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Wintertime pressure trends 1979-1997

• Trend towards stronger eastward flow ~55 north
• Trends extend from surface to stratosphere.

(Walsh; Graf; Kodera; Hurrell; Thompson/Wallace; etc)

hPa/dec



Wintertime temperature trends 1979-1997

Data from CRU

K/dec

Circulation trends profoundly affect regional climate
(Hurrell; Thompson/Wallace; etc.)



Time series of NAO/NAM

•Trends resemble the Northern annular mode/NAO
•Trends largest through late 1990s.

(Hurrell; Thompson/Wallace; etc.)



  

Peak ~40 m

Pressure trends 1979-2000

• Southern Hemisphere summertime trends.
• Trends resemble the Southern annular mode.

(Thompson/Solomon)
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Figure 3.  Regressions on the SAM index for December–February anomalies: (a and c) $%'#
surface temperatures (shading) and 925 hPa winds (vectors), (b) sea surface $%(#
temperatures (shading) and 925 hPa winds (vectors), and (d) precipitation (shading) and $%)#
925 hPa winds (vectors).  The shading interval is (a and c) 0.1 K, (b) 0.03 K, and (d) 0.15 $'*#
mm day-1. Regressions are based on the 1979-2008 period for New Zealand temperatures, $'!#
New Zealand precipitation, and sea surface temperatures; and on the 1979-2010 period $'+#
for reanalysis winds and Antarctic surface temperatures.  Panel (a) is adapted from ref. 7 $'&#
and based on temperature data described in ref. 114;  panel (b) is adapted from ref. 55.  $'$#
The data in panels (c) and (d) are courtesy of NIWA and Jim Renwick.    $'"#
 $'%#
PANEL E: TO BE ADDED: AS IN 3d BUT FOR AUSTRALIA.$''#

Climate changes associated with the SAM

Sea surface temperatures and winds.
(Lovenduski; Gruber; Ciasto; England; Marshall; Rintoul; Fyfe)
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Figure 3.  Regressions on the SAM index for December–February anomalies: (a and c) $%'#
surface temperatures (shading) and 925 hPa winds (vectors), (b) sea surface $%(#
temperatures (shading) and 925 hPa winds (vectors), and (d) precipitation (shading) and $%)#
925 hPa winds (vectors).  The shading interval is (a and c) 0.1 K, (b) 0.03 K, and (d) 0.15 $'*#
mm day-1. Regressions are based on the 1979-2008 period for New Zealand temperatures, $'!#
New Zealand precipitation, and sea surface temperatures; and on the 1979-2010 period $'+#
for reanalysis winds and Antarctic surface temperatures.  Panel (a) is adapted from ref. 7 $'&#
and based on temperature data described in ref. 114;  panel (b) is adapted from ref. 55.  $'$#
The data in panels (c) and (d) are courtesy of NIWA and Jim Renwick.    $'"#
 $'%#
PANEL E: TO BE ADDED: AS IN 3d BUT FOR AUSTRALIA.$''#

Surface temperatures and winds.
(Thompson/Solomon; Marshall; Schneider)

Climate changes associated with the SAM
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Figure 3.  Regressions on the SAM index for December–February anomalies: (a and c) $%'#
surface temperatures (shading) and 925 hPa winds (vectors), (b) sea surface $%(#
temperatures (shading) and 925 hPa winds (vectors), and (d) precipitation (shading) and $%)#
925 hPa winds (vectors).  The shading interval is (a and c) 0.1 K, (b) 0.03 K, and (d) 0.15 $'*#
mm day-1. Regressions are based on the 1979-2008 period for New Zealand temperatures, $'!#
New Zealand precipitation, and sea surface temperatures; and on the 1979-2010 period $'+#
for reanalysis winds and Antarctic surface temperatures.  Panel (a) is adapted from ref. 7 $'&#
and based on temperature data described in ref. 114;  panel (b) is adapted from ref. 55.  $'$#
The data in panels (c) and (d) are courtesy of NIWA and Jim Renwick.    $'"#
 $'%#
PANEL E: TO BE ADDED: AS IN 3d BUT FOR AUSTRALIA.$''#

Climate changes associated with the SAM

Temperatures, precipitation and winds.



what drives the trends in the atmospheric circulation?

what are the underlying physical mechanisms?



