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ABSTRACT

Recent results from greenhouse warming experiments, most of which follow the Intergovernmental Panel on
Climate Change (IPCC) IS92a scenario, have shown that under increasing atmospheric CO 2 concentration, the
Antarctic Oscillation (AAO) exhibits a positive trend. However, its response during the subsequent CO 2 stabi-
lization period has not been explored. In this study, it is shown that the upward trend of the AAO reverses
during such a stabilization period. This evolution of an upward trend and a subsequent reversal is present in
each ensemble of three greenhouse simulations using three versions of the CSIRO Mark 2 coupled climate
model. The evolution is shown to be linked with that of surface temperature, which also displays a corresponding
trend and reversal, incorporating the well-known feature of interhemispheric warming asymmetry with smaller
warming in the Southern Hemisphere (smaller as latitude increases) than that in the Northern Hemisphere during
the transient period, and vice versa during the stabilization period. These results indicate that once CO 2 con-
centration stabilizes, reversal of the AAO trend established during the transient period is likely to be a robust
feature, as it is underpinned by the likelihood that latitudinal warming differences will reduce or disappear. The
implication is that climatic impacts associated with the AAO trend during the transient period may be reversible
if CO2 stabilization is achieved.

1. Introduction

Analyses of observations over the last several decades
suggest that the leading mode of variability of mean sea
level pressure (MSLP) or 500-hPa geopotential height
(Z500) modes in the mid- to high latitudes are the an-
nular modes (Mo and White 1985; Mo and Ghil 1987;
Karoly 1990, 1995; Kidson and Sinclair 1995; Watter-
son 2000; Thompson and Wallace 1998, 2000; Hurrell
1995). These modes have been referred to as the Arctic
Oscillation (AO) for the Northern Hemisphere (NH) and
the Antarctic Oscillation (AAO) for the Southern Hemi-
sphere (SH). Thompson and Wallace (2000) and suggest
that the AAO and the AO are dynamically similar, and
show that there have been trends in these two modes
over the past few decades with decreasing MSLP over
the polar latitudes and increasing pressure in midlati-
tudes.

The forcing of the AO and AAO trends has received
considerable attention. Thompson and Solomon (2002)
and Sexton (2001) provide observational and modeling
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evidence that the AAO trend is consistent with strato-
spheric ozone loss over the past few decades. There has
also been considerable interest in the response of these
modes to greenhouse warming. Based on model simu-
lations, Shindell et al. (1999) show that the observed
AO trend can be attributed to greenhouse gas–induced
warming, but they also find that such a response only
exists in simulations with enhanced resolution in the
stratosphere. Other studies indicate that the response of
the AO varies significantly from one climate model to
another (Kushner et al. 2001). In Fyfe et al. (1999),
which uses a relatively coarse resolution in the strato-
sphere, the trend of the AO is simulated but is much
weaker than that in the Shindell et al. (1999) study. In
the Geophysical Fluid Dynamics Laboratory warming
experiments, which are of comparable resolution to the
Fyfe et al. (1999) integrations, there is no AO trend
(Kushner et al. 2001). By contrast, the response of the
AAO to increasing CO2 displays a robust definite up-
ward trend in all transient greenhouse warming inte-
grations.

Most of the warming experiments (e.g., Fyfe et al.
1999; Kushner et al. 2001) have the atmospheric equiv-
alent CO2 concentration that increases according to an
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Intergovernmental Panel on Climate Change (IPCC)
scenario (Houghton et al. 1992; Michell et al. 1995;
Haywood et al. 1997). All scenarios include a transient
period, in which the equivalent CO2 increases at a spec-
ified rate from a reference level. So far, only the response
of the AAO in the transient period has been studied.
The subsequent behavior is yet to be explored. This is
the major focus of the present study. We analyze the
response of the atmospheric circulation simulated by the
Commonwealth Scientific and Industrial Research Or-
ganisation (CSIRO) Mark 2 coupled GCM in three
warming runs all following the IPCC IS92a scenario.
During the transient period, the equivalent CO2 increas-
es from 1860 to 2083 when the CO2 triples the level of
the pre-1860 level. All three warming runs then include
a stabilization period of several centuries in which the
CO2 is held at a constant, elevated 3 3 CO2 condition.

