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ABSTRACT

In this study, the interdecadal changes in the zonal symmetry of both Arctic Oscillation (AO) and
Antarctic Oscillation (AAO) were analyzed. To describe the zonal asymmetry, a local index of AO and
AAO was defined using the normalized sea level pressure (SLP) differences between 40◦ and 65◦ (latitudes)
in both hemispheres. The zonal covariability of local AO and AAO can well represent the zonal symmetry
of AO and AAO. Results show that the zonal asymmetry of both AO and AAO significantly changed in
the late 1970s. AO was less asymmetric in the zonal direction in the boreal winter season during the latter
period, while in the boreal summer it became more asymmetric after 1979. The zonal symmetry of AAO
in both austral summer and winter has also significantly decreased since the late 1970s. These changes
may imply interdecadal transition in the atmospheric circulation at middle and high latitudes, which is
of vital importance to understanding climate variability and predictability across the globe, including the
African–Asian–Australian monsoon regions.
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1. Introduction

A seesaw pattern of atmospheric mass occurs be-
tween the middle and high latitudes in both the North-
ern and Southern Hemispheres. This fluctuation is
called Arctic Oscillation (AO) in the Northern Hemi-
sphere and Antarctic Oscillation (AAO) in the South-
ern Hemisphere. Thompson and Wallace (1998) first
defined AO by applying an EOF analysis to the win-
tertime sea level pressure (SLP) anomaly field over
the area north of 20◦N. Gong and Wang (1999) stud-
ied AAO and defined an AAO index using the SLP
differences between middle and high latitudes in the
Southern Hemisphere.

AO is the leading mode in middle and high lat-
itudes in the Northern Hemisphere. It has an im-
portant influence on many climate factors near the

ground. Many studies have examined the links be-
tween AO and climate factors in different regions.
For example, Thompson et al. (2000) demonstrated
the important effect of AO on winter warming over
Eurasian land areas. Rigor et al. (2000) established
that AO accounts for a majority of the warming over
the eastern Arctic Ocean. Ju et al. (2004, 2006) found
that AO plays an important role in the anomalies in
atmospheric circulation over East Asia, causes the sur-
face air temperature to increase in northern East Asia
and exacerbates the drought in North China. Lim
and Schubert (2011) reported that, in the southeastern
United States, both winter mean temperature anoma-
lies and the number of extremely cold days are closely
linked to AO. Hu and Feng (2010) concluded that there
is less summer rainfall during the positive phase of AO
in the central United States.
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AAO plays a critical role in the atmospheric cir-
culation of the Southern Hemisphere. It can reflect
the strength of large-scale atmospheric transitions be-
tween the middle and high southern latitudes. AAO
affects the climate of vast areas in the Southern Hemi-
sphere (Gong and Wang, 1998; Wu and Zhang, 2011).
Zhou et al. (2005) proposed that the southern drift of
the Australian Plate induces stronger AAO and that
the surface temperatures decrease in high latitudes of
the South Pacific and increase near the Weddell Sea.
Recent studies have found that the climatic impact
of AAO is not limited to the Southern Hemisphere;
it has a significant relationship with climate in the
Northern Hemisphere. A significant correlation be-
tween the boreal spring AAO and summer rainfall in
the Yangtze River Valley has been found in previous
studies (Gao et al., 2003). One possible mechanism
responsible for the covariability has been proposed by
Sun et al. (2009). Fan and Wang (2004) showed the
important role of the interannual variability of AAO
in the dust-related atmospheric circulation during bo-
real spring in North China. The inverse correlation
between typhoon frequency over the Western North
Pacific and AAO in boreal summer has been pointed
out by Wang and Fan (2007). Sun et al. (2010) exam-
ined the relationship between the boreal spring AAO
and the West African summer monsoon and found that
the linkage exhibits decadal-scale variations.

The AO and AAO have been regarded as essen-
tially zonally symmetric, thus they have been called
annular modes. However, Fan (2007) and Wang et
al. (2008) found that both AO and AAO show zonal
asymmetry between the Eastern and Western Hemi-
spheres. This is important for understanding AO and
AAO; it implies that in studies of the relationship of
AO (or AAO) to remote climate variability, it is nec-
essary to partition them according to the zonal asym-
metry. However, previous studies have focused on the
east–west hemispheric scale. This study further inves-
tigated the interdecadal changes in the zonal asymme-
try of AO and AAO in different seasons and details of
their spatial characteristics.

2. Data and method

The sea-level pressure (SLP) data employed in this
research is the monthly mean reanalysis dataset (1948–
2010) (horizontal grid resolution 2.5◦×2.5◦), acquired
from the National Center for Atmospheric Research
(NCAR) and the National Center for Environmental
Prediction (NCEP) (Kalnay et al., 1996).

To examine interdecadal changes, moving correla-
tions were calculated after detrending the time series.
In addition, we performed an EOF analysis to deter-

mine the spatial patterns of AO and AAO in different
time periods. We then analyzed the spatial character-
istics of zonal asymmetry in detail.