Simulation of Recent Southern
Hemisphere Climate Change

Nathan P. Gillett1* and David W. J. Thompson2

Recent observations indicate that climate change over the high latitudes of the
Southern Hemisphere is dominated by a strengthening of the circumpolar
westerly flow that extends from the surface to the stratosphere. Here we
demonstrate that the seasonality, structure, and amplitude of the observed
climate trends are simulated in a state-of-the-art atmospheric model run with
high vertical resolution that is forced solely by prescribed stratospheric ozone
depletion. The results provide evidence that anthropogenic emissions of ozone-
depleting gases have had a distinct impact on climate not only at stratospheric
levels but at Earth’s surface as well.

Recent climate change in the Southern Hemi-
sphere (SH) is marked by a strengthening of
the circumpolar westerlies in both the strato-
sphere (1–4) and the troposphere (1, 4 ). In
the stratosphere, the trends are largest during
the spring months (2–5); in the troposphere,
they are largest during the summer months
(4 ). In both the stratosphere and the tropo-
sphere, the trends are reflected as a bias in the
leading mode of SH extratropical variability,
the so-called Southern Hemisphere annular
mode (SAM) (6).

Recently, Thompson and Solomon (4)
(hereafter TS) have argued that the trend in the
tropospheric component of the SAM during the
summer months is consistent with forcing by
stratospheric ozone depletion. Their argument
is based on the observations that (i) the strato-
spheric polar vortex has strengthened during the
spring season over the past few decades in
response to the development of the Antarctic
ozone hole (2, 3) and (ii) anomalies in the SH
stratospheric vortex during the spring season
tend to descend in time and are reflected as
similarly signed anomalies in the tropospheric
circulation during the early summer months (4,
7, 8). TS went on to argue that the summertime
trends in the SAM are consistent with the ob-
served cooling of Antarctica during the summer
season and, to a lesser extent, the warming
observed over the Antarctic Peninsula [see (9)
for a recent synopsis of observed trends in
Antarctic surface temperature].

Here we use results from a state-of-the-art
atmospheric model with high vertical resolution
coupled to a mixed-layer ocean model to test
the hypothesis outlined in TS. We demonstrate
that the seasonality, vertical structure, horizon-
tal structure, and amplitude of the simulated

response to prescribed SH stratospheric ozone
depletion bear a striking resemblance to the
observed trends not only in the SH stratosphere
but in the SH troposphere as well. The study
follows from results reported in previous stud-
ies (10–12), which also examine the response
of the SAM to prescribed stratospheric ozone
losses. However, none of these studies examine
the seasonally varying vertical structure of the
response, assess the attendant impacts on sur-
face temperature, or provide a quantitative
comparison with observations. Additionally,
two of the studies (10, 11) draw from experi-
ments run with prescribed sea-surface temper-
atures (which provide an additional constraint
on the tropospheric response), and the experi-
ments in (12) are based on exaggerated levels of
stratospheric ozone depletion (13).

We used simulations from a 64-level ver-
sion of the third Hadley Centre slab model,
denoted HadSM3-L64. Details of the model
are given in (12). The model has a horizontal
resolution of 2.5°latitude by 3.75°longitude, a
50-m-deep mixed-layer ocean, a dynamic and
thermodynamic sea-ice model, and a 64-level
atmosphere extending up to 0.01 hPa (14 ).
The impact of ozone depletion on the SH
circulation was assessed by comparing two
simulations run with different seasonally
varying ozone distributions; all other external
variables were held fixed. The control simu-