The rest of the paper is organized as follows. After
describing the model and the experiments (section 2),
we confirm the upward trend of the model AAO during
the transient period and examine its subsequent behavior
during the stabilization period, which shows a gradual
reversal (section 3). We demonstrate that the response
of the AAO is linked with that of the Southern Ocean
(section 4), which is in turn associated with the feature
of interhemispheric warming asymmetry (e.g., Stouffer
et al. 1989).

2. Model and model experiments

The CSIRO Mark 2 coupled model (Gordon and
O’Farrell 1997) has a horizontal resolution of the R21
spectral representation, or approximately 3.28 latitude
3 5.68 longitude, in both the atmosphere and ocean
submodels. The atmospheric general circulation model
(GCM) has nine vertical sigma levels. It includes a semi-
Lagrangian treatment of water vapor transport, dynamic
sea ice, and a bare soil and canopy land surface, as well
as standard parameterizations of radiation, cloud, pre-
cipitation, and the atmospheric boundary layer. The
ocean GCM has 21 vertical levels, and includes the
scheme of Gent and McWilliams (1990), which param-
eterizes the adiabatic transport effect of subgrid-scale
eddies, and replaces the nonphysical horizontal diffu-
sivity as a means of stabilizing the model numerics. The
inclusion of the scheme results in a much improved
stratification leading to a major reduction in convection
at high southern latitudes. A detailed description of the
improvements has been given by Hirst et al. (2000) and
the improvement in the high-latitude Southern Ocean
has also been discussed by Cai et al. (2001).

The model experiments comprise three control cli-
mate simulations [hereafter referred to as control 1
(Hirst et al. 2000), control 2 (Matear et al. 2000; Matear
and Hirst 2002), and control 3 (Bi et al. 2001)] using
three versions of the coupled model, each run for at
least 600 yr of simulation. The three versions differ in
terms of the ocean spinup strategy and ocean and sea

ice parameterization. One difference lies in the forcing
of the ocean spinup, in which the surface forcing fields
have been modified such that the annual cycle of sea
surface temperature (SST) and sea surface salinity over
the deep water formation regions are increasingly better
simulated from control 1 to control 3 (Bi et al. 2001).
This results in a progressively stronger deep-penetrating
North Atlantic deep water and more realistic water mass
in the Southern Ocean from control 1 to control 3, yield-
ing a stratification in control 3 that very closely matches
the observed structure (see Bi et al. 2001 for further
information). Another difference lies in the adjustment
of the sea ice model (O’Farrell 1998), in which the
sensitivity of sea ice to ocean heat exchange is made
more realistic, increasing from control 1 to control 3
(S. O’Farrell 2002, personal communication). As a re-
sult, the sea ice amount in the control spinup state de-
creases from control 1 to control 3.

Transient greenhouse warming runs are then con-
ducted using the three versions of the coupled model in
which the model is forced by increasing levels of green-
house gases as observed (1880–1990) and according to
IPCC scenario IS92a (1990–2100; Houghton et al.
1992). The equivalent CO2 concentration doubles at
about year 2048 and triples at year 2083 from the pre-
1880 level. Thus, in the model, the CO2 evolution rep-
resents the changes of all anthropogenic greenhouse gas-
es in the IS92a scenario. The three runs will be referred
to as run 1 (Hirst 1999), run 2 (Matear et al. 2000;
Matear and Hirst 2002), and run 3 (Bi et al. 2001), as
they start from control 1, control 2, and control 3, re-
spectively.

This period in which CO2 increases is referred to as
the transient period. Thereafter, each warming run is
continued for another several hundred years under a
constant 3 3 CO2 condition. This period is referred to
as the stabilization period. At the time of analysis, the
shortest run had been continued for about 400 yr under
the 3 3 CO2 condition. We shall compare the response
of the AAO in the three warming runs for the period
that all three runs cover in common, that is, about 600
yr. Bi et al. (2001) described the response of the South-
ern Ocean overturning in run 3.

We apply empirical orthogonal function (EOF) anal-
ysis to outputs of annual-mean anomaly/change fields
of Z500 to identify major modes in all three of the
control and warming runs. We choose this variable be-
cause it is a commonly used field, thus facilitating com-
parison with results of other studies in terms of modes
simulated in the control runs. For the three control runs,
annual-mean anomalies are constructed from the long-
term mean (averaged over a 600-yr period). For the three
warming runs the changes are calculated with reference
to the long-term mean of the respective control run.

