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oreal summers that follow strong El
BNiﬁo events, like the one that occurred

in 1997, are often characterized by
anomalous tropospheric warmth in mid-latitudes
of both the Northern and Southern Hemisphere.
This warmth occurs in response to El Nifo/
Southern Oscillation (ENSO)-induced, positive—
sea-surface temperature (SST) anomalies in the
Indian and western Pacific Ocean “warm pool”
regions (/). The anomalous mid-latitude tropo-
spheric warmth is accompanied by an elevation
of the pressure surfaces in the upper troposphere
and an increased frequency of droughts, includ-
ing in parts of the United States (Z, 2).

From 1979 onward, the most pronounced
SST warming has occurred within this same
“warm pool” region (3). If the planetary-scale
atmospheric circulation responds to the multi-
decadal SST trends in the same way as it re-
sponds to ENSO-induced SST variability, one
might expect to observe a multidecadal trend
toward a warmer mid-latitude troposphere.

We examined atmospheric temperature trends
for 1979 to 2005 based on satellite-borne mi-
crowave sounding unit (MSU) data (4-6). Figure
1 shows the global spatial patterns of strato-
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Fig. 1. Global and latitudinal distributions of atmospheric temperature
trends for 1979 to 2005 based on satellite-borne MSU observations.
(A and Q) Stratospheric trends with a global mean of —0.33 K per
decade. (B and D) Tropospheric trends with a global mean of +0.20 K
per decade. Orange shading represents enhanced rates of stratospheric
cooling and tropospheric warming relative to their respective global
means, and blue shading represents suppressed rates. The polarity is
reversed to facilitate comparison between (A) and (B).
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spheric and tropospheric temperature trends for
1979 to 2005 and the corresponding zonal mean
latitudinal profiles. To emphasize the spatial
gradients in the trends, the reference (white)
values in the color bars in (Fig. 1, A and B) are
set equal to the respective global mean trends.
The most pronounced feature is the enhanced
stratospheric cooling and tropospheric warming
in the 15 to 45° latitude belts in both hemi-
spheres, relative to other latitudes. The atmo-
spheric trends for 1979 to 1997 (fig. S1) exhibit
features similar to those in Fig. 1, which in-
dicates that existence of the trend is not con-
tingent on the episode of record-high mid-latitude
temperatures that occurred in summer 1998 in
response to the 1997 El Nifio (/) but is a robust
feature of the period of record from 1979 onward
(fig. S2). The same pattern is evident in the trend
in radiances from MSU channel 2 (fig. S3),
which is a further proof of the enhanced mid-
latitude tropospheric warming corresponding to
the enhanced stratospheric cooling.

Unless it is compensated by a drop in sea-
level pressure in the same latitude belt, the ob-
served pattern of temperature changes in Fig. 1
is indicative of a tendency toward an upward

bulging of the upper tropo-

spheric pressure surfaces

c centered around 30° lati-
M tude in both hemispheres.
N Because 30° latitude corre-
sponds to the latitude of the
tropospheric jet streams, it
can be inferred that the
sos  downward slope of the pres-
sure surfaces toward the
poles has been increas-

D ing on the poleward flanks
BN of the jet streams and de-
N creasing on the equatorward
flanks. Such a reshaping of
the pressure surfaces would
% have the effect of shifting
sos the jet streams poleward.
Based on the observed tem-
perature changes alone, we
estimate that the jet streams
in both hemispheres have
shifted poleward by ~1°
latitude in both summer
and winter seasons (6). Be-
cause the jet streams mark
the poleward limit of the
tropical Hadley circulation,
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a systematic poleward shift of the jet streams
implies that the tropical circulation has widened
by ~2° latitude during this 27-year period (7).
(Our analysis of the National Centers for Envi-
ronmental Prediction/National Center for At-
mospheric Research reanalyses suggests that
sea-level pressures near 30°N and 30°S have
risen relative to surrounding latitudes. Such
pressure rises, if real, would cause an additional
poleward shift in the jet streams.)

In contrast to the seasonally dependent cir-
culation changes reported in association with the
Northern and Southern Hemisphere annular
modes, the changes reported here are occurring
at somewhat lower latitudes, and the Northern
Hemisphere trends are no less pronounced dur-
ing the warm season (fig. S4) than during the
cold season.

Whether the observed trends in Fig. 1 are an
integral part of the response to greenhouse
warming remains to be seen (8—/0). Regardless
of the cause, the poleward shift of the jet
streams and the associated subtropical dry zone
(11), if it continues, could have important so-
cietal implications.
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Material and Methods
1. MSU data and retrieval scheme

We used MSU channels 2 and 4 gridded (2.5° by 2.5°) monthly anomaly
brightness temperature data compiled by the RSS team (S7) from January 1979 to
December 2005. The stratospheric temperature trends are directly derived from channel
4. The global distribution of tropospheric temperature trends is derived from a linear
combination of channels 2 and 4 following (52)-(S3) with explicit consideration of the
tropopause height dependence on the latitude (§4). Note that the enhanced midlatitude
tropospheric warming belts can be also inferred from the RSS T, 1 data (S95).
2. Estimating the shift of the jet stream

The latitudes of the jet streams in 1979 and 2005 are inferred from the geostrophic
equation, as applied to north-south profiles of zonally-averaged geopotential height of the
200 hPa pressure surface. To obtain the 1979 and 2005 200-hPa height profiles, the time-
mean 1979-2005 profile based on the NCEP/NCAR reanalyses is perturbed by
subtracting and adding the north-south profile of 200-hPa height trend multiplied by 13.5
years. The north-south profile of 200-hPa height trend is inferred from zonal averages of
the MSU-derived tropospheric temperature trends, as applied to the 1000-200-hPa layer.
Jet stream positions were estimated by applying a 9-point cubic polynomial best fit to the
zonally averaged geostrophic wind profiles to derive continuous curves from the grid

point data, which are defined at 2.5°increments of latitude.



Figure S1
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Fig. S1. Same as Fig.1 but for 1979-1997.
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Figure S2
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Fig. S2: Time evolution of the zonal mean temperature monthly anomalies in (A)
Stratosphere and (B) Troposphere. The anomalies are relative to climatological monthly
means over 1979-1998 (these anomalies were smoothed by applying a 5S-month running

mean). The natural influences including both ENSO and volcanic eruptions modulate the
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evolution of the patterns but do not drive the overall trends for 1979-2005.



Figure S3
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Fig. S3. Global and latitudinal distributions of MSU channel 2 (T2) trends for

1979-2005.



Figure S4
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Fig. S4. Same as Fig. 1 but for the boreal summer season (June, July and August). The
color bar in (A) is centered at -0.35 K/decade which is the average trend from 60S to

90N.
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