lation was run with a seasonally varying re-
construction of preindustrial ozone based on
an observed climatology (15); the perturbed
simulation was integrated with prescribed
stratospheric ozone losses based on observed
trends over the 18-year period 1979 to 1997
(16 ) (Fig. 1). The response of the model to
the prescribed stratospheric ozone depletion
is examined by differencing temperatures,
geopotential heights, and wind velocities be-
tween the equilibrium climates of the per-
turbed and control simulations (17 ), which
gives changes representative of the difference
between current and pre–ozone hole condi-
tions. To facilitate comparison, the observa-
tions presented in TS are reproduced here,
and simulated geopotential height anomalies
are averaged at locations corresponding to the
seven stations listed in table 1 of TS. At all
levels, the corresponding indices are a surro-
gate for the strength of the circumpolar flow
and hence the SAM. In practice, virtually
identical results are obtained for the zonal
wind averaged along 60°S.

In the stratosphere, the prescribed ozone
depletion induces cooling over the polar cap as
a result of reduced absorption of ultraviolet
radiation (Fig. 2, bottom left). Consistent with
observations (4, 5, 18), the response is largest
when sunlight returns to the polar region in
November, and it persists through the summer
months. The simulated stratospheric cooling is
accompanied by a strengthening of the strato-
spheric circumpolar flow that also peaks during
November (Fig. 2, top left) and is consistent
with the observed increased persistence of the
stratospheric vortex (2–5). During the spring
and summer months, both the vertical structure
and the amplitude of the simulated stratospheric
geopotential height and temperature trends are
similar to the observations presented in TS (Fig.
2, right panels). The most pronounced differ-
ence between the observed and simulated
stratospheric trends occurs during April and
May, when the observations exhibit a pro-
nounced decrease in geopotential height, which
is not simulated by the model.

The simulation of a large response in the
extratropical stratosphere to prescribed ozone

1School of Earth and Ocean Sciences, University of
Victoria, Post Office Box 3055, Victoria, BC V8W 3P6,
Canada. 2Department of Atmospheric Science, Foot-
hills Campus, Colorado State University, Fort Collins,
CO 80523, USA.

*To whom correspondence should be addressed. E-
mail: gillett@uvic.ca Month

Pr
es

su
re

-20%

 0

-40%

-60%

-80%

Prescribed ozone losses (%) Fig. 1. Prescribed change in
ozone plotted as a function of
month and pressure at 70°S,
based on observed ozone trends
from 1979 to 1997 (16).

R E P O R T S

www.sciencemag.org SCIENCE VOL 302 10 OCTOBER 2003 273

Observed Antarctic ozone depletion 1979-2000.

data Randel and Wu
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Figure 2. (a) Composite differences in December-February (DJF) 500 hPa geopotential "%%#
height from the NCEP-NCAR Reanalysis between (i) years of large ozone depletion (1995-"%)#
2009 with the exception of the 12 month period following the sudden warming of "%*#
September 2002) and (ii) six years of low ozone depletion (1979-1984). (b) As in (a), but "%+#
based on the differences between pre- and post-ozone hole forcing from the experiments "%$#
in ref. 30. (c) As in (a), but based on the differences in surface pressure between pre- and ")&#
post-ozone hole forcing from the experiments in ref. 33.  The contour interval is (a and b) ")!#
5 m and (c) 0.5 hPa, and values under (a and b) 10 m and (c) 1 hPa are not contoured. ")'#

")(#

Simulated response to ozone depletion.

(response is extremely robust in a range of experiments)



gases [Shindell and Schmidt, 2004]. However, the 21st
century reversal of the SH annular trend calculated by the
NCAR PCM1 is absent in the NCAR CCSM3 (Figures 11e
and 11f), despite identical assumptions of stratospheric

ozone and GHG concentration, indicating different model
sensitivities to at least one of these forcings.
[33] Contrasting annular sensitivity to increasing concen-