In a recent study on projection of climate change onto
modes of atmosphere variability, Stone et al. (2001)
identified variability patterns in the control run, and then
projected climate change signals onto these patterns. In
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FIG. 1. (a) EOF1 of Z500 anomalies in the SH domain, and (b)
EOF1 and (c) EOF2 of Z500 anomalies in the global domain, all
from control 1.

the present studies, we follow the approach of Fyfe et
al. (1999) and apply EOF analysis directly to the chang-
es, allowing responses to manifest as modes that may
be significantly different from those in the control run.
If a mode from warming run outputs turns out to be the
same as one from the respective control run outputs, it
means that the response manifests as a preexisting mode
in a natural way. In the event that a major response does
not manifest as a preexisting mode, as is the case of the
response of Z500 and SST, this approach provides an
opportunity for such a response to be identified.

In one set of analyses, the domain is from the equator
to the South Pole, and in another the domain is global.
Throughout the study we use covariance matrix EOF

analysis, and the gridpoint anomalies are neither area
weighted nor normalized, as in other studies of SH var-
iability (e.g., Kiladis and Mo 1999; Fyfe et al. 1999).
While such an analysis approach gives a stronger em-
phasis on the high latitude, as variance there is greater
than that at the low latitude in terms of Z500 or MSLP
changes, it may be appropriate as we are interested in
the AAO, which is mainly a mid- to high-latitude mode.
To test the sensitivity to area weighting, we have con-
ducted EOF analyses on area-weighted changes. We find
that there is little change in terms of the order of modes
or the percentage each accounts for.

Major modes of Z500 in the SH domain in control 2
have been recently examined by Cai and Watterson
(2002). On interannual timescales, three modes are sig-
nificant based on the North et al. (1982) criterion. The
first mode is the AAO, which has also been referred to
as the high-latitude mode (e.g., Mo and White 1985;
Mo and Ghil 1987; Karoly 1990, 1995; Kidson and
Sinclair 1995; Watterson 2000), or the zonally sym-
metric or annular mode (e.g., Kidson 1988), reflecting
the feature of north–south out-of-phase variations be-
tween the Antarctic and midlatitudes at all longitudes.
The spatial pattern from one of the runs is shown in
Fig. 1a. The pattern correlation coefficients between the
AAOs in the three control runs range between 0.97 and
0.99. In the three control runs, the second mode is the
so-called Pacific–South American (PSA) pattern (Mo
and Ghil 1987; Karoly 1989). The PSA is known to be
strongly influenced by tropical convection, which gen-
erates wave trains extending across the South Pacific
and South America (e.g., Berbery and Nogués-Paegle
1993; Kiladis and Weickmann 1997; Mo and Higgins
1997, 1998). In all three control runs, the third EOF is
a mode with wavenumber-3 variability pattern in the
latitude band of 408–708S (e.g., Mo and White 1985;
Kiladis and Mo 1999; Cai et al. 1999). In this study,
we focus mainly on the response of the AAO.

In all three control runs, EOF1 in the global domain
is the AAO (the pattern for one of the runs is shown in
Fig. 1b). These EOF1s account for approximately 18%
of the total variance of each respective control run. The
pattern correlation coefficients between any two AAO
modes range between 0.97 and 0.98, and the pattern
correlation coefficient (in the SH domain) between Figs.
1a and 1b reaches as high as 0.995. The correlation
between the corresponding time series associated with
Figs. 1a and 1b is virtually 1. In all three control runs,
EOF2 in the global domain is the AO (the pattern for
one of the runs is shown in Fig. 1c), each accounting
for approximately 14% of the total variance in each
respective control run. The pattern correlation coeffi-
cients between any two AO modes from the three con-
trol runs range between 0.88 and 0.91.

