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Winter jet stream trends over the Northern Hemisphere
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ABSTRACT: Trends in the speed and probability of winter jet stream cores over the Northern Hemisphere were measured
for 1958–2007, and related changes in the thermal structure of the troposphere were identified. Eddy-driven jet (EDJ)
core speeds and probabilities increased over the midlatitudes (40–60 °N), with changes as large as 15% (speed) and 30%
(probability). These increasing trends are collocated with increases in baroclinicity driven by a spatially heterogeneous
pattern of height change consisting of large-scale warming with cooling centres embedded poleward of 60 °N. The cooling
centres reduced high-latitude baroclinicity, making jet cores poleward of 60 °N less frequent and weaker. Over the west and
central Pacific, subtropical jet stream (STJ) core probabilities remained relatively constant while core speeds increased by
as much as 1.75 m/s decade−1 in association with Hadley cell intensification. The STJ shifted poleward over the east Pacific
and Middle East, and an equatorward shift and intensification of the STJ were found over the Atlantic basin–contributing
to an increased separation of the EDJ and STJ. Copyright  2007 Royal Meteorological Society
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1. Introduction

Modest changes in the jet stream’s position and strength
can impact midlatitude storm tracks (Nakamura, 1992),
severe weather (Kloth and Davies-Jones, 1980), strato-
sphere–troposphere exchange (Wei, 1987), and circula-
tion regimes (Ruti et al., 2006). Given the jet stream’s
sensitivity to the distribution of air temperature (e.g.
Palmén, 1948), jet stream variability will likely be
affected by climate change and the evolving thermal
structure of the troposphere. Projections by fifteen cou-
pled global climate models predict intensification and
poleward shifts in 21st-century storm tracks, implying
poleward shifts in the jet streams of both hemispheres
(Yin, 2005).

Patterns observed in the historical record include pole-
ward trends in surface cyclone frequency (McCabe et al.,
2001), contracting and strengthening of the circumpo-
lar vortex since 1970 (Frauenfeld and Davis, 2003),
increasing strength of the winter Hadley circulation since
the 1950’s (Mitas and Clement, 2005), and an approx-
imately one-degree poleward shift in the position of
tropospheric jet streams during 1979–2005 implied by
satellite-derived radiances (Fu et al., 2006).

The pattern of tropospheric temperature trends over
the Northern Hemisphere is spatially heterogeneous.
Regional, high-latitude pockets of decreasing temperature
are embedded within a larger-scale pattern of increasing
temperature. The spatial configuration of the tempera-
ture trends can be related to the spatial patterns of the
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atmosphere’s leading modes of internal variability (Wu
and Straus, 2004), in accord with modelling and observa-
tional studies suggesting that the atmosphere’s response
to enhanced radiative forcing may largely project onto
leading patterns of internal variability (Corti et al., 1999;
Fyfe et al., 1999; Palmer, 1999; Stone et al., 2001 and
references therein). Wu and Straus (2004) showed that
much of the winter tropospheric height, pressure and
temperature trends over the Euro-Atlantic area project
onto the Arctic Oscillation (AO) (Thompson and Wal-
lace, 2000), while those over the Pacific–North American
sector project onto the cold ocean–warm land (COWL)
pattern (Wallace et al., 1996; Hsu and Zwiers, 2001).
COWL is related to the difference in thermal inertia
between land and ocean (Broccoli et al., 1998; Lu et al.,
2004) and has an upper tropospheric signature resembling
elements of the Pacific–North American (PNA) pattern
(Lu et al., 2004; Wu and Straus, 2004).

Although mean properties of winter jet streams have
been analysed in the context of temperature over the
Northern Hemisphere (Koch et al., 2006; Strong and
Davis, 2006a), jet core trends have yet to be assessed.
Here, we measure the probability and speed of upper tro-
pospheric jet stream cores over the Northern Hemisphere
for winters 1958 to 2007, test for jet core trends, and iden-
tify the related tropospheric thermal structure changes.

