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Mo&va&on	  

•  Evidence	  of	  atmospheric	  circula&on	  changes,	  
and	  their	  poleward	  migra&on	  (tropical	  widening)	  
– Poten&al	  impacts	  on	  surface	  climate,	  atmospheric	  
composi&on	  

– Possible	  drivers:	  GHGs,	  O3,	  aerosols	  

•  Numerous	  diagnos&cs	  of	  “tropical	  width”	  
– 0.2°	  -‐	  3°	  decade-‐1	  
– Models	  show	  less	  widening	  than	  reanalyses	  

•  Do	  reanalysis	  trends	  agree?	  



The	  zonal	  mean	  atmosphere	  
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Previous	  work	  -‐	  tropopause	  

From	  Seidel	  and	  Randel,	  JGR,	  2007	  

(characteristic of the tropical tropopause) and another below
13 km (typical of extratropics). The upper mode is consis-
tently in the 16–17-km bin in the radiosonde data and in the
15–16-km bin in the reanalysis. This difference is likely
due to the poorer vertical resolution of the reanalysis and
its reliance on satellite data, especially in the Southern
Hemisphere (SH) [Birner et al., 2006], where the reanalysis
pdfs are less like those from radiosonde data than they are in
the NH.
[8] This bimodal structure is only found in the subtropics.

Figure 2 depicts the modes of the tropopause height pdfs for
all 100 radiosonde stations as a function of station latitude.
Modes were identified when the occurrence frequency for a
given bin both exceeded 5% and exceeded the frequencies
for both of the adjacent bins. Bimodal distributions were
identified when two such modes existed.
[9] Radiosonde stations poleward of 40! latitude and

equatorward of !28! latitude exhibit unimodal pdfs. Modal
heights are <13 km in the extratopics of both hemispheres
and are uniformly in the 16–17 km bin within the tropical
belt. The spatially complete reanalysis demonstrates that
these features are very coherent. Figure 3 shows the
locations of reanalysis grid boxes with bimodal tropopause
height pdfs. They are in a 10–15! latitude band poleward
of 30! latitude, spanning almost all longitudes in both
hemispheres. In general, the upper mode is the primary
mode (black bars in Figure 2) at the subtropical stations
closer to the equator, and the lower mode is the primary
mode at the subtropical locations closer to the poles.
[10] Thus in the subtropics the tropopause is sometimes at

the height of the tropical tropopause and other times at
a height typical of the extratropical tropopause. Most
importantly for this study, there is a clear separation of
about 3–5 km, between the modes. This feature is not
simply a reflection of seasonal variability. High and low
tropopauses are observed in all seasons at a given station,
although on summer (winter) days the tropopause does tend
to be high (low).

[11] Guided by these climatological pdfs, we associate
tropopause heights >15 km with tropical conditions. On the
basis of NCEP/NCAR reanalysis data, Figure 4 shows the
climatological number of days per year with tropopause
heights of >15 km. Poleward of 40! latitude tropopause
height exceeds 15 km less than 10% of the time. Equator-
ward of 30! latitude tropopause height is higher than 15 km
more than half the time, and within 20! of the equator it
exceeds 15 km more than 85% of the time. The very zonal
pattern of this climatological statistic, combined with the
steep latitudinal gradient in the subtropics, makes it a simple
and robust measure of the width of the tropical belt. The
separation of the two climatological 300 d/a isolines yields
an average width of the tropical belt of 43! latitude. That
width is greater, 57 or 66!, based on the 200 or 100 d/a
isolines, respectively.

4. Trends in Tropopause Height and Tropical Belt
Width

[12] Figures 5 and 6 examine trends in tropopause height
in the subtropical regions, specifically the frequency
of occurrence (number of days per year) of tropical
(>15 km) tropopause levels. Figure 5 shows trends in the
frequency of high tropopauses at subtropical radiosonde
stations for 1960 to 2005 (left) and for 1979 to 2005 (right).
Our earlier study [Seidel and Randel, 2006] showed upward
tropopause trends during the shorter period at these latitudes
and globally but did not examine the earlier period because
of data homogeneity issues. The categorical tropopause
height metric examined here is much less susceptible to
the effects of changes in instrumentation and observing
practices than the actual tropopause height, so we have not
restricted this analysis as severely. In Figure 5, trends were
computed only if daily data were available for at least 80%
of the days per year and at least 80% of the years for 1979 to
2005. For the longer period, 1960–2005, this restriction
was relaxed to 66.6%, because no SH stations met the 80%

Figure 4. Climatological number of days per year with
tropopause height >15 km, based on NCEP/NCAR
reanalysis data.

Figure 3. Locations (marked with a cross) of bimodal
tropopause height probability distribution functions in
NCEP/NCAR reanalysis data for 1979 to 2005, based on
1 km height bins.
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term poleward trends of the 300 d/a isolines are 1.6! latitude
per decade in the SH and 1.5! latitude per decade in the NH,
consistent with the approximate trends reported by Fu et al.
[2006], Hudson et al. [2006], and Hu and Fu (submitted
manuscript, 2007), and about five times greater than the
0.3! per decade poleward movement of the 300 hPa NH jet
stream during 1963–2001 [Angell, 2006]. These trends in
the position of the 300 d/a isolines lead to an expansion of
the tropical belt of 3.1 ± 1.4! latitude per decade (Figure 7
bottom). Considering the separation of the 200 and 100 d/a
isolines as measures of the width of the tropics, we obtain
smaller trends of 1.8 ± 0.6 and 1.7 ± 0.6! latitude per
decade, respectively.
[16] Figure 7 also shows comparable results from the

ERA40 reanalysis for 1979 to 2001. The positions of the SH
isolines are in good agreement in the two reanalyses.
However, the NH 300 d/a isolines are closer to the equator
in NCEP/NCAR than in ERA40, and in both hemispheres,
ERA40 shows less interannual variability than NCEP/
NCAR.
[17] The NH and SH time series in Figure 7 are anti-

correlated. The two 300 d/a latitude time series have

correlation coefficients of !0.86 and !0.69 for the
NCEP/NCAR and ERA40 reanalyses, respectively. This
suggests that on an interannual basis the tropical belt in
the two hemispheres expands and contracts like two lungs
inhaling and exhaling in tandem. Regression analysis indi-
cates that the NH 300 d/a isolines move about 1.0 (NCEP/
NCAR) or 0.5! (ERA40) per degree movement of the
corresponding SH isolines. The two reanalyses are in closer
accord for the 200 and 100 d/a isolines, with both showing
0.6 to 0.7! movement of the NH lines per degree movement
of the SH lines.
[18] This interannual expansion and contraction of the

tropical belt appears to be related to interannual changes
in temperature. Using satellite microwave sounding unit
tropical (20!N–20!S) temperature observations [Mears
et al., 2003], we find statistically significant (p < 0.02)
correlations between detrended time series of the width of
the tropical belt and tropical lower stratospheric temperature
(r = !0.50) and midtropospheric temperature (r = 0.49),
with no significant correlation between the tropospheric and
stratospheric temperatures (r = 0.04). Here we use the
Spearman nonparametric correlation to ensure the result is

Figure 7. (top)0 Time series (1979–2005), based on NCEP/NCAR (solid lines) and ERA40 (dotted
lines) reanalysis data, of the mean latitudes (averaged over all longitudes) at which 100, 200, and 300 d/a
had tropopause levels higher than 15 km. (bottom) The latitudinal width of the tropical belt, as measured
by the distance between the NH and SH 300, 200, and 100 d/a isolines from the NCEP/NCAR data.
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Tropopause	  metrics	  –	  sensi&vity	  

Birner,	  JGR,	  2010	  

Remsberg, 1985]. A basic associated property is that ’S,N is
a monotonic function of zTP

t . AS,N (zTP > zTP
t ) defined as

described above corresponds uniquely to the area‐weighted
hemispheric cumulative tropopause height frequency ( fc