tration of GHGs is illustrated by the models omitting
changes in stratospheric ozone. The prominent annular
trends exhibited by the Canadian Climate Center CGCM3.1
and MRI CGCM2 are absent in the Russell GISS and IAP
GOALS models (Figure 6b). Variations in model sensitivity
are also illustrated by the annular response during early
winter (May–July), when trends in total SLP are large
(Figure 1), but ozone forcing is small due to the limited
sunlight. By coincidence, the models with stratospheric
ozone changes are more sensitive to increasing GHG con-
centrations than models omitting these changes (Figure 12).
This gradual 21st century divergence of Antarctic SLP
between the two groups of models in response to increasing
GHGs is in contrast to the comparatively rapid separation at
the end of the 20th century during early summer (Figure 10)
that is the result of a decrease in stratospheric ozone. The
larger GHG sensitivity among the models with changing
stratospheric ozone also accounts for the absence of con-
vergence in the late 21st century between the early summer
annular indices of the two model groups (Figure 10), despite
the recovery to preindustrial ozone concentration assumed
by all but the GISS ModelE.

5. Conclusions

[34] We examined annular variations in sea level pressure
simulated by 14 coupled model ensembles of 20th and 21st
century climate, submitted to the IPCC AR4 model archive.
The annular pattern of SLP simulated by the models is
highly correlated with spatial variations of the observed
pattern during the late 20th century, but the simulated
annular variability represents too large a fraction of the
total temporal variability within each hemisphere.

Figure 9. Annular SLP PC averaged over the winter
(December–February) following a tropical volcanic erup-
tion, composited over the eruptions of Krakatoa, Santa
Maria, Agung, El Chichón, and Pinatubo. The observed
value is in gray, averages over models with and without
volcanic forcing are in red and light red, respectively, and
blue and light blue indicate the values for individual models
with and without volcanic forcing. The uncertainty range for
each model is indicated by a two-sided student-t test at the
95% confidence level.

Figure 10. As in Figure 8, except that the multimodel ensemble annular PC is composited according to
whether the model includes (red) or omits (blue) forcing by stratospheric ozone. Each composite has zero
mean between 1900 and 1970. A filtered version of the observed (HadSLP1) SLP PC is in black.

D18101 MILLER ET AL.: FORCED ANNULAR VARIATIONS IN IPCC MODELS
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Miller et al. 2006

Also: Fyfe et al. 1999; Kushner et al. 2001; Cai et al. 2003; Yin 2005; Miller et al. 2006; Arblaster and 
Meehl 2006; Lu et al. 2008; Chen et al. 2008

Simulated response to greenhouse gases: SAM
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century, when the annular response is largest, radiative
forcing by tropospheric sulfate aerosols varies among mod-
els, with some containing additional forcing by other
tropospheric aerosols, along with solar variability and land
use. Many of the forcing differences are small or limited to
only a few models and their effect upon annular trends is
difficult to identify in the presence of unforced variability.
An exception is the effect of changing stratospheric ozone
concentrations upon the SH annular mode, which is exam-
ined below.
[31] In the SH, decreasing Antarctic SLP and positive

annular trends can be forced both by increasing GHG
concentrations or a reduction in stratospheric ozone
[Kindem and Christiansen, 2001; Sexton, 2001; Gillett
and Thompson, 2003; Rauthe et al., 2004; Shindell and
Schmidt, 2004; Arblaster and Meehl, 2006]. To characterize
the SH annular response, we distinguish between models
that include or omit stratospheric ozone forcing (Figure 10).
The former group (denoted by the thin red line) exhibits an
annular increase during the late 20th century that closely
matches the magnitude of the observed trend calculated
from HadSLP1 (black). (The HadSLP1 trend is roughly half
of that computed from the NCEP reanalyses between 1950
and 1999 and closer to the annular trend computed directly
from station observations by Marshall [2003]. Prior to the
second half of the 20th century, annular variations within
HadSLP1 are based upon comparatively few observations;
we use HadSLP1 between 1900 and 1970 only to estimate
an ‘‘unperturbed’’ value of the annular index, prior to
significant anthropogenic forcing.) Throughout the 21st
century, both groups of models exhibit similar positive

