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ABSTRACT

This study evaluates the fidelity of Arctic and Antarctic oscillations (AO and AAQ for short, respectively)
in the coupled general circulation models participating in the Fourth Assessment Report of Intergovernmental
Panel on Climate Change (IPCC AR4). The AO and AAO during 1970-1999 in 24 models are analyzed
and compared with that in ERA-40 and NCEP-1. Models’ performance is seasonally dependent, with best
reproducibility of both spatial structure and trend in winter. In most models, the spatial pattern and
temporal trend of AAO during this period are more delicately simulated than AO. After picking out models
with better performance according to the Taylor diagram, we find that their ensemble mean can obviously
improve models’ reproducibility. The AO and AAO in the Special Report on Emission Scenarios (SRES)
A1B Projection during the 21st century are also briefly analyzed. The results reveal that both the AO
and AAO indices keep increasing during 1970-2099, with a steadier pace of AO than AAO. The spatial
difference of sea level pressure between 2060-2089 and 1970-1999 shows decreased values in polar regions,
and increased values in midlatitudes. The results manifest that the ozone recovery during the mid 21st
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century may not weaken such a trend.
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1. Introduction

There exists a strong leading mode in the anoma-
lous sea level pressure (SLP) field of the mid-high lat-
itudes in both hemispheres at various time scales, i.e.,
This
mode is shown as a seesaw between the anomalous

synoptic, monthly, seasonal, and interannual.

SLP in the polar region and midlatitudes, namely,
decreased polar low often accompanies increased mid-
latitude high, and vice versa. It corresponds to the
out-of-phase relation between the zonal wind anoma-
lies along 40°N and 60°N. Thus, this mode is named
the Arctic/Antarctic oscillation (AO/AAO, or the
northern/southern annular mode due to their zon-
ally symmetric structure) in the Northern/Southern
Hemisphere. The AO/AAO can be represented by the
first leading mode of the empirical orthogonal function

*Supported by the National Natural Science Foundation of China under Grant Nos.

(EOF) analysis on the SLP field north of 20°N (south
of 20°S). And vertically, the AO/AAO is equivalent
barotropic, as the seesaw structure exists in the entire
troposphere, and the amplitude increases with height
(Thompson and Wallace, 1998, 2000a; Gong, 1998).
The AO/AAOQ is produced by the internal variability
of the atmosphere with no major period. Many stud-
ies investigate the mechanism how the related zonal
wind anomalies persist, and Lorenz and Hartmann
(2001, 2003) found that the major contribution comes
from the interaction between the zonal-mean wind
anomalies and the baroclinic transient waves.

As
AO/AAO can exert significant impacts on the weather

a hemispheric-scale atmospheric mode,
and climate systems in many regions. AO can influ-
ence the surface temperature of East Asia in winter

through the Siberian high (Gong et al., 2001); positive
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AOQ in late spring will induce the northward shift of the
East Asian jet in summer, less rainfall in the Yangtze
River and South Japan, and more rainfall in South
China (Gong and Ho, 2003); winter AO can modulate
the precipitation in Southeast Africa through the im-
pact on the shift of the intertropical convergence zone
(McHugh and Rogers, 2001). Thompson and Wallace
(2001) made a comprehensive study on the regional cli-
mate impact of AO and found that AO can modulate
the intensity of the midlatitude storms, the frequency
of the blocking high and the cold air outbreak in the
high latitudes. AAO can influence the precipitation
variability in many regions in the southern high lati-
tudes (Gillett et al., 2006). AAO exerts an impact on
the winter-spring climate and summer rainfall in East
Asia through the atmospheric circulation (Wang and
Fan, 2005; Fan and Wang, 2006). The moisture budget
related to AO/AAO is also zonally symmetric: when
the polar low deepens, the associated westerly anoma-
lies and meridional thermodynamical circulation can
induce moisture divergence and decrease the precipi-
tation (Boer et al., 2001).