S,N )
at zTP

t through

AS;N zTP > ztTP
! "

¼ 1" f S;Nc zTP ¼ ztTP
! "

:

[20] Figure 2 shows the annual mean frequency of
occurrence of zTP > 15 km as a function of latitude for
NCEP. Equatorward of about 15°N/S tropopause height
is almost always greater than 15 km, whereas poleward
of about 60°N/S tropopause height almost never exceeds
15 km with the exception of southern polar latitudes (dotted
line in Figure 2; nonzero frequencies there mainly occur
during winter where the tropopause is often not well
defined). Since latitudes poleward of 60° can hardly be
considered tropical the frequency of occurrence is set to zero
poleward of 60°. The dashed line in Figure 2 marks the
tropical edge latitudes obtained as described above; that is,
the area under the dashed and the solid curves are by defi-
nition equal for each hemisphere separately. Frequency
of occurrence corresponding to the different frequency
thresholds used by SR07 are also shown. Evidently, the
tropical edge latitudes as defined here roughly correspond
to a frequency of occurrence of 0.5 which is very close to
the 200 d/yr frequency threshold.
[21] The above procedure reduces the problem to only one

threshold (zTP
t ). Figure 3 shows the sensitivity of the wid-

ening trend to zTP
t and its corresponding standard error based

on 2s uncertainties for each reanalysis data set used in this
study. The period 1979–2001 was used for maximum con-
sistency between the different data sets, as constrained by
the ERA40 data. Note again that near the subtropical tro-
popause log‐pressure height and geopotential height differ
by ∼0.5 km; that is, using log‐pressure tropopause heights
instead of geopotential tropopause heights results in a
qualitatively similar behavior as shown in Figure 3 with all
curves shifted to the left by ∼0.5 km. In particular, the
threshold of 15 km based on log‐pressure heights used by
SR07 corresponds to a threshold of about 15.5 km based on

geopotential heights used in Figure 3 (indicated by the
vertical lines in Figure 3).
[22] As expected based on Figure 1 NCEP exhibits a

stable widening trend for zTP
t roughly within the 14–15 km

range. NCEP2 shows very similar behavior (recall that
NCEP and NCEP2 use the same underlying model core).
However, all other data sets do not exhibit stable trends:
widening trends based on NCEP*, ERA40, and JRA25
all show more or less strong sensitivity to zTP

t . More
importantly, the two data sets with good vertical resolution
around the tropopause and a well resolved stratosphere
(ERA40 and JRA25) show smaller or insignificant trends
than the various NCEP data sets for zTP

t in the 14–15 km

Figure 2. Annual mean (1979–2009) frequency of occur-
rence of tropical tropopause levels (here defined as zTP >
15 km for illustration) as a function of latitude for NCEP.
The dashed line marks the area covered by zTP > 15 km
for each hemisphere, excluding latitudes poleward of 60°
(dotted line). Values on the right ordinate and associated
thin horizontal dotted lines indicate the number of days
per year corresponding to the frequency of occurrence.
See text for further details.

Figure 1. Trends in the width of the tropical belt (°/decade) for the period 1979–2005 as a function of
the number of days per year (frequency threshold, abscissa) the tropopause height is above a certain
threshold (tropopause height threshold, ordinate). (left) Log‐pressure tropopause height (scale height
7 km) based on tropopause product provided by NCEP (named NCEP*) as used by SR07. (middle)
tropopause geopotential height based on NCEP*. (right) tropopause geopotential height obtained offline
from NCEP model level temperature data by applying the WMO definition. Only significant trends (based
on 2s uncertainties) are shown.
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Figure 1. Trends in the width of the tropical belt (°/decade) for the period 1979–2005 as a function of
the number of days per year (frequency threshold, abscissa) the tropopause height is above a certain
threshold (tropopause height threshold, ordinate). (left) Log‐pressure tropopause height (scale height
7 km) based on tropopause product provided by NCEP (named NCEP*) as used by SR07. (middle)
tropopause geopotential height based on NCEP*. (right) tropopause geopotential height obtained offline
from NCEP model level temperature data by applying the WMO definition. Only significant trends (based
on 2s uncertainties) are shown.

BIRNER: TROPOPAUSE STATISTICS AND TROPICAL WIDTH D23109D23109

4 of 13

Remsberg, 1985]. A basic associated property is that ’S,N is
a monotonic function of zTP

t . AS,N (zTP > zTP
t ) defined as

described above corresponds uniquely to the area‐weighted
hemispheric cumulative tropopause height frequency ( fc

S,N )
at zTP

t through

AS;N zTP > ztTP
! "

¼ 1" f S;Nc zTP ¼ ztTP
! "

:

[20] Figure 2 shows the annual mean frequency of
occurrence of zTP > 15 km as a function of latitude for
NCEP. Equatorward of about 15°N/S tropopause height
is almost always greater than 15 km, whereas poleward
of about 60°N/S tropopause height almost never exceeds
15 km with the exception of southern polar latitudes (dotted
line in Figure 2; nonzero frequencies there mainly occur
during winter where the tropopause is often not well
defined). Since latitudes poleward of 60° can hardly be
considered tropical the frequency of occurrence is set to zero
poleward of 60°. The dashed line in Figure 2 marks the
tropical edge latitudes obtained as described above; that is,
the area under the dashed and the solid curves are by defi-
nition equal for each hemisphere separately. Frequency
of occurrence corresponding to the different frequency
thresholds used by SR07 are also shown. Evidently, the
tropical edge latitudes as defined here roughly correspond
to a frequency of occurrence of 0.5 which is very close to
the 200 d/yr frequency threshold.
[21] The above procedure reduces the problem to only one

threshold (zTP
t ). Figure 3 shows the sensitivity of the wid-

ening trend to zTP
t and its corresponding standard error based

on 2s uncertainties for each reanalysis data set used in this
study. The period 1979–2001 was used for maximum con-
sistency between the different data sets, as constrained by
the ERA40 data. Note again that near the subtropical tro-
popause log‐pressure height and geopotential height differ
by ∼0.5 km; that is, using log‐pressure tropopause heights
instead of geopotential tropopause heights results in a
qualitatively similar behavior as shown in Figure 3 with all
curves shifted to the left by ∼0.5 km. In particular, the
threshold of 15 km based on log‐pressure heights used by
SR07 corresponds to a threshold of about 15.5 km based on

geopotential heights used in Figure 3 (indicated by the
vertical lines in Figure 3).
[22] As expected based on Figure 1 NCEP exhibits a

stable widening trend for zTP
t roughly within the 14–15 km

range. NCEP2 shows very similar behavior (recall that
NCEP and NCEP2 use the same underlying model core).
However, all other data sets do not exhibit stable trends:
widening trends based on NCEP*, ERA40, and JRA25
all show more or less strong sensitivity to zTP

t . More
importantly, the two data sets with good vertical resolution
around the tropopause and a well resolved stratosphere
(ERA40 and JRA25) show smaller or insignificant trends
than the various NCEP data sets for zTP

t in the 14–15 km

Figure 2. Annual mean (1979–2009) frequency of occur-
rence of tropical tropopause levels (here defined as zTP >
15 km for illustration) as a function of latitude for NCEP.
The dashed line marks the area covered by zTP > 15 km
for each hemisphere, excluding latitudes poleward of 60°
(dotted line). Values on the right ordinate and associated
thin horizontal dotted lines indicate the number of days
per year corresponding to the frequency of occurrence.
See text for further details.