To quantitatively estimate the zonal asymmetry of
the annular modes of AO and AAO, we defined a zonal
symmetry index (ZSI). Using AO in boreal winter as
an example, the local index was calculated as follows:
Step 1: Calculate the normalized SLP differences be-
tween 40◦N and 65◦N in boreal winter for all longi-
tudes during a certain period and name it D , where n
is the number of grids along the latitude circle in the
reanalysis data.

D = [D1,D2,D3, . . .Dn] .

Step 2: Construct the matrix of correlation coeffi-
cients of the time series among different longitudes,
and named it C , where cij is the correlation coeffi-
cient of D i and Dj .

C =




c11 c12 · · · c1n

c21 c22 · · · c2n

...
...

. . .
...

cn1 cn2 · · · cnn


 .

Step 3: Calculate the arithmetic mean of the correla-
tion matrix and use it as an estimate of zonal symme-
try of AO.

ZSI =

n∑

i=1

n∑

j=1

cij

n2
.

The closer the index to 1, the greater the zonal sym-
metry of the annular mode.

Similar to AO in boreal winter, the ZSI of AO in
boreal summer was drawn from data in June, July, and
August (JJA). The ZSI of AAO both in austral win-
ter (JJA mean) and summer (DJF mean) were defined
using data from 40◦S and 65◦S.

3. The interdecadal transition of zonal asym-
metry

To analyze the interdedacal changes of zonal asym-
metry, a 23-year moving window was used to calcu-
late the zonal symmetry index across the period 1948–
2010, which means that each cross-correlation matrix
was derived from the correlation between the normal-
ized SLP differences during 23 years.

The time series of the ZSI of both AO and AAO are
shown in Fig. 1. (The time series shrink to 1959–1999
due to moving correlation.) The zonal asymmetry of
both AO and AAO underwent an interdecadal transi-
tion in the late 1970s. However, no significant shifts
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Fig. 1. AO zonal symmetry index in (a) boreal winter and (b) boreal summer for 1959–1999; and
AAO zonal symmetry index in (c) austral summer and (d) austral winter.

in zonal asymmetry of either AO or AAO occurred in
boreal summer.

AO underwent clear seasonal variations and was
strongest in boreal winter. It became much weaker
in boreal summer, and the impact of AO was not
as strong as that in winter. Correspondingly, the
zonal asymmetry of AO also displayed seasonal vari-
ations. The ZSI of AO in boreal summer (JJA mean
in Fig. 1b) was generally smaller than that in boreal
winter (Fig. 1a), which indicates that AO was not so
symmetric in boreal summer. Zonal asymmetry of
AAO was much stronger in austral winter than that
in austral summer, with a substantially lower index
(Fig. 1d).

To demonstrate the differences of the zonal asym-
metry before and after the late 1970s, the further anal-
ysis of zonal asymmetry of both AO and AAO is di-
vided into two periods: 1948–1979 and 1980–2010.

Figure 2 shows the cross-correlation map of nor-
malized SLP differences at all longitudes during these
two periods, respectively. More details of the inter-
dedacal changes of zonal asymmetry can be seen in this
figure. Most of the areas exhibit positive correlation
coefficients (Figs. 2a and b), which indicates a large
degree of zonal homogenous change of the normalized
SLP differences in boreal winter, that is, good zonal
symmetry of AO in boreal winter. However, the neg-
ative correlation coefficients disappeared in the latter
period (Fig. 2b), and the areas with positive correla-
tion coefficients significant at the 95% confidence level
were much larger than in the previous period (Fig. 2a),
indicating a stronger zonal symmetry of AO in boreal
winter for 1980–2010. This result is consistent with

the result shown in Fig. 1a; the zonal symmetry index
became larger after the late 1970s.

AAO in austral summer (DJF mean) for 1948–
1979 exhibited quite good zonal symmetry (Fig. 2c).
All correlation coefficients were positive, and the vast
majority was significant at the 95% confidence level.
This illustrates that the normalized SLP differences
between middle and high latitudes change homoge-
nously along the latitude circle. However, the zonal
symmetry of AAO in austral summer for 1980–2010
was not as good as that for 1948–1979, which agrees
with the result shown in Fig. 1c.

Regarding the zonal asymmetry of AAO in austral
winter (JJA mean), it became stronger in 1980–2010,
but the index had a small amplitude (not shown). In
addition, we compared the difference of AAO between
summer and winter for the same period, and we found
that AAO became very asymmetric in austral winter,
different from in austral summer.

4. The interdecadal change of spatial pattern
of AO and AAO

For a comprehensive understanding of the spatial
characteristics of the zonal asymmetry of the annular
mode, an EOF analysis was performed on the nor-
malized SLP field poleward of 20◦N and 20◦S in both
summer and winter during the period 1948–1979 and
1980–2010, respectively (Figs. 3 and 4).