2. Data and methods

2.1. Data and statistical methods

From the NCEP–NCAR Reanalysis (Kalnay et al.,
1996), we use six-hourly December–February (DJF)
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lapse-rate tropopause pressure and isobaric air temper-
ature, wind velocity, and geopotential height (Z), each
at 2.5° resolution. The ECMWF ERA-40 Reanalysis
(Uppala et al., 2005) has some documented differences
from the NCEP–NCAR Reanalysis over the midlatitudes
during winter (Dell’Aquila et al., 2005), so we repeat
elements of our trend analysis using monthly mean Z

from the ERA-40. Both datasets may contain inhomo-
geneities or discontinuities related to variations in assim-
ilation, including the introduction of satellite data (e.g.
Dell’Aquila et al., 2005). Much of the signal underlying
the sense of the trends reported here, however, is asso-
ciated with changes in the post-satellite era. For exam-
ple, more than 98% of the area shaded with significant
250 hPa Z trends for 1958–2007 (to be shown in section
3, Figure 4(a)) has like-signed trends for the 1979–2007
period, with more than half the trend area retaining sig-
nificance despite the reduced degrees of freedom.

For each reanalysis, winter circumpolar vortex data
were developed using monthly mean 300 hPa Z follow-
ing Frauenfeld and Davis (2003), and the winter mean
vortex position at each meridian was obtained by averag-
ing the DJF values for each year. The circumpolar vortex
is a useful diagnostic because it represents, in one vari-
able, the size, strength, shape and Rossby-wave structure
of the tropospheric circulation. The strength of the Hadley
circulation is calculated as the DJF mean of the maximum
value of the stream function of the meridional overturning
circulation from 0° to 30 °N following Oort and Yienger
(1996).

Trends are first examined for statistical significance
using a parametric method that accounts for serial corre-
lation by using a t-test with effective degrees of freedom

υ = (n − 1)(1 − ρ)/(1 + ρ), (1)

where n is the sample size and ρ is the lag-1 autocorrela-
tion in the regression residuals (Wilks, 2005). For regions
where the parametric test indicates a significant trend, we
further check significance using a bootstrap method that
accounts for serial correlation as described in detail by
De Wet and Van Wyk (1986). Briefly, a first-order autore-
gressive (AR-1) model is developed for the regression
residuals, a sampling distribution for the regression coef-
ficient b is developed using 1000 time series generated
by the slope estimate and bootstrapped errors of the AR-
1 model, and the b distribution’s quantiles are used to
calculate confidence limits. The parametric method and
bootstrap method are performed at the 95% confidence
level, and trends reported as significant at α = 0.05 have
passed both tests.

2.2. The Surface of Maximum Wind

Wind speed data on a single isobaric surface (e.g.
250 hPa) are often used to represent the jet stream or
to construct zonal wind indices, but such analyses may
lead to inaccurate conclusions about jet stream variabil-
ity since jet core pressures vary spatially and temporally.

Temporal variations of jet core position relative to an
isobaric surface can be of order 102 hPa (Strong and
Davis, 2005), so an isobaric jet stream analysis may indi-
cate false, or mask actual, variability patterns including
trends. To circumvent these potential difficulties, we use
the Surface of Maximum Wind (SMW) analysis frame
as described in Strong and Davis (2005, 2006a, 2006b,
2007). At a given observation time the SMW is the quasi-
horizontal surface that passes through the fastest wind
in each column of the atmosphere with a vertical search
domain restricted to the upper troposphere and any tropo-
spheric jet streams extending into the lower stratosphere.

2.3. Jet core probability and speed

On the SMW, we define a jet core as a local maximum
of wind speed greater than or equal to 25.7 m/s based
on a second derivative test along each meridian. For
any location, mean winter jet core speed (V core) is the
SMW wind speed averaged over winter observation times
when a jet core is present at the location, and jet core
probability (0 ≤ C̃ ≤ 1) is the relative frequency of jet
core occurrence at the location (i.e. the fraction of winter
observation times for which a jet core is present at the
location).