Figure 1. Trends in the width of the tropical belt (°/decade) for the period 1979–2005 as a function of
the number of days per year (frequency threshold, abscissa) the tropopause height is above a certain
threshold (tropopause height threshold, ordinate). (left) Log‐pressure tropopause height (scale height
7 km) based on tropopause product provided by NCEP (named NCEP*) as used by SR07. (middle)
tropopause geopotential height based on NCEP*. (right) tropopause geopotential height obtained offline
from NCEP model level temperature data by applying the WMO definition. Only significant trends (based
on 2s uncertainties) are shown.
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OLR-‐based	  widening	  
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OLR	  trend	  example	  

ISCCP: Mean OLR, 1984-2004 (black), Mean+decadal trend (red)
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OLR-‐based	  widening	  
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Hadley-‐cell	  metrics	  
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Wind-‐based	  metrics	  
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Conclusions	  

•  Tropical	  widening	  trends	  based	  on	  absolute	  
thresholds	  are	  biased	  high	  
– OLR,	  tropopause	  

•  Reanalyses	  in	  good	  agreement	  in	  zonal-‐wind	  
metrics,	  not	  others	  

•  Trend	  range	  0	  –	  1.5°	  dec-‐1	  
– Most	  trends	  are	  posi&ve,	  but	  insignificant	  
– Largest	  reanalysis	  trends	  in	  ψ500

	  	  (1-‐1.5°	  dec-‐1)	  
– Largest	  disagreement	  in	  ψ500	  
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a profound influence on the tropospheric circulation, as
we describe next.

3. Results

a. Atmospheric temperature and tropopause response

We start by examining the thermal response of the
model in Fig. 2, where the latitude–pressure, 50-yr mean,
DJF profiles of temperature differences between the
REF1960 control integration andOZONE2000,GHG2000,
and BOTH2000 are shown, in panels a–c, respectively. In
this, and all subsequent figures, we focus on the DJF re-
sponse to the prescribed forcings. Although the ozone de-
pletion occurs in September–November (SON) at about
50 hPa (see Fig. 1b above), the tropospheric response is
strongest in DJF, due to a lag of about a month or two for
the stratospheric signal to propagate down (see, e.g., Fig. 1
of Son et al. 2008).
The key point of Fig. 2 is to illustrate the simple fact

that the temperature response to stratospheric ozone

depletion, while confined to the lower-stratospheric po-
lar cap, is roughly 10 times larger than the one associated
with greenhouse gas increases, over the period 1960–
2000. The maximum cooling in Fig. 2a is a remark-
able 29.5 K (around 100 hPa), while the warming due
to greenhouse gas increases, though broadly spread
throughout the whole troposphere, never exceeds 1 K.
Notice also how the high-latitude stratospheric cooling
associated with greenhouse gas increases is tiny (less
than 1 K) compared with the one caused by ozone de-
pletion. Also, from the similarity of Fig. 2d, where the
difference between the OZONE2000 and BOTH2000
integrations are shown, to Fig. 2b one can conclude that
the temperature response of our model is roughly linear,
except in the polar stratosphere.
We also note that the dramatic cooling of the lower

polar stratosphere that accompanies ozone depletion as
computed with CAM3 in the time-slice integrations
presented here is very similar to the rates of cooling
computed in the recent set of CCMVal2 simulations
(Son et al. 2010), and in the CMIP3 integrations, which

FIG. 2. Colored contours show the DJF temperature differences between the REF1960 integration and the (a)
OZONE2000, (b) GHG2000, and (c) BOTH2000 integrations. (d) The difference between (a) and (c), which should
be contrasted with (b). In all panels the contour interval is 0.5 K. Black contours show the zonal mean, time mean,
DJF temperature for the REF1960 integration, with contour intervals of 10 K.
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1957), following the algorithm proposed by Reichler
et al. (2003). For the sake of clarity, the time mean, zonal
mean, DJF tropopause height versus latitude is shown
separately for each of the OZONE2000, GHG2000, and
BOTH2000 integrations. In each panel in Fig. 3, the
black linesmark the upper and lower bounds of the year-
to-year range of the DJF tropopause height in the
REF1960 integration (defined as the time mean value
plus and minus one standard deviation).
As indicated by the black arrows in Figs. 3a and 3c,

ozone depletion causes the SH polar tropopause to rise
substantially, by more than217 hPa. This large value is
not an anomaly of our model integrations, as it agrees
very well with both the CCMVal2 and CMIP3 results
(see Table 2). In contrast, for the GHG2000 integration,
there is only a very weak lifting of the SH polar tropo-
pause (smaller than a standard deviation), as can be seen
in Fig. 3b. As a further validation of the model inte-
grations, observe that the polar cap tropopause in the
NorthernHemisphere remains well within the bounds of
the reference integration, irrespective of forcing, as one
might expect. Finally, we note that the lifting of the polar

tropopause caused by ozone depletion is many times
larger than the ones that have been reported for the
global tropopause, which is typically of the order only a
few hectopascals (Santer et al. 2003). This, again, sug-
gests that the ozone depletion signal is much larger than
the one associated with greenhouse gas increases. Con-
trary to naı̈ve expectations, moreover, themodel response
to ozone depletion is not confined to the polar regions, but
rather extends throughout the entire Southern Hemi-
sphere, as we show next.

b. Midlatitude jet and annular mode response

Accompanying the substantial lifting of the SH polar
tropopause, we find that the entire midlatitude jet shifts
poleward, as illustrated in Fig. 4, where the DJF zonal
mean, zonal wind differences from the reference inte-
grations are presented (the solid black contours in each
panel indicate the zonalmean, zonal wind for theREF1960
integration). A simple visual inspection should make it
clear that the shift associated with polar ozone depletion is
considerably larger than the one associated with green-
house gas increases. For instance, in the GHG2000

FIG. 4. As in Fig. 2, but for the zonal wind component. In all panels the contour interval is 1 m s21. Black contours
show the zonal mean, time mean, DJF zonal winds for the REF1960 integration, with contour intervals of 5 m s21.
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effect is similar to increasing greenhouse gas loading in the
middle atmosphere alone [Sigmond et al., 2004]. This
second GCM run simulates the response to an increase in
tropopause height (Figure 5b) and is designed to isolate the
effect of the changes in tropopause height from everything
else. Recently, Haigh et al. [2005] and Williams [2006]
performed identical experiments for a range of stratospheric
equilibrium temperatures.
[14] The difference in lapse rate between the raised

tropopause and the control for the simple GCM is similar
to the IPCC models, especially at the extratropical tropo-
pause (Figure 6). The differences between the IPCC models
and the simple GCM are in the tropical stratosphere and the
troposphere. These are the same regions where the green-
house gas-induced change in lapse rate is not attributable to
a simple upward shift in the vertical lapse rate profile (see
section 3.1).
[15] The zonal wind changes that accompany the changes

in the tropopause height in the simple GCM are qualita-
tively similar to the IPCC model changes even though the
forcing in the GCM is very idealized. Both plots show
positive tropospheric anomalies on the poleward flank of
the jet and smaller negative anomalies on the equatorward
side of the jet (Figure 6). These changes in the zonal wind
correspond to a strengthening and shifting of the midlatitude

jet in both the IPCC models and the simple GCM. The
magnitude of the zonal wind change as a percent of the
daily standard deviation in zonal-mean zonal wind is: 80%
for the simple GCM, 100% for the Southern Hemisphere
(IPCC) and 15% in the Northern Hemisphere. At first
glance, the zonal wind changes in the Northern Hemisphere
troposphere seem different until one notices that the clima-
tological jet maximum in the NH tilts equatorward with
height. This tilt in the climatological winds means that wind
changes corresponding to a jet shift must also tilt equator-
ward with height. This tilt of the zonal wind anomalies is
also evident in SH winter (Figure 3c). This strengthening
and poleward shift of the tropospheric jets is a robust
response to increases in tropopause height [Williams, 2006].
[16] In addition to the zonal-mean zonal wind changes,

we also look at the changes in the submonthly transient
statistics in the IPCC models with available daily-mean
data. We show the results of one model (GFDL) because it
has daily-mean data from 1000 hPa to 10 hPa. The other
models only have data up to 200 hPa. We believe the results
of the GFDL model are robust because the other models
agree at levels where they overlap. Also, because the simple
GCM has no imposed zonal asymmetries, we compare
the transient statistics (i.e., products of departures from the
time-mean, including zonal-mean perturbations) of the IPCC
models to the eddy statistics (products of departures from the
zonal-mean, including any time-mean zonal asymmetries) of
the simple GCM.
[17] In Figure 7a, the positive changes in the transient