As shown in Figs. 3a and b, the leading modes of
normalized SLP clearly reflect AO pattern in boreal
summer and winter, demonstrating a seesaw of at-
mospheric mass change between middle and high lat-
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Fig. 2. Correlation coefficients of normalized SLP differences between 40◦N and 65◦N among dif-
ferent longitudes of DJF mean for (a) 1948–1979 and (b) 1980–2010. And correlation coefficients of
normalized SLP differences between 40◦S and 65◦S among different longitudes of DJF mean for (c)
1948–1979 and (d) 1980–2010. Shaded areas indicate significant correlations at the 95% confidence
level, estimated by a local Student’s t-test.

itudes. In 1948–1979 (Fig. 3a), the area with negative
values extended much more widely along the 90◦W–
90◦E direction than in the prime meridian direction.
During the latter period, the area with the negative
values had almost the same extension in the two di-
rections (Fig. 3b). Distribution of the contours was
more parallel to the latitude circle in 1980–2010, while
in the previous period (Fig. 3a) it was much closer to
an oval shape. That is to say, AO in boreal winter
for 1980–2010 was more zonally symmetric, consistent
with Fig. 1a and Figs. 2a and b.

The polar vortex became inactive in boreal sum-
mer and AO intensity decreased, so the area with the
same direction of change (Figs. 3c and d) around the
North Pole was smaller than that in boreal winter, but
the reverse change between middle and high latitudes
was still evident. Comparing Figs. 3c with d, in the
latter period, the negative area extends far to the At-
lantic Ocean. Moreover, there are many negative ar-

eas around the Caspian Sea and east of Japan, which
is different from the vast positive region at the same
latitudes. Therefore, AO was less zonally symmetric
in boreal summer during 1980–2010 (see Fig. 1b).

Figure 4 shows the leading mode of SLP in sum-
mer and winter south of 20◦S during 1948–1979 and
1980–2010. The first modes (Figs. 4a and b) show the
anti-phase of SLP change between the polar region and
mid-latitudes as well as the generally zonally symmet-
ric mode of AAO in both periods. However, during
1980–2010, there were large negative areas south of
Australia and in the South Atlantic. The distribu-
tions of the annular mode in low latitudes were more
heterogeneous than in the previous period. Notably,
the variance contribution of the latter period (32.4%)
was much smaller than that (46.0%) of the previous
period, which means that the zonal symmetry mode
became less typical in the latter period. The result is
consistent with the high zonal asymmetry of AAO in
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Fig. 3. EOF1 of normalized SLP in 20◦–90◦N of DJF mean for (a) 1948–1979 and (b) 1980–2010. And
EOF1 of normalized SLP in 20◦–90◦N of JJA mean for (c) 1948–1979 and (d) 1980–2010. The outer-
most latitude circle is 20◦N. The value at the top right of each panel is the variance contribution of the
corresponding spatial mode.

austral summer for 1980–2010.
Figures 4c and d shows the leading modes of nor-

malized SLP in austral winter. The zonal asymmetry
shown in these two plots share similar features. Simi-
lar to the differences between Figs. 4a and b, the vari-
ance contribution of the leading mode in 1980–2010
was smaller than that in 1948–1979. In other words,
AAO became more asymmetric in 1980–2010.

In addition, differences in the zonal asymmetry of
AO and AAO between summer and winter are illus-
trated in Fig. 3 and Fig. 4. Comparing Figs. 3a with
c, and Figs. 3b with d, it can be seen that AO in bo-
real winter exhibited more zonal symmetry than in bo-

real summer during both periods. Figure 4 shows that
AAO was more zonally symmetric in austral summer
(DJF mean).

5. Summary and discussion

This study examined the interdecadal changes in
zonal asymmetry of AO and AAO for 1948–2010. The
zonal asymmetry of both AO and AAO underwent
a significant transition in the late 1970s. AO had a
weaker zonal asymmetry in boreal winter after the late
1970s, while an opposite situation occurred in boreal
summer. The zonal asymmetry of AAO increased after
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Fig. 4. The same as Fig. 3, but for 20◦–90◦S. The outermost latitude circle is 20◦S.

the late 1970s in both austral winter and summer. Re-
garding differences between summer and winter, AO in
boreal winter was more symmetric than that in boreal
summer, while AAO in austral summer had a better
zonal symmetry.

The physical processes responsible for these
changes remain unclear, but they may be associated
with the zonal symmetry or asymmetry of the warm-
ing in the atmosphere and oceans. In the Northern
Hemisphere, the Eurasian and North American conti-
nents exhibit greater warming than the oceans. Mean-
while, zonal asymmetric warming was also detected in
the middle and high latitudes in the Southern Hemi-
sphere. Concerning the difference in heat capacity be-

tween land and sea, the opposite meridional distribu-
tion of land–sea at middle and high latitudes between
Southern and Northern Hemispheres may contribute
to the seasonal variation of zonal asymmetry of AO
and AAO. Because the AO and AAO are respectively
correlated with the climates of many areas around the
globe, the interdecadal transition of the zonal sym-
metry of the AO and AAO may have profound im-
plications for the climate variability and predictabil-
ity around the globe, including the African–Asian–
Australian monsoon regions.

The results presented here were derived using sta-
tistical methods, and these diagnostic conclusions re-
quire model validations. In our future work, we will
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check the interdecadal transition and seasonal varia-
tion in zonal asymmetry of AO and AAO using nu-
meric models. Moreover, the possible mechanism re-
sponsible for the transition will be further explored.
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