3. Results

3.1. Jet core climatology

The belt of relatively high C̃ from 40 to 60 °N (shading,
Figure 1(a)) reflects the frequent presence of eddy-driven
jet stream (EDJ) cores. EDJ cores tend to have higher
mean speeds (V core, Figure 1(b)) where they occur close
to the baroclinicity of the circumpolar vortex (e.g. com-
pare data at 30 °W 45 °N and 60 °E 60 °N in Figure 1(a)
and (b)). The subtropical jet stream (STJ) has a three-
wave structure that is out of phase with the circumpolar
vortex (compare ridges and troughs of dash–dot and bold
curves in Figure 1). STJ core probabilities and speeds are
highest where the subtropical jet approaches the vortex:
over the Middle East and at the east coasts of Asia and
North America (Figure 1(a) and (b)).

3.2. Jet core trends

Winter jet core probabilities (C̃) and mean speeds (V core)
have positive trends over much of the midlatitudes of the
Northern Hemisphere (40–60 °N, Figure 2(a) and (b)).
Poleward of the circumpolar vortex across North Amer-
ica, the Atlantic and Europe, trends are related primarily
to the EDJ, and cumulative increases amount to as much
as 15% of local mean speed and 30% of local mean prob-
ability. The increasing frequency and strength of EDJ
cores is physically consistent with baroclinicity enhance-
ment indicated by the collocated corridor of increasing
geopotential height gradients (|∇Z|) (Figure 2(c)), and
the increasing |∇Z| is consistent with the circumpolar
vortex’s poleward trend toward the region of EDJ core
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Figure 1. For winters 1958–2007: (a) jet core probability (C̃) contoured at 0.05 with values greater than 0.1 shaded and (b) mean jet core speed
(V core) contoured at 10 m/s with values greater than 50 m/s shaded. The bold curve shows the mean position of the circumpolar vortex and the

dash–dot curve shows the mean position of the subtropical jet stream adapted from Krishnamurti (1961).

Figure 2. Trends for winters (DJF) 1958–2007: (a) jet core probability (C̃) contoured at 10−3 decade−1, (b) jet core speed (V core) contoured
at 0.25 m/s decade−1, and (c) geopotential height gradient (|∇Z|) contoured at 10−6 decade−1. For all panels, negative values are dashed, the
zero contour is suppressed, shading indicates significance at α = 0.05, and the vortex (bold curve) and subtropical jet stream (dash–dot curve)

are from Figure 1.
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intensification (arrows, Figure 3(b)). The declining C̃ and
V core trends poleward of 70 °N (Figure 2(a) and (b)) are
associated with a decline in overall baroclinicity across
the high latitudes (Figure 2(c)).

Jet core trends along and south of the circumpolar
vortex are related primarily to the STJ. Across much of
the Pacific STJ, winter V core has been increasing by up to
1.75 m/s decade−1 (along 35 °N, Figure 2(b)). Much of
this increase is accounted for by the increasing strength
of the Hadley circulation, as indicated by the correlation
analysis in Figure 3(a). Detailed linkage between the
Hadley circulation and atmospheric temperature is given
in, for example, Quan et al. (2004). The relative lack of
C̃-changes along the midlatitudes of the Pacific reflects
the persistence and positional stability of the Pacific STJ
(C̃ as large as 0.25, Figure 1(a)).

The STJ is trending equatorward over the Atlantic
near 60 °W and poleward over the Middle East and east
Pacific; shifts in the position of the STJ are indicated by C̃

trend dipoles flanking the dash-dot curve in Figure 2(a),
and there is a logical sign relationship between the C̃

trend dipoles and |∇Z| trends (Figure 2(a) and (c)). These
poleward and equatorward STJ shifts are influenced by
a positive trend in the strength of the Hadley circulation
(Figure 3(a), C̃ correlation with Hadley circulation not
shown). The STJ’s equatorward trend over the Atlantic
is also related to a tendency for poleward vortex trends
to separate the EDJ and STJ over the Atlantic basin
(correlation tripole over east Atlantic, Figure 3(b)).