kinetic energy are above and to the poleward side of the
climatological transient kinetic energy. The negative
changes in the transient kinetic energy, on the other hand,
are smaller in size and located below and to the equatorward
side of the climatological kinetic energy. A similar change
in the eddy kinetic energy is also seen in the simple model
in response to a raised tropopause (Figure 7b). The key
point is the similarity in the relationship between the
climatological kinetic energy and the change in kinetic
energy for both the IPCC models and the simple GCM.
The pattern of the observed changes suggests a strengthen-
ing and a poleward and upward displacement of the
climatological transient kinetic energy. A very similar
change is also noted by Kushner et al. [2001] and Yin
[2005].
[18] For the transient momentum flux, one also sees a

pattern that suggests a strengthening and a poleward and
upward shift of the climatology in both the GFDL model
and the simple GCM. Both models show a large change,
which is the same sign as the climatology, on the upward
and poleward side of the climatology and a weaker anomaly
of the opposite sign on the downward and equatorward side
(the contour interval for the simple GCM plot is to large to
show this).
[19] For the heat fluxes (T0v0), one sees large increases in

the stratosphere for both models. In the troposphere, how-
ever, we see significant differences between the GFDL
model and the simple GCM. The GFDL model (as well
as the other models with archived daily data) shows a weak
dipole pattern above 700 hPa in the troposphere while the
simple GCM has a stronger monopole on the poleward side
of the climatology at most pressure levels except at the
tropopause there is a weak anomaly of the opposite sign

Figure 5. (a) The ‘‘equilibrium’’ temperature for the
control run of the simple GCM (Kelvin). (b) Vertical profile
of the ‘‘equilibrium’’ temperature of the control (dotted) and
the raised tropopause (solid) at 46 degrees latitude.
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changes poleward of the jet are key to the zonal wind
response. We then regress the change in temperature at each
latitude and level on this xi index:

1

n ! m !
X

i¼1;n!m
xi ! DTi #DT

! "

#

sxi ; ð2Þ

where n and m are the number of models and months,
respectively, and s stands for the standard deviation. The

Figure 8. The change in zonal-mean lapse rate (shaded)
and zonal wind (contour) in the simple GCM relative to the
control for (a) the tropopause raised everywhere, (b) the
tropopause raised poleward of the jet, and (c) the tropopause
raised equatorward of the jet.

Figure 9. Zonal-mean zonal wind response (relative to a
control run) of GCM experiments with applied, localized
heating. (a) EOF1 of the control run. (b) The zonal wind
response projected on EOF1 of the control run as a function
of the pressure level of the applied heating. The heating is
applied from 35!N to 55!N and is 150 hPa deep. The units
are the maximum EOF1 response in m/s (i.e., the amplitude of
zonal wind response at the centers of action of EOF1). (c) The
zonal wind response projected on EOF1 of the control run as a
function of both latitude and pressure. The applied heating is
20! latitude wide and 150 hPa deep. The tropopause is plotted
with a thick dotted line.
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Enhanced Mid-Latitude Tropospheric
Warming in Satellite Measurements
Qiang Fu,1,2* Celeste M. Johanson,1 John M. Wallace,1 Thomas Reichler3

B
oreal summers that follow strong El
NiDo 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 NiDo/
Southern Oscillation (ENSO)–induced, positive–
sea-surface temperature (SST) anomalies in the
Indian and western Pacific Ocean Bwarm pool[
regions (1). 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 (1, 2).

From 1979 onward, the most pronounced
SST warming has occurred within this same
Bwarm 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-

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 NiDo (1) 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
centered around 30- lati-
tude in both hemispheres.
Because 30- latitude corre-
sponds to the latitude of the
tropospheric jet streams, it
can be inferred that the
downward slope of the pres-
sure surfaces toward the
poles has been increas-
ing on the poleward flanks
of the jet streams and de-
creasing on the equatorward
flanks. Such a reshaping of
the pressure surfaces would
have the effect of shifting
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 È1-
latitude in both summer
and winter seasons (6). Be-
cause the jet streams mark
the poleward limit of the
tropical Hadley circulation,

a systematic poleward shift of the jet streams
implies that the tropical circulation has widened
by È2- 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 (8–10). 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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Fig. 1. Global and latitudinal distributions of atmospheric temperature
trends for 1979 to 2005 based on satellite-borne MSU observations.
(A and C) Stratospheric trends with a global mean of –0.33 K per
decade. (B and D) Tropospheric trends with a global mean of þ0.20 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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over large parts of the oceans, and are subject to a host of
complications, including changing instrument types and obser-
vation practices16,17, which confound analyses of climate trends.
The MSU, since 1979, and its successor, the Advanced MSU

(AMSU), from 1998, provide a global measure of temperature for
several atmospheric layers from NOAA polar-orbiting satellites.
Although the original purpose of MSU measurements was to
improve weather forecasts, a continuing data-analysis effort has
been made to satisfy climate research requirements of homogeneity
and calibration1,2,10,18–24. Several important non-climatic influences
have been identified and removed, including diurnal temperature
biases related to local sampling times of the satellite and their
changes over its lifetime, errors in the MSU calibration, and biases
due to decay of the satellite orbits. Recent analyses ofMSUchannel 2
(most sensitive to the mid-troposphere) by the University of
Alabama at Huntsville (UAH) and the Remote Sensing Systems
(RSS) teams find temperature trends of 0.01 K per decade1 and 0.1 K
per decade2, respectively, during 1979–2001. This trend difference is
mainly due to differences in data adjustments related to instrument
calibration and diurnal drift correction2. The purpose of this Letter
is not to reconcile the trend differences between these two research
teams, but to address the question of whether the MSU data really
imply small or negligible tropospheric warming over the past two
decades. We argue that the trends reported by both teams for the
‘mid-tropospheric’ channel are substantially smaller than the actual
trend of the mid-tropospheric temperature.
To infer the temperature of the mid-troposphere, we use two

microwave channels: MSU channels 2 and 4 (or AMSU channels
5 and 9). Their weighting functions are shown in Fig. 1a. The
weighting function for MSU channel 2 (or AMSU channel 5) peaks
at ,550 hPa (,4.5 km). Thus the MSU Channel 2 brightness
temperatures (T2) have often been used to represent mid-tropo-
spheric temperatures1,2,3,8,15,22,24. The MSU channel 4 (or AMSU
channel 9), whose weighting function peaks at,85 hPa (,18 km),
has been used to represent stratospheric temperatures1,3,8,15.
As ,85% of the signal for T2 comes from the troposphere and

surface, it is not a bad approximation to say that the seasonal and
interannual variations of mean deep-layer temperature in the
troposphere can be well represented by T2. However, this might
not be the case for trends. Figure lb shows simulated changes of T2

owing to changes of tropospheric and stratospheric temperatures,
and indicates that T2 remains constant when the changes in tropo-
spheric and stratospheric temperatures have a ratio of about 21/5.
This is because the vertical integral of the weighting function from
the surface to tropopause, near 200 hPa, is about 5 times the integral
above the tropopause. For example, if the tropospheric temperature
trendwere 0.15K per decade and the stratospheric trend were20.8K
per decade, the trend of T2 would be close to zero. Intriguingly, this
scenario resembles what may actually be the case in the atmosphere.
The temperature trend in the lower stratosphere (15 to 23 km), as
obtained from radiosondes and satellite observations, is about20.5
to 20.9K per decade for the last 20 years1,3,4,9. Therefore, because of
the combined influence of stratospheric and tropospheric changes,
T2 trends are not an ideal indicator of global climate change. To
derive the tropospheric temperature trends, the effects of strato-
spheric cooling on T2 must be taken into account.
Although a stratospheric influence on the T2 trend has long been

recognized20,25,26, it has never been well quantified. The UAH team
created a synthetic channel called T2LT, where LTmeans ‘low-middle
troposphere’1,19,25, by subtracting signals at different view-angles of
MSU channel 2. However, this approach amplifies noises, increases
satellite inter-calibration biases, and may introduce other compli-
cations involving effects of changes in surface emissivity and of
mountainous terrain2,19,20,24–28. For these reasons, the T2LT record
is now receiving less attention than the better-calibrated T2

record2,15,22,24. Here we develop an alternative method to remove
the stratospheric contribution, which should be free of the compli-

cations afflicting T2LT, by making use of data from MSU channel 4.
The MSU channel 4 brightness temperature (T4) is sensitive

mainly to stratospheric temperature changes (Fig. lc), so it can be
used to remove the contribution of the stratosphere to T2. We define
the free-tropospheric temperature as the mean temperature between
850 and 300 hPa (T850-300; ref. 3). We derive this temperature from
the measured brightness temperatures of MSU channels 2 and 4, as:

T8502300 ¼ a0 þ a2T2 þ a4T4 ð1Þ
To obtain these three coefficients, we use global-, hemispheric- and
tropical-average monthly temperature anomaly profiles from radio-
sonde observations at 87 stations, for the period 1958–97 (ref. 17).
The radiosonde data at the surface and at 15 pressure levels between
1,000 and 10hPa are used to derive temperature anomalies for the
850–300-hPa layer as well as for MSU channels 2 and 4 (ref. 3). The
coefficients in equation (1) are then obtained by least-squares
regression (see Supplementary Table 1 for the values). For global-
average anomalies, a2 is 1.156 and a4 is20.153. The effective vertical
weighting function for T850-300 (that is, a2W2 þ a4W4, where W2,4

are the physical weighting functions for T2,4) peaks at the same level
as T2 but is 15% larger. In the stratosphere it is negative above
,100 hPa and positive below, so that the integrated contribution of
the stratosphere becomes near-zero. The effective weighting function
may have a negative part25; this is different from the physical
weighting function, which must be positive everywhere.

The success of equation (1) in predicting T850-300 from T2 and T4

is shown in Supplementary Fig. 1. The global-average anomalies of
850–300-hPa layer temperature, as derived from the radiosonde-
simulated T2 and T4, closely follow those directly observed by
radiosondes for the period 1958–79. The correlation coefficient is
0.984, with a root-mean-square error of 0.065K. The trend differ-
ences are only about 0.001K per decade. The T4 time series can

Figure 1 Atmospheric weighting functions and brightness temperature responses.

a, Weighting function profiles for MSU channels 2 and 4 over ocean1,2. The boundary

between the troposphere and the stratosphere (the tropopause) is shown at 200 hPa. The

satellite-observed brightness temperature, Tb , can be expressed in the form:

T b ¼ T sW s þ
ð1

0
T ðz ÞW ðz Þdz

where Ts is the surface temperature, Ws the surface contribution factor, T(z ) the

atmospheric temperature profile, and W (z ) the weighting function. Thus the weighting

function describes the relative contributions of atmospheric temperatures at different

heights to the brightness temperatures observed by the satellite. b, Responses of MSU
channel 2 brightness temperature to changes in stratospheric and tropospheric

temperatures assuming a US Standard Atmosphere and a surface emissivity of 0.5.

Contours and axes are both labelled in K. c, Same as b but for MSU channel 4.
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Fig. 4. Time evolution of zonal-mean seasonal HIRS OLR in the Northern Hemisphere. The OLR unit is Wm−2, and color interval is
10Wm−2. The 250Wm−2 OLR contour is the line between pale blue and yellow colors. (a) DJF, (b)MAM, (c) JJA, and (d) SON.

autumn. In contrast, trends in the boreal winter and spring are
either very small or slightly negative (equatorward shrinking
of the northern branch). The extension in the summer and au-
tumn seasons is about 2.5◦ in these reanalyses except in the
ERA40 where it goes up to 5◦ in JJA. Similarly, the poleward
extension of the southern branch mainly occurs in the austral
summer and autumn (Fig. 3b). The poleward shifts of the
poleward edges in these seasons since 1979 are about 1.0◦,
2.0◦, and 3.0◦, respectively, in the ERA40, NCEP/NCAR,
and NCEP/DOE reanalyses, which are generally smaller than
those for the northern branch. Note that in both hemispheres
student t-test values for the summer and autumn trends in
Figs. 3a and b are all larger than 2.0 (above the 95% con-
fidence level), whereas the relatively weak trends in winter
and spring in both hemispheres are statistically insignificant.
Figure 3c shows the total expansion of the Hadley circula-

tion in three reanalyses for four seasons. The total expansion
is the summation of trends in Figs. 3a and b. The seasonal
expansions from NCEP/NCAR and NCEP/DOE in last 27
years are about 2.7◦ and 3.1◦, respectively, with little sea-
sonal dependence. However, the expansion in ERA40 ranges
from about 1◦ in March-May (MAM) to about 5◦ in June–
August (JJA). Such a large seasonal variation in the total ex-
pansion, which is inconsistent with the other two reanalyses
and the OLR results (as will be discussed below), could be
largely due to the problems in ERA40 (Trenberth and Smith,

2006). But the annual-mean expansion of the Hadley circu-
lation from ERA40 is 2.6◦ (that can be roughly converted to
2.9◦ by linearly extrapolating to last 27 years), which agrees
well with those from NCEP/NCAR and NCEP/DOE. The
agreement among three reanalysis results is very encourag-
ing, particularly in view of the significant differences in the
climatological states of the Hadley circulation in these re-
analyses (Mitas and Clement, 2005): the intensity of the
Hadley circulation from ERA40 is much stronger than that in
NCEP/NCAR and NCEP/DOE, while the maximumMMS in
NCEP/DOE (at about 800 hPa) is centered much lower than
those in ERA40 and NCEP/NCAR (at about 450 hPa). It is
obvious that in all three reanalyses the Hadley circulation has
become wider in almost all seasons during the past 24–27
years.

4 Poleward expansion in OLR

The subsidence regions of the Hadley circulation, because of
the dryness of the troposphere and lack of high clouds, can be
identified as the region with high OLR. For the OLR records
the locations of the poleward edges of the Hadley circulation
are roughly defined as the most poleward latitude at which
the zonal mean OLR is equal to 250Wm−2. Figure 4 shows
the zonally averaged temporal evolution of the OLR from the
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Fig. 1. Time evolution of zonal mean meridional mass streamfunc-
tion (MMS) at 500 hPa in NH for September-November (SON)
from three reanalyses. The unit of MMS is 1.0×1010 kg s−1 and
the color interval is 2.0×1010 kg s−1.