3. EOF of response in the warming runs
a. SH domain

In all three warming runs the first mode of Z500
changes shows an increase in height everywhere as the
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FIG. 2. EOF1 of Z500 changes from (a), (b), (c) the three warming
runs and (d) their corresponding time series. The pattern is not a
predominant mode in its corresponding control run.

coupled system warms up (Figs. 2a–c). The pattern cor-
relation between any two patterns of Figs. 2a–c ranges
between 0.98–0.99, highlighting the similar, systematic
response in the three warming runs. These EOF1s ac-
count for 98.0%, 98.3%, and 97.9% of the total variance
of runs 1, 2, 3, respectively. All three EOF1 patterns
display a large increase over the Antarctic latitudes than
over lower latitudes. This is associated with the so-
called sea ice–albedo positive feedback: in the high and
polar latitudes, the retreat of sea ice and/or snow greatly
reduces surface albedo, leading to enhanced solar ra-
diation to the surface and larger warming there. The
evolution of the pattern (Fig. 2d) more or less follows
that of the prescribed CO2 increase. It features a steep
upward trend as the model atmospheric CO2 increases
(during the transient period) and then a continued but
moderate upward trend after the CO2 concentration level
is held constant (during the stabilization period). We
will refer to this evolution as the ‘‘upward and continued
upward’’ response or ‘‘warming and continued warm-
ing’’ response for the temperature field.

The warming trend shows significant differences from
one run to another, and the differences are particularly
prominent during the stabilization period; the warming
is greater in run 3 than in run 2 and smallest in run 1.
A primary factor is that from control 1 to control 3, the
stratification of the Southern Ocean is progressively
stronger. Thus, from run 1 to run 3, warming is pre-
gressively more concentrated in the upper ocean. As a
result, the upper-ocean warming rate is greatest in run
3, second in run 2, and smallest in run 1; in addition,
sea ice reduction (in terms of percentage) is largest in
run 3. Through sea ice–albedo positive feedback, the
difference in sea ice response further enhances the dif-
ference of the warming rate in the three runs.

The second EOF in all three runs is an AAO-like
(Figs. 3a–c) mode. They account for 0.9%, 0.8%, and
1.0% of the total variance of runs 1, 2, and 3, respec-
tively. A statistical test using North et al’s (1982) cri-
terion reveals that although they account for a small
percentage of the total variance, these EOF2s are sta-
tistically distinct from the EOF3s, which account for a
maximum of 0.187% of the respective total variance.
We have correlated each of the three patterns with the
AAO pattern in the respective control run; the corre-
lation coefficients range between 0.95 and 0.96, con-
firming that these modes are indeed the AAO. The sys-
tematic response of the coupled system is reflected by
the high pattern correlation coefficients between any two
patterns of Figs. 3a–c, which range between 0.98 and
0.99. The evolution shows an upward trend during the
transient period, consistent with the findings of previous
studies (e.g., Fyfe et al. 1999; Kushner et al. 2001). The
central result here is the reversal and gradual recovery
during the stabilization period to the level prior to the
CO2 forcing. The time needed for the recovery appears
to be different from one run to another, again dependent
upon the initial coupled climate state and the parameters
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FIG. 3. EOF2 of Z500 changes from (a), (b), (c) the three warming
runs and (d) their corresponding time series. The 51-yr running mean
version of and the raw EOF time series are shown in (d). The pattern
is similar to that of the EOF1 of Z500 in the SH domain in its
respective control run.

of the coupled system. We will refer to this evolution
as the ‘‘trend-reversing’’ response. The reversal of the
AAO is also confirmed by linear trend maps of Z500
fields for the two subperiods before and after year 2083,
both being similar to the patterns of Figs. 3a–c.

The pattern of Z500 EOF1 also shows some merid-
ional gradients in the southern midlatitudes. This raises
a question as to whether the AAO response also projects
onto the Z500 EOF1. To address this issue, we have
regressed, year by year, the Z500 change fields of a
warming run onto the AAO pattern of each respective
control run. This yields a time series of regression co-
efficients for each run nearly identical to the time series
of EOF2 in the respective warming run. This result sug-
gests that little of the AAO response projects onto the
Z500 EOF1. As will be clear, the forcing of the two
Z500 EOFs is quite different.