During recent decades, AO/AAO index shows an
obvious upward trend. And this trend results from
the interactions among several factors including the
global warming, stratosphere ozone depletion, and sea-
ice attenuation (Arblaster and Meehl, 2006; Thomp-
son et al., 2000b). The AO/AAO not only modu-
lates the global climate at the interannual time scale,
but also the global climate change at multi-decadal
or even longer time scales. In the 1980s and 1990s,
strengthened AO induces decreased SLP in the po-
lar region and anomalous cyclonic motion of sea ice,
and thus the contraction of the Eurasian ice (Hu et
al., 2002; Rigor et al., 2002). The changing pattern
of the Northern Hemisphere surface air temperature
resembles the spatial pattern of AO from the 1970s
to the end of 20th century (Thompson and Wallace,
1998). The strengthened AAO makes the Antarctic
continent somewhat isolated from the global warming,
while there exists above-global-mean temperature rise
in the Antarctic Peninsula (Marshall, 2007). Thomp-
son and Solomon (2002) showed that the strengthened
AAO intensifies the westerly flow encircling the po-
lar cap and results in the warming over the Antarctic
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Peninsula and the cooling over eastern Antarctica and
the Antarctic Plateau.

Due to the significant regional and remote in-
fluences of AO/AAO mentioned above, their changes
have significant implications for climate change in
many regions over the earth. In addition, as the ma-
jor atmospheric circulation modes in the mid-high lat-
itudes, it is rather important to know how well the
coupled models can reproduce the spatial and tem-
poral characteristics of AO/AAO. In this paper, we
try to evaluate the capability of the coupled general
circulation models from IPCC AR4 (the Fourth As-
sessment of the Intergovernmental Panel on Climate
Change) in reproducing AO/AAO, including the spa-
tial pattern, trend and interannual variability, and to
reveal the future changes of AO/AAO so as to provide
some clues for global, especially high latitude, climate
change. The details on why some models exhibit good
reproducibility while others are poor will not be in-
volved too much in this study.

2. Models and methods

The SLP of the coupled models is retrieved
from the Program of Climate Model Diagnosis
http://www-
pemdi.lnl.gov/. Table 1 lists the brief information

and Intercomparison at the website:

of these models, and details can also be found in the
above website. The 20C3M simulates the 20th century
climate (starting from the mid-19th century). There
are three simulations for the future climate based on
the emission scenarios of the IPCC Special Report
on Emission Scenarios (SRES): SRES-A1B, SRES-
A2 and SRES-B1. The output data of 24 models for
20C3M and SRES-A1B are utilized in this study.
The models have one to nine experiment mem-
bers. The giss-aom, ipsl-cm4, ukmo-hadcm3, and
ukmo-hadgem are experimented with two runs; gfdl-
cm2.0, gfdl-cm2.1,

medres with three; bee-cml, mpi-echamb, and ncar-

iap-fgoalsl.0-g, and micro3.2-

peml with four; ccema-cgem3.1-t47, giss-model-e-
h, miub-echo-g, and mri-cgem?2.3.2a with five; ncar-
ccsm3.0 with eight; and giss-model-e-r with nine; and
the rest seven models with only one. We first calcu-
lated the multi-run mean SLP field of each model, and
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Table 1. Information on models participating in the CMIP3
Code Model Name Institute Number of Atmospheric  Stratosphere
runs (20C3M) resolution ozone

a ncep

b ensemble

[ bcer—becm2_0 Bjerknes Center for Climate Research, 1 T63, L31 X
Norway

d cccma_cgem3_1_t47 Canadian Centre for Climate Modelling 5 3.75*%3.75, L31 X
and Analysis, Canada

e cccma_cgem3_1_t63  ** 1 2.8x2.8, L31 X

f cnrm_cm3 Center National de Researches 1 T63, L45 4
Meteorologiques, France

g csiro_mk3_0 Commonwealth Scientific and Industrial 3 T63, L18 Vv
Research Organisation, Australia