2 Data and methods

The three reanalysis datasets used in this study are from the
European Centre for Medium-Range Weather Forecasts (Up-
pala et al., 2005), the National Center for Environmental Pre-
diction/National Center for Atmospheric Research (Kalnay
et al., 1996) and the National Center for Environmental

Prediction/Department of Energy (Kanamitsu et al., 2002).
For simplicity, they are denoted by ERA40, NCEP/NCAR,
and NCEP/DOE, respectively. The ERA40 reanalysis used
here is from January 1979 to August 2002 (24 years), and
NCEP/NCAR and NCEP/DOE reanalyses are from Jan-
uary 1979 to December 2005 (27 years). In the analyses
of these three datasets, we use the mean meridional mass
stream-function (MMS) to characterize the Hadley circula-
tion. MMS is obtained by vertically integrating monthly
meridional winds in the conventional way (Holton, 1994).
Clockwise circulation (the northern cell) is defined as posi-
tive, and anti-clockwise circulation (the southern cell) is de-
fined as negative. The locations of poleward edges of the
Hadley circulation are identified as the latitudes where MMS
equals 0 kg s−1, which are obtained using linear interpola-
tion. Poleward expansion since 1979 is estimated by calcu-
lating linear trends of the edge latitudes. The total expansion
of the Hadley circulation is then obtained from the summa-
tion of the trends in these edge latitudes in Northern Hemi-
sphere (NH) and Southern Hemisphere (SH).
The three OLR records used here are the High-

Resolution Infrared Radiation Sounder (HIRS) Pathfinder
dataset (Mehta and Susskind, 1999), the International Satel-
lite Cloud Climatology Project (ISCCP) version FD dataset
(Zhang et al., 2004), and the Global Energy and Water Cy-
cle Experiment (GEWEX) Radiative Flux Assessment (RFA)
dataset (Stackhouse, 2004). The periods are from Decem-
ber 1979 to August 2003 for HIRS (24 years) and from De-
cember 1983 to November 2004 for the ISCCP and GEWEX
datasets (21 years). Although the most reliable long-term
OLR record is from the active cavity broadband non-scanner
wide field of view instruments on the Earth Radiation Bud-
get Satellite (ERBS) (Wong et al., 2006), we did not use this
dataset because of its low horizontal resolution. However,
it is shown that the observed decadal changes in the HIRS
Pathfinder OLR and the ISCCP FD record are similar to the
OLR changes from ERBS (Wong et al., 2006). The subsi-
dence regions associated with the Hadley circulation, due to
their dry troposphere and lack of high clouds, can be identi-
fied as the region with high OLR. For the OLR records the
locations of the poleward edges of the Hadley circulation are
defined as the most poleward latitudes where the zonal-mean
OLR equals 250Wm−2. In this study all variables are ana-
lyzed in terms of zonally averaged values.

3 Poleward expansion in reanalyses

Figure 1 shows the MMS latitude-time plots on the 500 hPa
pressure surface for September-November (SON) season
(autumn) from the three reanalyses. The band with colors
from yellow to dark red indicates the time evolution of the
northern branch of the Hadley circulation and the blue band
over the tropics is part of the southern branch. In all three
plots, the northern edge of the tan band exhibits a systematic
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Fig. 2. Same as Fig. 1, except for the SH autumn (March–May).

poleward trend from 1979 onward. For ERA40, the linear
trend in the location of the northern edge is about 2.1◦ lati-
tude from 1979 to 2002, with a statistical significance above
the 95% confidence level (student t-test value is 2.32). For
NCEP/NCAR and NCEP/DOE, the poleward extensions are
1.9◦ and 2.5◦ of latitude from 1979 to 2005, respectively,
with a statistical significance above the 98% confidence level
(student t-test values are about 2.52). From Fig. 1, we can
find that the poleward extension of the northern Hadley cir-

Fig. 3. Poleward shifts of poleward edges of the Hadley circula-
tion from three reanalyses, averaged from 400 to 600 hPa. (a) The
northern branch, (b) the southern branch, and (c) total poleward
expansion. Positive trends indicate poleward shifts of the Hadley
circulation and negative values indicate equator-ward shifts. The
ERA40 is for 1979–2002 while the NCEP/NCAR and NCEP/DOE
are for 1979–2005. For each branch, statistical significance of the
trends in the hemisphere summer and autumn is above the 95% con-
fidence level, whereas the relatively weak trends in the hemisphere
winter and spring have significant levels below the 90% confidence
level.

culation branch appears to be a systematic robust feature of
the analyses, but not to be caused due to the Southern Oscil-
lation/El Nino events. In addition, the significant poleward
expansion is not limited over the period since 1979. It is
also found in ERA40 and NCEP/NCAR reanalyses since the
1950s. Because reanalyses before 1979 are less reliable due
to not including satellite observations, trend analyses before
1979 are not shown. Moreover, to compare with the results
derived from OLR datasets, we focus on the period for 1979–
2005.
A poleward extension is also found for the southern

Hadley-circulation branch. Figure 2 shows the latitude-time
plot of the Southern Hemisphere (SH) MMS at 500 hPa for
March-May (MAM) season (autumn) from the same three
reanalyses. The band with colors from shallow to dark blue
indicates the time evolution of the southern branch of the
Hadley circulation. Similar to that of the northern branch,
the poleward edges of the southern branch in all the three
datasets demonstrate systematic southward expansions. The
largest southward expansion is found in NCEP/DOE, with
magnitude close to 3.0 degree latitudes over the 27 years.
All the trends are statistically significant.
Trends in edge latitudes, averaged from 400 to 600 hPa, for

four seasons and for both branches are summarized in Fig. 3.
For the northern branch (Fig. 3a), the poleward extension in
all three reanalyses mainly occurs in the boreal summer and
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Fig. 2. Same as Fig. 1, except for the SH autumn (March–May).

poleward trend from 1979 onward. For ERA40, the linear
trend in the location of the northern edge is about 2.1◦ lati-
tude from 1979 to 2002, with a statistical significance above
the 95% confidence level (student t-test value is 2.32). For
NCEP/NCAR and NCEP/DOE, the poleward extensions are
1.9◦ and 2.5◦ of latitude from 1979 to 2005, respectively,
with a statistical significance above the 98% confidence level
(student t-test values are about 2.52). From Fig. 1, we can
find that the poleward extension of the northern Hadley cir-

Fig. 3. Poleward shifts of poleward edges of the Hadley circula-
tion from three reanalyses, averaged from 400 to 600 hPa. (a) The
northern branch, (b) the southern branch, and (c) total poleward
expansion. Positive trends indicate poleward shifts of the Hadley
circulation and negative values indicate equator-ward shifts. The
ERA40 is for 1979–2002 while the NCEP/NCAR and NCEP/DOE
are for 1979–2005. For each branch, statistical significance of the
trends in the hemisphere summer and autumn is above the 95% con-
fidence level, whereas the relatively weak trends in the hemisphere
winter and spring have significant levels below the 90% confidence
level.

culation branch appears to be a systematic robust feature of
the analyses, but not to be caused due to the Southern Oscil-
lation/El Nino events. In addition, the significant poleward
expansion is not limited over the period since 1979. It is
also found in ERA40 and NCEP/NCAR reanalyses since the
1950s. Because reanalyses before 1979 are less reliable due
to not including satellite observations, trend analyses before
1979 are not shown. Moreover, to compare with the results
derived from OLR datasets, we focus on the period for 1979–
2005.
A poleward extension is also found for the southern

Hadley-circulation branch. Figure 2 shows the latitude-time
plot of the Southern Hemisphere (SH) MMS at 500 hPa for
March-May (MAM) season (autumn) from the same three
reanalyses. The band with colors from shallow to dark blue
indicates the time evolution of the southern branch of the
Hadley circulation. Similar to that of the northern branch,
the poleward edges of the southern branch in all the three
datasets demonstrate systematic southward expansions. The
largest southward expansion is found in NCEP/DOE, with
magnitude close to 3.0 degree latitudes over the 27 years.
All the trends are statistically significant.
Trends in edge latitudes, averaged from 400 to 600 hPa, for

four seasons and for both branches are summarized in Fig. 3.
For the northern branch (Fig. 3a), the poleward extension in
all three reanalyses mainly occurs in the boreal summer and

www.atmos-chem-phys.net/7/5229/2007/ Atmos. Chem. Phys., 7, 5229–5236, 2007

NCEP/NCAR	  ψ500	  (streamfunc@on)	  

5232 Y. Hu and Q. Fu: The Hadley circulation

Fig. 4. Time evolution of zonal-mean seasonal HIRS OLR in the Northern Hemisphere. The OLR unit is Wm−2, and color interval is
10Wm−2. The 250Wm−2 OLR contour is the line between pale blue and yellow colors. (a) DJF, (b)MAM, (c) JJA, and (d) SON.