Some comments on the large difference in the vari-
ance explained by Z500 EOF1 and EOF2 are in order.
The large difference means that in terms of Z500 chang-
es, EOF1 is by far the largest response. In the Fyfe et
al. (1999) study, in which they applied EOF analysis on
MSLP response, none of their EOF patterns show as
strong a direct greenhouse warming–related signal as
the Z500 EOF1 presented here. In our warming runs,
EOF1 of the MSLP changes is also AAO-like (Figs. 4a–
c), with a pattern similar to that of the Z500 EOF2
changes, and accounts for about 45% of the total var-
iance, consistent with the results of Fyfe et al. (1999).
Thus, although the AAO-like response in Z500 appears
to be small (about 1% the total change as described
above), at the surface it is the principal response pattern.
The evolution (Fig. 4d) is also similar to that of Z500
EOF2, with the trend-reversing feature. The second EOF
of the MSLP (not shown), which corresponds to the
Z500 EOF1, accounts for about 16% of the total vari-
ances and the evolution shows an upward and continued
upward response. The fact that Z500 EOF1 show a
stronger warming signal than the MSLP EOF1 may in-
dicate that MSLP EOF1 reflects a barotropic component
of the response, whereas the Z500 EOF1 represents a
baroclinic component of the response with a strong ther-
mal change in the lower troposphere.

The above results suggest that while the response can
manifest as a mode that is preexisting in the control run
(Stone et al. 2001) the system can also generate a mode
of response that is not preexisting. More importantly,
the response that projects onto the preexisting mode has
a trend that exists only temporarily, and in the present
case reverses once the CO2 concentration stabilizes,
highlighting the importance of achieving a stabilization
of the atmospheric CO2 concentration.

To examine the coherence of changes of Z500 with
those of temperature, an EOF analysis on SST and/or
surface temperature changes has been conducted. We
find that the above two modes of Z500 have corre-
sponding modes in SST and surface temperature chang-
es. The patterns of SST EOF1 in the three warming runs
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FIG. 4. EOF1 and MSLP changes from (a), (b), (c) the three warm-
ing runs and (d) their corresponding time series. The 51-yr running
mean version of and the raw EOF time series are shown in (d). The
pattern is similar to that of the EOF1 of MSLP in the SH domain in
its respective control run.

(Figs. 5a–c) show that warming takes place everywhere,
with a greater rate over high and polar latitudes (par-
ticularly over sea ice regions) than over the low and
midlatitudes. We will refer to this mode as the polar
amplification mode. The EOF1 of surface temperatures
shows a similar pattern, with generally larger warming
over land than over the oceans. The large warming in
the polar and high latitudes is a direct effect of the polar
amplification, as described above. That such a response
is systematic is evident in the resemblance among Figs.
5a–c. The correlation coefficients between any two pat-
terns of Figs. 5a–c that are in the range of 0.98–0.99.
The temporal evolution again shows a warming and
continued warming trend. In the stabilization period,
there are noticeable differences among the three runs,
similar to that of the Z500 EOF1 (see Fig. 2d): the rate
of warming is greatest in run 3, second in run 2, and
lowest in run 1.

The patterns of the SST EOF2 (Figs. 6a–c) show
weights of opposite polarity north and south of about
458S, with maximum negative weights in the areas of
the Ross and Weddell Seas. The pattern correlation co-
efficients among them are again high, in the range of
0.91–0.95. The patterns together with the temporal evo-
lution (Fig. 6d) indicate that during the transient period,
the warming rate decreases poleward; and there is a
relative cooling trend in the latitudes south of approx-
imately 458S. This is strongest in the convection regions.
By ‘‘relative’’ we mean that the cooling trend takes place
simultaneously with the polar amplification warming
mode (EOF1), which shows a general warming trend.
On balance, there is net warming. In other words, the
cooling trend applies only after the warming trend as-
sociated with EOF1 has been removed. For this reason
we will interpret the EOF2 pattern as one with slower
warming in the high latitudes than at lower latitudes,
and the associated time series during the transient period
as a ‘‘relative cooling trend,’’ that is, relative to the
general warming trend associated with the polar am-
plification mode.