3.3. Tropospheric thermal structure

We now examine the tropospheric temperature and Z

changes underlying the reported jet core trends, and com-
pare Z trend results in the NCEP Reanalysis (Figure 4(a))
with those in the ERA-40 (Figure 4(b)). The height trends

(which suggest temperature trends via the hypsometric
relationship) are spatially heterogeneous, featuring large-
scale height increases over much of the Tropics and
midlatitudes, and centres of decreasing height poleward
of 60 °N. The cooling poleward of warming accounts for
the enhanced (weakened) baroclinicity over the midlat-
itudes (high latitudes), and the observed winter V core

trends are in approximate geostrophic balance with the
height changes. As a quantitative example, the maximum
jet core speed trend along 180° is 1.72 m/s decade−1. The
collocated ∂Z/∂y trend of 1.39 × 10−5 decade−1 indi-
cates a 1.74 m/s decade−1 trend in the geostrophic zonal
wind.

The centres of increasing Z are consistent (location
and magnitude) between the NCEP Reanalysis and ERA-
40, although the NCEP significance is spatially broader
over western Canada and the equatorial Atlantic. In the
ERA-40 data, the high-latitude Z decreases are generally
stronger and have more spatially broad significance
than in the NCEP data, particularly from 0° to 90 °W,
implying stronger V core trends in the ERA-40. For
both datasets, the vortex contracts where it encounters
significant positive height trends (i.e. the arrow bases are
collocated with shading, Figure 4). The vortex is related
to air temperature as further described in Frauenfeld and
Davis (2003).

We now use cross-sectional data from 180° to illustrate
how the relevant changes in the thermal structure of
the troposphere are configured relative to the SMW
(Figure 5). The cross-section reveals a tripole of ∂Z/∂y

trends each of which is centred near the SMW (along
bold curve near 15, 30 and 70 °N, Figure 5(a)). The
two northernmost ∂Z/∂y trends pair logically with core
speed trends seen on the SMW (Figure 2(a) and (b)),
whereas the equatorward ∂Z/∂y trend is occurring in
a region where wind speeds rarely achieve jet core

Figure 3. (a) Correlation between V core and the strength of the Hadley circulation. (b) Arrows show the direction and magnitude of circumpolar
vortex trends significant at α = 0.05, where the longest arrow indicates 1.19° decade−1. Contours show correlation between V core and the vortex

averaged over the meridians with arrows. For both panels, contouring and shading conventions follow Figure 2.
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Figure 4. (a) For winters (DJF) 1958–2007, the trend in mean 250 hPa Z contoured at 4 m decade−1. (b) Same as (a), but using ERA-40 data.
For both panels, contouring and shading conventions follow Figure 2 and arrows follow Figure 3(b).

strength (Figure 1(a) and (b)). The ∂Z/∂y trends are
associated with three height trends of logical sign and
configuration that extend through a substantial depth
of the troposphere and lower stratosphere (Figure 5(b)).
The three regional temperature trends underlying the
height trends are at a maximum approximately 100 hPa
below the SMW (below bold curve near 25, 65 and
90 °N, Figure 5(c)). For other meridians, similar logical
relationships are found between the isobaric height trends
shown in Figure 4(a) and cross-sectional trends in the
thermal structure of the underlying troposphere (not
shown).

4. Summary and discussion

We used the surface of maximum wind (SMW) analy-
sis frame to directly measure jet stream core probabil-
ity and speed trends over the Northern Hemisphere for
1958–2007, and identified related changes in the ther-
mal structure of the troposphere. The pressure of the
SMW analysis frame changes to coincide with the fastest
observed wind speeds in each column of the upper tro-
posphere and lower stratosphere, yielding more accurate
jet core statistics than analyses based on a single isobaric
surface, since jet core pressure variability relative to an
isobaric analysis frame can generate false, or mask actual,
variability patterns including trends.