autumn. In contrast, trends in the boreal winter and spring are
either very small or slightly negative (equatorward shrinking
of the northern branch). The extension in the summer and au-
tumn seasons is about 2.5◦ in these reanalyses except in the
ERA40 where it goes up to 5◦ in JJA. Similarly, the poleward
extension of the southern branch mainly occurs in the austral
summer and autumn (Fig. 3b). The poleward shifts of the
poleward edges in these seasons since 1979 are about 1.0◦,
2.0◦, and 3.0◦, respectively, in the ERA40, NCEP/NCAR,
and NCEP/DOE reanalyses, which are generally smaller than
those for the northern branch. Note that in both hemispheres
student t-test values for the summer and autumn trends in
Figs. 3a and b are all larger than 2.0 (above the 95% con-
fidence level), whereas the relatively weak trends in winter
and spring in both hemispheres are statistically insignificant.
Figure 3c shows the total expansion of the Hadley circula-

tion in three reanalyses for four seasons. The total expansion
is the summation of trends in Figs. 3a and b. The seasonal
expansions from NCEP/NCAR and NCEP/DOE in last 27
years are about 2.7◦ and 3.1◦, respectively, with little sea-
sonal dependence. However, the expansion in ERA40 ranges
from about 1◦ in March-May (MAM) to about 5◦ in June–
August (JJA). Such a large seasonal variation in the total ex-
pansion, which is inconsistent with the other two reanalyses
and the OLR results (as will be discussed below), could be
largely due to the problems in ERA40 (Trenberth and Smith,

2006). But the annual-mean expansion of the Hadley circu-
lation from ERA40 is 2.6◦ (that can be roughly converted to
2.9◦ by linearly extrapolating to last 27 years), which agrees
well with those from NCEP/NCAR and NCEP/DOE. The
agreement among three reanalysis results is very encourag-
ing, particularly in view of the significant differences in the
climatological states of the Hadley circulation in these re-
analyses (Mitas and Clement, 2005): the intensity of the
Hadley circulation from ERA40 is much stronger than that in
NCEP/NCAR and NCEP/DOE, while the maximumMMS in
NCEP/DOE (at about 800 hPa) is centered much lower than
those in ERA40 and NCEP/NCAR (at about 450 hPa). It is
obvious that in all three reanalyses the Hadley circulation has
become wider in almost all seasons during the past 24–27
years.

4 Poleward expansion in OLR

The subsidence regions of the Hadley circulation, because of
the dryness of the troposphere and lack of high clouds, can be
identified as the region with high OLR. For the OLR records
the locations of the poleward edges of the Hadley circulation
are roughly defined as the most poleward latitude at which
the zonal mean OLR is equal to 250Wm−2. Figure 4 shows
the zonally averaged temporal evolution of the OLR from the
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Fig. 5. Same as Fig. 4, except for the Southern Hemisphere.

HIRS Pathfinder for four seasons in NH. The poleward ex-
tension of the northern Hadley-circulation branch based on
the 250Wm−2 OLR is about 2.14◦, 2.75◦, 2.56◦ and 2.67◦

in latitude for the four seasons, respectively, as shown in
Fig. 6a. One can alternatively use other OLR contours to
measure the poleward expansion. But results do not change
very much. For example, the poleward expansion of contour
240Wm−2 is about 2.05◦, 3.11◦, 3.07◦ and 3.04◦ in latitude
for the four seasons. The consistent poleward expansion of
different OLR contours can be clearly seen in Fig. 4.
Significant poleward extension in the Southern Hemi-

sphere can also be found in HIRS OLR datasets. Time evolu-
tion of zonal-mean HIRS OLR in the Southern Hemisphere
is illustrated in Fig. 5. Similar to the Northern Hemisphere,
the 250Wm−2 OLR contour shows poleward (southward)
expansion in all the four seasons, with a magnitude of about
2.0◦ latitudes. In contrast to the reanalysis results, these
trends in OLR-contour latitudes in both hemispheres exhibit
similar magnitudes for all seasons. At the current stage, it
is not clear to us why there is a difference in the seasonal
dependence between the reanalyses and OLR datasets. Our
research is currently under way to investigate such a differ-
ence.
The OLR temporal evolutions in ISCCP FD and GEWEX

RFA are similar to those in Figs. 4 and 5 (not shown). Figures
6a and b summarize the trends in latitudes of the 250Wm−2

OLR contour from the three OLR datasets for both hemi-

spheres. Trends from the HIRS OLR are largest, while trends
from GEWEXOLR are smallest (generally less than 1.0◦ lat-
itude). Again, the trends have no significant seasonality.
Figure 6c shows that the total expansion of the Hadley

circulation, indicated by the HIRS Pathfinder OLR, is about
4.5◦ latitude for 1980–2003. The total expansions in ISSCP
and GEWEXOLR datasets are about 3.5◦ and 2.0◦ for 1984–
2004, which can be roughly linearly extrapolated to 4.0◦ and
2.3◦ for 1980–2003, respectively. The trends from ISSCP
and GEWEX also exhibit little seasonal variations in magni-
tudes. For ISCCP, the range of the total expansion is from
about 2.0◦ in December–February (DJF) to about 4.0◦ in
MAM, which is still much less than the seasonal dependence
in ERA40. Regardless of the details, our analyses based on
different observational datasets (three reanalyses and three
OLR datasets) in terms of different physical quantities (MMS
versus OLR) all indicate an expansion of the Hadley circu-
lation during the last 24–27 years, ranging from about 2.0 to
4.5 degrees of latitude.
The poleward expansion of the Hadley circulation can be

also measured by the poleward shift of the jet streams be-
cause the subtropical jet streams mark the poleward limit of
the tropical Hadley circulation. We derived the poleward
shifts of subtropical jet streams for different seasons using
the MSU-inferred tropospheric temperature trends for 1979–
2005 (Mears et al., 2003; Fu et al., 2004; Johanson and Fu,
2006) using the geostrophic relation. It is found that the
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hereafter referred to as the jet stream wind speed,
obtained from the ERA-40 dataset for all grid points
(the pattern of WS from NCEP/NCAR is almost identical
and is shown in the auxiliary material Figure S1).1 Figure
1a shows wind maxima to the East of the continents in
the Northern Hemisphere, and to the East of Australia
and to the South of Africa in the Southern Hemisphere,
as observed [Koch et al., 2006]. Seasonal differences
between the two hemispheres were also found (Figures 1c
and 1e). The NH jet forms a nearly continuous band
between northern Africa and Hawaii in DJF (Figure 1),
but it shifts northward, fragments, and weakens in JJA. In
the SH, the Polar jet is omnipresent in all seasons, with
wind speed maxima south of Africa; the SH sub-Tropical
jet is only present in JJA as a nearly continuous band
between Australia and South America.
[8] Given mass and wind speed at each pressure level z

between 400 and 100 hPa, for each horizontal grid cell, the
mass-flux weighted pressure P is defined as:

Pi; j ¼

P
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where pk is the pressure at level k. P represents the average
pressure of flows near the tropopause, and therefore the
average altitude of these flows. Because jet streams are

found near the tropopause, we can use P to characterize the
height of both the jet streams and the tropopause. In both
hemispheres, the jet streams are lower (and closer to the
poles) in the summer than they are in the winter, but the NH
jets are generally lower than the SH jets (Figures 2a, 2c, and
2e for the ERA-40 and auxiliary material Figure S2 for the
NCEP/NCAR). In the NH, the jets are lowest downwind of
their wind speed maxima, whereas in the SH the jets are
lowest where they are fastest.
[9] Given the total mass-flux between 400 and 100 hPa,

we calculate the mass-flux weighted latitude in the NH for
each longitude i in the gridded reanalysis fields as follows:

LNHi ¼

P
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where fi, j is the grid cell latitude. We use this integrated

value LNH to characterize the latitude of the NH jet stream at
each longitude i. The following latitude bands will be used
in equation (3), and in the rest of the paper, to define the
three jet streams: 15N-70N for the NH, 40S-15S for the
SHT, and 70S-40S for the SHP jets. These intervals were
chosen based on zonal mean wind speeds (not shown).
[10] Because these jet stream properties are, by design,

weighted averages over large volumes (i.e., all grid cells
between the 400 and 100 hPa levels within a given latitude
band worldwide), it is possible that trends occurring in a
sub-volume are partially masked by the lack of trends in other
sub-volumes. Trends in jet stream properties calculated in

1Auxiliary materials are available in the HTML. doi:10.1029/
2008GL033614.