There are several reasons for this spatial distribution
of the SST EOF2. First, as noted in previous studies
(Stouffer et al. 1989; Bryan et al. 1988), warming in the
SH is smaller than in the NH because of the higher frac-
tion of area covered by the ocean, which has a higher
thermal inertia, highest along the latitude band of about
458–658S, as it is completely covered by ocean. In section
3b, we will show that this EOF2 pattern is part of the
interhemispheric asymmetry warming response proposed
by Bryan et al. (1988) and Stouffer et al. (1989). Second,
off the Antarctic coast, as sea ice melts, the SST is ‘‘reg-
ulated’’ by the freezing temperature, also making it dif-
ficult to warm. In such a background, it is the weakening
of the convective mixing, whereby less and less warm
subsurface water is brought to the surface, that is re-
sponsible for the strong relative cooling trend. As will
be discussed in section 4, feedbacks between atmospheric
fields of surface pressure, albedo, and surface temperature
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FIG. 5. EOF1 of SST changes from (a), (b), (c) the three warming
runs and (d) their corresponding time series. The pattern is not a
predominant mode in its respective control run.

FIG. 6. EOF2 of SST changes from (a), (b), (c) the three warming
runs and (d) their corresponding time series.
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FIG. 7. EOF1 of Z500 changes from (a), (b), (c) the three warming
runs and (d) their corresponding time series. The pattern is not a
predominant mode in its respective control run.

tend to reinforce the pattern. During the stabilization pe-
riod it is this relative cooling that reverses, as the high-
latitude ocean warming catches up.

Apparently, the polar amplification mode does not
have a corresponding mode in the control run. To ex-
amine whether the SST EOF2 in the warming run has
one, we have applied EOF analysis on the control run
SST anomalies in the SH domain. The first three modes
are similar to those described in Cai and Watterson
(2002). The first EOF is an El Niño–like mode and
accounts for about 11.8% of the total variance; the sec-
ond EOF is most similar to those shown in Figs. 6a–c,
and accounts for about 6.8% of the total variance; and
the third EOF is the wavenumber-3 pattern (Cai et al.
1999). Nevertheless, the pattern correlation coefficients
between the SST EOF2 in the warming runs and the
SST EOF2 in the control runs are small, in the range
of 0.32–0.34. This result suggests that most of the SST
response does not project into the preexisting modes of
the control runs.

b. Global domain

Is the response obtained in the SH domain part of the
global response? To address this issue, we apply EOF
analysis in the global domain. The global Z500 EOF1s
account for 98.2%, 98.3%, and 98.3% of the total var-
iance for run 1, run 2, and run 3, respectively. The
weight distribution in the SH of global Z500 EOF1 is
similar to the SH Z500 EOF1, both showing increased
heights everywhere, but with a greater increase over the
polar latitudes and land areas (Figs. 7a–c) than over the
ocean. The time evolution (Fig. 7d) displays the familiar
upward and continued upward evolution. The global
Z500 EOF2 (Figs. 8a–c) is the AAO mode; each of the
patterns is highly correlated with that of the global EOF1
of the respective control run (correlation coefficients in
the range of 0.93–0.97). The response is again system-
atic, all showing the trend-reversing response. Overall,
these results suggest that the response obtained in the
SH domain is part of the global changes.

The first mode of surface temperature (Figs. 9a–d) in
the global domain highlights the fact that the systematic
response with the polar amplification of warming takes
place in both hemispheres. The global EOF2 of surface
temperature (Figs. 10a–d) is equivalent to the SH SST
(or surface temperature) EOF2: in southern mid- to high
latitudes there is an initial relative cooling (strongest in
high-latitude convection regions) during the transient
period and an acceleration of warming during the sta-
bilization period. The latitudinal warming difference
seen in Fig. 6 is clearly embedded in this mode. This
is the interhemispheric mode discussed by Bryan et al.
(1988) and Stouffer et al. (1989), which reflects the
delay in warming in the SH already discussed in section
3a. The interhemispheric asymmetry in an early version
of the CSIRO coupled GCM has been described by Cai
and Gordon (1998).
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FIG. 8. EOF2 of Z500 changes from (a), (b), (c) the three warming
runs and (d) their corresponding time series. The 51-yr running mean
version of and the raw EOF time series are shown in (d). The pattern
is similar to a dominant mode (EOF1) in its respective control run.

FIG. 9. EOF1 of SST changes from (a), (b), (c) the three warming
runs and (d) their corresponding time series. The pattern is not a
predominant mode in its respective control run.
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FIG. 10. EOF2 of SST changes from (a), (b), (c) the three warming
runs and (d) their corresponding time series. The pattern is not a
dominant mode in its respective control run.

