) synoptic scale general
circulation features during summer and winter at the mid- to high-latitudes of both hemispheres. In
our principal component analyses, some discrepancies arise compared to earlier studies using other
data sets and slightly different methodology (e.g., the order of leading modes, loading patterns,
percentages of total variance explained, etc.). The number of factors retained in rotation, which
can be subjective, is the one of main reasons for the differences. Overall, ERA-40e spatially and
temporally exhibits similar patterns to other studies done using NNR or other data. The seasonal
teleconnection features are generally well reproduced in both hemispheres.
Several other aspects of the quality of the ERA-40 reanalysis in relation to other reanalyses have been discussed. The results show that there are substantial improvements in many
fields (e.g., Uppala et al., 2005), however, some problems still exist in the ERA-40 products. In
particular, there is a lower tropospheric cold bias in ERA-40 centered over ice-covered oceans
in both the Arctic and the Antarctic, which is related to the assimilation of infrared satellite
sounder temperature information (High-resolution Infrared Radiation Sounder; HIRS) and perhaps the cloud clearing algorithm over sea ice (Bromwich et al., 2002). According to ECMWF,
changes to the thinning (i.e., fraction of data assimilated), channel-selection and quality control of the HIRS soundings that were introduced into ERA-40 from 1997-onward to reduce the
tropical precipitation bias have also virtually eliminated the polar cold bias (ECMWF online
document, http://www.ecmwf.int/research/era/Data Services/section3.html). Comparison of the
500 hPa geopotential heights in ERA-40 and NNR confirms that the ERA-40 cold bias starts at
the beginning of HIRS assimilation in 1979 and ends in 1996 (Bromwich and Wang, 2005). The
annual average difference between ERA-40 and NNR for 1979–1996 at the center of the Arctic
Ocean is about 20 m at the 500 hPa level, but decreases to small values over the surrounding
land masses. How much these polar cold biases change the spatial and temporal patterns of the
leading modes of the high latitude general circulation requires further study, but are unlikely
to significantly impact the poleward moisture fluxes across 70◦ latitude presented in Section 5.
An interim global atmospheric reanalysis project is in progress at ECMWF, covering the period
1989 to present with an up-to-date assimilation system. This will be continued in near real-time
as a climate monitoring activity, until the next major ECMWF global reanalysis project starts
(ERA-70). The time frame considered for the production phase of ERA-70 is 2009–2012. It is
anticipated that the next generation of global reanalyses will further improve studies of Arctic
and Antarctic climate.
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