Figure 1. Jet stream wind speed from the ERA-40 reanalyses in 1979–2001: (a, c, e) annual, DJF, and JJA averages (m/s);
(b, d, f ) linear regression trends (m/s/decade), hatched where statistically significant (P-value <0.15), taking auto-correlation
into account.
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of the tropopause and a shift of the jets equatorward,
therefore confirming that the stratospheric cooling expected
from anthropogenic emissions would cause a poleward (and
upward) shift of the jets.

[14] An increase in jet stream altitude implies a negative
change in pressure and is reflected in a negative pressure
trend in Table 1. All jet streams had negative pressure trends
(except for a non-significant positive trend in the SHT jet

Figure 3. Annual, DJF, and JJA: anomalies from the 23-year (1979–2001) average latitude, average pressure (hPa, as a
measure of altitude), and average wind speed (m/s) of the Northern Hemisphere (NH), Southern Hemisphere sub-Tropical
(SHT), and Southern Hemisphere Polar (SHP) jet streams from the ERA-40 reanalyses. Positive latitude trends in the
northern hemisphere indicate a poleward shift in the jet stream, as do negative trends in the southern hemisphere.

Table 1. Statistical Regression Analysis of Annual Averages of Latitude, Altitude, and Wind Speed for Each Jet Stream From Both the
ERA-40 and the NCEP/NCAR Datasets in 1979–2001a

Parameter Jet Stream Dataset Slope Per Decade Correlation Coefficient P-value

Latitude, deg NH ERA-40 0.165 0.363 0.096
NCEP 0.185 0.399 0.064

SHT ERA-40 !0.063 !0.268 0.215
NCEP !0.111 !0.445 0.033

SHP ERA-40 !0.073 !0.222 0.308
NCEP !0.101 !0.279 0.195

Pressure, hPa NH ERA-40 !0.419 !0.545 0.009
NCEP !0.036 !0.066 0.765

SHT ERA-40 !0.412 !0.458 0.027
NCEP 0.017 0.022 0.920

SHP ERA-40 !0.832 !0.746 <0.001
NCEP !0.410 !0.506 0.013

Wind speed, m/s NH ERA-40 !0.156 !0.287 0.183
NCEP !0.182 !0.337 0.115

SHT ERA-40 !0.365 !0.381 0.214
NCEP !0.422 !0.429 0.153

SHP ERA-40 0.237 0.251 0.336
NCEP 0.404 0.429 0.045

aNH = Northern Hemisphere, SHT = Southern Hemisphere sub-Tropical, and SHP = Southern Hemisphere Polar. Bold values indicate P-values that have
been corrected to take into account the auto-correlation of the series, if greater than 0.15.
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hereafter referred to as the jet stream wind speed,
obtained from the ERA-40 dataset for all grid points
(the pattern of WS from NCEP/NCAR is almost identical
and is shown in the auxiliary material Figure S1).1 Figure
1a shows wind maxima to the East of the continents in
the Northern Hemisphere, and to the East of Australia
and to the South of Africa in the Southern Hemisphere,
as observed [Koch et al., 2006]. Seasonal differences
between the two hemispheres were also found (Figures 1c
and 1e). The NH jet forms a nearly continuous band
between northern Africa and Hawaii in DJF (Figure 1),
but it shifts northward, fragments, and weakens in JJA. In
the SH, the Polar jet is omnipresent in all seasons, with
wind speed maxima south of Africa; the SH sub-Tropical
jet is only present in JJA as a nearly continuous band
between Australia and South America.
[8] Given mass and wind speed at each pressure level z

between 400 and 100 hPa, for each horizontal grid cell, the
mass-flux weighted pressure P is defined as:
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where pk is the pressure at level k. P represents the average
pressure of flows near the tropopause, and therefore the
average altitude of these flows. Because jet streams are

found near the tropopause, we can use P to characterize the
height of both the jet streams and the tropopause. In both
hemispheres, the jet streams are lower (and closer to the
poles) in the summer than they are in the winter, but the NH
jets are generally lower than the SH jets (Figures 2a, 2c, and
2e for the ERA-40 and auxiliary material Figure S2 for the
NCEP/NCAR). In the NH, the jets are lowest downwind of
their wind speed maxima, whereas in the SH the jets are
lowest where they are fastest.
[9] Given the total mass-flux between 400 and 100 hPa,

we calculate the mass-flux weighted latitude in the NH for
each longitude i in the gridded reanalysis fields as follows:
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where fi, j is the grid cell latitude. We use this integrated

value LNH to characterize the latitude of the NH jet stream at
each longitude i. The following latitude bands will be used
in equation (3), and in the rest of the paper, to define the
three jet streams: 15N-70N for the NH, 40S-15S for the
SHT, and 70S-40S for the SHP jets. These intervals were
chosen based on zonal mean wind speeds (not shown).
[10] Because these jet stream properties are, by design,

weighted averages over large volumes (i.e., all grid cells
between the 400 and 100 hPa levels within a given latitude
band worldwide), it is possible that trends occurring in a
sub-volume are partially masked by the lack of trends in other
sub-volumes. Trends in jet stream properties calculated in

1Auxiliary materials are available in the HTML. doi:10.1029/
2008GL033614.

Figure 1. Jet stream wind speed from the ERA-40 reanalyses in 1979–2001: (a, c, e) annual, DJF, and JJA averages (m/s);
(b, d, f ) linear regression trends (m/s/decade), hatched where statistically significant (P-value <0.15), taking auto-correlation
into account.
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Hadley-‐cell	  metrics	  
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Hemispheric	  trends	  



Summary	  (part	  1)	  
•  Tropical	  width	  value	  and	  interannual	  varia&ons:	  

–  Good	  agreement	  for	  wind,	  tropopause	  
–  Medium	  agreement	  for	  ψ500,	  OLR	  
–  Poor	  for	  P-‐E	  

•  Tropopause	  trends:	  
–  Absolute	  threshold	  trends	  biased	  high 	  	  
–  Rela&ve	  threshold/gradient	  trends	  in	  agreement,	  insignificant	  
(except	  CFSR)	  

–  No	  hemispheric	  differences	  (except	  NCEP)	  
•  OLR	  trends:	  

–  Absolute	  threshold	  trends	  biased	  high	  
–  Rela&ve	  threshold	  trends	  insignificant	  
–  Some	  significant	  trends	  in	  NH.	  NH	  >	  SH	  



Summary	  (part	  1)	  
•  ψ500	  trends:	  
–  1-‐1.5°	  decade-‐1	  (except	  CFSR)	  

•  P-‐E=0	  trends:	  
–  Poor	  agreement	  
–  Spurious	  SH	  shin	  in	  1987	  in	  JRA	  
–  SH	  shin	  in	  MERRA	  around	  2000	  

•  u	  trends:	  
–  Good	  agreement,	  but	  small,	  insignificant	  

•  No	  correla&on	  between	  ψ500
	  and	  P-‐E	  trends	  

•  Disagreements	  not	  more	  widespread	  in	  SH	  than	  NH	  



Summary	  (part	  2)	  

•  Stratospheric	  WV	  changes	  could	  contribute	  to	  
widening	  
–  IF	  increases	  are	  similar	  to	  those	  pre-‐2000	  
– ~20	  -‐	  50%	  effect,	  rela&ve	  to	  GHG/O3	  

•  Affect	  jet	  more	  than	  Hadley	  cell	  
•  Extratropical	  cooling	  causes	  widening	  
– Tropical	  cooling	  in	  opposite	  direc&on	  
– Tropopause	  height	  change	  secondary	  