Examinations reveal that there is no interhemispheric
mode of SST (or surface temperature) anomalies in the
control runs. Thus, the major response, in both EOF1
and EOF2, of SST (or surface temperature) does not
project onto a preexisting mode. In analyses of changes
during the twentieth century, Cai and Whetton (2000,
2001) found that in the tropical Pacific, the response
pattern of SST changes in ENSO–like. In the present
analysis, the ENSO variability-like response appears as
EOF3.

4. Discussion

a. The response of the AO

So far, we have not discussed the response of the AO.
The EOF analysis of Z500 anomalies in the NH domain
shows that the AO is the most dominant mode in all
three control runs. As discussed in section 2, the AO is
also the second most dominant mode in the global do-
main. In the three warming runs, the global Z500 EOF3
(Fig. 1c) is the AO mode (Figs. 11a–c). The pattern
correlation coefficients between this mode in the warm-
ing run and the corresponding mode (Fig. 1c) in the
respective control run are in the range of 0.88–0.91.
However, the time series (Fig. 11d) shows that there is
little trend in the warming runs. It is not clear whether
or not the lack of an AO trend is due to model resolution
in the stratosphere. The main conclusion we arrive at
is that in our model, besides the mode of the upward
and continued upward trend response, the remaining
change in Z500 projects mainly onto the AAO.

b. The dynamic environment for the AAO evolution

The trend-reversing evolution of both the AAO and
the temperature interhemispheric asymmetry mode sug-
gest that the dynamics for these responses are linked.
On the basis that only the ocean has a memory of time-
scales of several centuries, we suggest that the trend-
reversing evolution of the AAO (Z500 EOF2) is dy-
namically determined by the temperature interhemi-
spheric asymmetry mode. In the following we discuss
the relationship between the AAO and temperature in
the control runs, and then comment on the dynamics
that support this relationship in the warming runs.

The relationship between the AAO and surface tem-
perature in control 2 (the respective control run of run
2) has been recently examined by Cai and Watterson
(2002). They showed that the temperature anomaly pat-
tern associated with the AAO displays zonally sym-
metric anomalies of opposing signs in the meridional
direction (see their Fig. 3a). Over the latitudes where
height (and MSLP) anomalies are positive, cloud cover
decreases, leading to an increased incoming radiative
heat flux and, hence, anomalously warm surface tem-
peratures. Over the latitudes with negative height anom-
alies: total cloud cover increases and less energy pen-
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FIG. 11. EOF3 of Z500 changes from (a), (b), (c) the three warming
runs and (d) their corresponding time series. The 51-yr running mean
version of and the raw EOF time series are shown in (d). The pattern
is similar to a dominant mode (EOF2) in its respective control run.

etrates to the surface, leading to the development of
negative surface temperature anomalies. This relation-
ship exists in all three control runs.

The association of negative temperature weights with
negative height weights in the polar latitudes, and vice
versa in the mid- to high latitudes (Figs. 3a–c and 6a–
c), is therefore a continuation of the relationship that
exists in the control runs. During the transient period,
decreasing MSLP over the relative cooling region (ap-
proximately 458S poleward) provides favorable condi-
tions for clouds and rainfall to increase. By contrast,
north of the oceanic convective regions, the reverse is
true: cloud cover and rainfall decreases (the rainfall re-
sponse will be discussed further in section 4c). This
latitudinal setting reverses during the stabilization pe-
riod in which warming in the Southern Ocean catches
up with a greater warming rate in the higher latitudes
than in the lower latitudes. This situation provides an
appropriate dynamical environment in which the AAO
reverses its trend and follows the evolution of the tem-
perature EOF2.

The trend-reversing response of surface temperature,
as manifested in Z500 EOF2, is not surprising given the
well-known response of interhemispheric warming
asymmetry. Indeed it is reassuring that such a feature
manifests as an EOF mode. The central result here is
that it shows a clear linkage to the AAO. The associated
trend-reversing evolution implies that if CO2 stabili-
zation is achieved, the trend of the AAO established
during the transient period is likely to reverse. This is
because the latitudinal warming differences of the
Southern Ocean will eventually be eliminated.