trends. However, their annular responses are statistically
distinct during much of the 21st century, when Antarctic
SLP is roughly 2 hPa lower in the model group that includes
stratospheric ozone changes. The two sets of models diverge
mainly in the late 20th century when ozone trends are
largest.
[32] The individual models exhibit a wide range of

annular responses to forcing in the 21st century, as
shown in Figure 11. The GISS ModelE and GFDL annular
indices become increasingly positive throughout the century
(Figures 11a–11d), while the NCAR PCM1 and UKMO
HadCM3 responses decline sharply after peaking at the end
of the 20th century (Figures 11f and 11i). In part, these
reflect different model assumptions about stratospheric
ozone in the 21st century (Table 3), which is not prescribed
by the IPCC A1B scenario. Models with decreasing strato-
spheric ozone during the late 20th century assume subse-
quent recovery [e.g., World Meteorological Organization,
2002], with the exception of the GISS models where the
21st century value is constant. This recovery is expected to
offset the positive SH annular trend forced by greenhouse

Table 4. Tropical Volcanos Selected For Composite

Name Location Datea

Krakatoa Indonesia 6!S September 1883
Santa Maria Guatamala 15!N October 1902
Agung Bali 8!S June 1963
El Chichon Mexico 17!N April 1982
Pinatubo Phillipines 15!N July 1991

aThe month that zonal-average column optical thickness first exceeds 0.1
according to Sato et al. [1993].

Figure 8. Multimodel average of the annular PC shown in Figure 7 (thin red), with a 10 year low-pass
filtered version (thick red). The contribution of each model PC to the average is weighted by the number
of simulations in each model ensemble. The PC has zero mean between 1900 and 1970. The gray shading
represents variability within the multimodel ensemble during each season; the shading marks the central
95% of the inferred normal distribution, and its variations from winter to winter are low-pass filtered. A
filtered version of the observed (HadSLP1) SLP PC is in black. The regression coefficient for the winter
following a major tropical eruption is marked by red, blue, and black triangles, respectively, for the
multimodel mean, the individual model mean, and observations. (The regression is plotted only for
models with volcanic forcing.)

D18101 MILLER ET AL.: FORCED ANNULAR VARIATIONS IN IPCC MODELS
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Simulated response to greenhouse gases: NAM

Also: Shindell; Graf



what drives the trends in the atmospheric circulation?

Both ozone depletion and increasing CO2 drive 
robust simulated changes in the circulation similar 
to the observed trends.

what are the underlying physical mechanisms?

This is a wide open research question.
! I will show 
! 1) a sample hypothesis 
! 2) a sample method for testing the hypothesis
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e.g., Green 1970; Held 1999

The atmospheric circulation as turbulence.
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e.g., Green 1970; Held 1999

The atmospheric circulation as turbulence.

• large heat fluxes by atmospheric waves (storms) coincide 
with regions of large temperature gradients.

•amplitude of heat fluxes (and thus of storms) is 
proportional to the amplitude of the temperature gradients



Climate change and gradients in temperature
ozone depletion

heating peaks in tropical troposphere ice feedbacks



FIG. 8. (a) The combined forcing. (b) The responses to the combined forcing (results are organized as in the middle
and right panels of Fig. 2). (c) The linear sum of the responses from Figs. 2a, 5a, and 7, where the responses in Fig. 5a
are applied only to the Southern Hemisphere and the responses in Fig. 7 are applied only to the Northern Hemisphere.
See text for details. Note that the shading scale is different than that in Fig. 2a.
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weaker increases in the wind near 60 north

large increases in the wind near 60 south

Idealized model response (wind in contours)



  

• Regional climate change is strongly influenced by 
changes in the atmospheric circulation (in some regions, 
more than it is by the global-mean warming)

• Numerical models suggest ozone depletion and CO2 
have and will play a key role in extratropical circulation 
trends.

• The circulation response to ozone depletion and 
increasing CO2 is among the most robust responses 
found in climate change experiments.

• The mechanisms whereby anthropogenic forcing drives 
changes in the circulation remain unclear. 
UNDERSTANDING THE MECHANISMS IS KEY.