EDJ core speeds and probabilities increased over
the midlatitudes (40–60 °N), with changes as large as
15% (speed) and 30% (probability). These increasing
trends are collocated with increases in baroclinicity
driven by a spatially heterogeneous pattern of height
change consisting of large-scale warming with cooling
centres embedded poleward of 60 °N. The cooling centres
reduced baroclinicity poleward of 60 °N, making jet cores

less frequent and weaker over the polar latitudes. Over the
west and central Pacific, STJ core probabilities remained
relatively constant while core speeds increased by as
much as 1.75 m/s decade−1 in association with enhanced
poleward transport of angular momentum in the Hadley
circulation. The STJ shifted poleward over the east
Pacific and Middle East, and an equatorward shift and
intensification of the Atlantic STJ were found over the
Atlantic basin – contributing to an increased separation
of the EDJ and STJ.

Considering the V core and C̃ trend results together, the
EDJ’s high-latitude intensification and separation from
the STJ over the Euro-Atlantic area resemble aspects
of the jet core response to the positive polarity of the
AO, and the intensification or eastward expansion of the
Pacific STJ resemble aspects of the jet core response to
the PNA pattern or COWL (Strong and Davis, 2007).
The presence of these similarities is consistent with
research showing that portions of the height trends over
these sectors have thermal structures that project onto,
respectively, the spatial patterns of the AO and COWL
(Wu and Straus, 2004), but should not be taken to imply
an absence of anthropogenic forcing (Corti et al., 1999;
Fyfe et al., 1999; Palmer, 1999; Stone et al., 2001 and
references therein).

The reported jet stream trends are largely in geostrophic
balance with thermal changes in the troposphere on a
seasonal mean basis. Nonetheless, changes in jet stream
position and intensity can feed back onto the spatial dis-
tribution of temperature in the atmosphere by inducing
transverse vertical circulations or altering the spatial pat-
terns of cloudiness, latent heating and precipitation. If
the atmosphere’s response to radiative forcing by green-
house gases were more uniform, C̃ and V core trends
might be less pronounced, particularly within the EDJ,
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Figure 5. Trends for winters (DJF) 1958–2007 along 180°: (a)
geopotential height gradient contoured at 4 × 10−6 decade−1, (b)
geopotential height contoured at 2 m decade−1, and (c) air temperature
contoured at 0.1 K decade−1. In each panel, the bold solid curve is the
mean surface of maximum wind (SMW), the bold dashed curve is
the mean tropopause, and contouring and shading conventions follow

Figure 2.

since the position and baroclinicity of the circumpolar
vortex depend more on temperature gradients than on
mean hemispheric temperature. Instead, the climate sys-
tem’s response to observed and projected increases in
greenhouse gas concentrations features oppositely-signed
temperature trends and shifts in baroclinicity as robust
components. The spatial patterns of these trends can
be related to the atmosphere’s leading patterns of inter-
nal variability, providing evidence of the importance of
understanding how such leading variability patterns will
evolve under projected climate change.
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2005. The ERA-40 re-analysis. Q. J. R. Meteorol. Soc. 131:
2961–3012.

Wallace JM, Zhang Y, Bajuk L. 1996. Interpretation of interdecadal
trends in Northern Hemisphere surface air temperature. J. Climate
9: 249–259.

Wei M-Y. 1987. A new formulation of the exchange of mass and trace
constituents between the stratosphere and troposphere. J. Atmos. Sci.
44: 3079–3086.

Wilks DS. 2005. Statistical methods in the atmospheric sciences. 2nd
edition. International Geophysics Series, Volume 91. Academic
Press.

Wu Q, Straus DM. 2004. AO, COWL, and observed climate trends. J.
Climate 17: 2139–2156.

Yin JH. 2005. A consistent poleward shift of the storm tracks in
simulations of 21st century climate. Geophys. Res. Lett. 32: L18701,
doi: 10.1029/2005GL023684.

Copyright  2007 Royal Meteorological Society Q. J. R. Meteorol. Soc. 133: 2109–2115 (2007)
DOI: 10.1002/qj