c. Implications of the AAO evolution for climate
impacts

To discuss the issue of possible climate impacts of
the model AAO response, it is appropriate to comment
on the behavior of the observed AAO over the past
decades and its possible linkage with other climate var-
iables. Figures 12a and b show the AAO trend and pat-
tern from an EOF analysis of monthly MSLP anomalies
from 1957 onward of the National Centers for Envi-
ronmental Prediction (NCEP) reanalysis. A general up-
ward trend is seen, as noted by previous studies. The
trend is particularly steep in the late 1960s. This co-
incides with a significant decrease in rainfall over south-
west part of western Australia (SWWA; 1208E westward
and 1328S southward; Smith et al. 2000). There is vig-
orous debate as to whether or not, and to what extent,
the observed drying trend is induced by greenhouse
warming.

The upward trend of the AAO means that the MSLP
in the midlatitudes strengthens (Fig. 12b), providing a
large-scale condition for the decreasing rainfall. Figure
12c depicts a map of correlation coefficients between
the time series of the AAO mode (Fig. 12a) and NCEP
monthly rainfall anomaly fields. It shows that when the
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FIG. 12. (a) Time series and (b) pattern of EOF1 of monthly MSLP
anomalies from NCEP reanalysis from 1957 onward. In (a), a 10-yr
running mean curve is superimposed. (c) Map of correlation coef-
ficients between the MSLP EOF1 time series and monthly rainfall
anomalies. The contour interval is 0.1. (d) Time series of annual-
mean rainfall over SWWA from a greenhouse warming run forced

←

by the IPCC IS92a scenario in which the atmospheric CO2 triples
the initial value by year 2083 and is thereafter held at the elevated
3 3 CO2 level; a 51-yr running mean curve is also displayed in the
plot.

AAO is positive there is indeed a tendency for rainfall
over SWWA to decrease. The implication is that if the
observed upward trend of the AAO is driven by green-
house warming, it is likely that some of the drying trend
is greenhouse induced as well.

Cai and Watterson (2002) showed that in the control
runs the above relationship between the AAO and rain-
fall over SWWA is realistically simulated: when the
AAO is positive, that is, with increased heights and
MSLP in the midlatitudes, rainfall over SWWA tends
to decrease as a result of decreased westerly winds,
bringing less frontal events to SWWA.

Figure 12d shows a time series of rainfall change over
SWWA in one of the warming runs. Rainfall over
SWWA experiences a decreasing trend during the tran-
sient period, consistent with the observed decrease over
the past several decades, thus, supporting the argument
that the observed drying trend may be partially induced
by global warming. In the stabilization period, rainfall
there undegoes a gradual recovery, taking some 500 yr
to do so. The course of evolution is robust and is seen
in all three warming runs.

It follows that climate impacts associated with the
AAO trend established in the transient period may be
reversible if CO2 stabilization is achieved. Whetton et
al. (1997) applied EOF analysis to rainfall changes in
run 1. The EOFs 1 and 2 display the familiar upward
and continued upward and trend-reversing evolution,
respectively. In many places, where rainfall responses
is predominantly controlled by EOF2, the trend estab-
lished during the transient period reverses. The modeled
rainfall response over SWWA, as shown in Fig. 12d, is
one excellent example, and it highlights the importance
of achieving CO2 stabilization.

5. Conclusions

Recent studies have consistently shown that under
increasing atmospheric CO2 concentration, the AAO
displays an upward trend. However, its response during
a subsequent CO2 stabilization period has not been ex-
amined. In the present study, we show that the upward
trend of the AAO reverses during such a stabilization
period. This course of evolution is present in all three
members of the ensemble. The evolution is determined
by the latitudinal temperature gradients across the south-
ern mid- to high latitudes embedded in the well-known
interhemispheric warming asymmetry mode identified
by previous studies. The fact that latitudinal warming
differences will eventually be eliminated once CO2 sta-
bilization is achieved could therefore underpin the ro-
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bustness of the AAO reversal. One important implica-
tion of our result is that climatic impacts of greenhouse
warming associated with the AAO trend during the tran-
sient period may be reversible if CO2 stabilization is
achieved. The above conclusions are based on the as-
sumption that any AAO trend is forced by greenhouse
warming alone. Therefore, these conclusions may not
be true in a situation in which the AAO trend is also
driven by other forcings, as may to be the case over the
past several decades (Thompson and Solomon 2002).
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