h csiro_mk3_5 Hox 1 Hx v

i gfdl_cm2_0 Geophysical Fluid Dynamics Laboratary, 3 2.5x2.0, L24 Vv
NOAA, USA

j gfdl_cm2_1 *x 3 *x Vv

k giss_aom NASA /Goddard Institute for Space 2 4x3, L12 X
Studies (GISS), USA

1 giss_model_e_h ok 5 5x4, L20 Vv

m  giss_model_e_r K 9 ok Vv

n iap_fgoalsl_0_g Institute of Atmospheric Physics, China 3 2.8%2.8, L.26 X

o ingv_echam4 Istituto Nazionale di Geofisica e 1 T106, L19 X
Vulcanologia, Italy

P inmcm3_0 Institute for Numerical Mathematics, 1 5x4, L21 X
Russian Academy of Sciences, Russia

q ipsl—cm4 Institut Pierre Simon Laplace, 2 3.75x2.75, L19 X
CNRS CEA, France

r miroc3_2_hires Center for Climate System Research 1 T106, L56 Vv
(CCSR/NIES/FRCGC), Japan

S miroc3_2_medres oK 3 T42, L20 v

t miub_echo_g Meteorological Institute of the University of 5 T30,L19 X
Bonn/Institute of KMA, Germany&Korea

u mpi_echamb Max Planck Institute for Meteorology, Germany 4 T63, L31 Vv

v mri_cgcm2_3_2a Meteorological Research Institute, Japan 5 T42, L30 X
Meterological Agency, Japan

w ncar_ccsm3_0 National Center for Atmospheric Research, 8 T85, L.26 Vv
NSF/DOE/NASA/NOAA, USA

x ncar_pcml *x 4 T42, 126 Vv

y ukmo_hadcm3 Hadley Centre for Climate Prediction and 2 3.75x2.75, L19 Vv
Research, Met Office, U.K.

z ukmo_hadgem1 *x 2 N96, L38 Vv

Note: ** Same as the last model in the table.

“y/” and “x” denote models with stratophere ozone depletion and recovery and models with only climatological ozone.

then applied EOF analysis on the SLP over south of
20°S and north of 20°N to obtain the AAO and AO

mode. The inter-member standard deviation indicates

some extent through the multi-member-mean method.
The spatial pattern of multi-model-ensemble (MME)
is represented by the leading EOF of the averaged SLP.

model’s internal variability, which can be reduced to  In order to separate the influence of ozone change on
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the trend of AAO and AO, models are divided into
two groups: the first group with stratospheric ozone
depletion in 20C3M and ozone recovery in SRES A1B,
the second with just climatological ozone. The MME
of the two groups is abbreviated as MME-ozone and
MME-nozone.

As pointed out by Marshall (2003), the calculated
trends of AAO with NCEP/NCAR reanalysis are ex-
aggerated by a factor of 2, while ERA-40 provides
an improved representation of the Southern Hemi-
sphere high-latitude circulation. Thus we use the
SLP of both ERA (European Center for Medium-
Range Weather Forecast) reanalysis (ERA-40) and
NCEP/NCAR (National Centers for Environmental
Prediction/National Center of Atmospheric Research)
reanalysis 1 data to evaluate the models’ reproducibil-
ity in terms of AAO and AO. The period of 1970—
1999 is selected.

winter (December-January-February), spring (March-

The four seasons are defined as

April-May), summer (June-July-August), and autumn
(September-October-November).

3. Reproducibility of the TPCC AR4 coupled
models on AAO

3.1 Spatial structure

The correlation coefficient between the spatial
pattern of AO/AAOQO in the model and in ERA depicts
the models’ ability to capture the location of major
centers. The root mean square difference shows the
similarity of the modeled pattern with that in ERA
(the closer to zero, the better), and the standard devi-
ation indicates the models’ capability to reproduce the
amplitude. The above three variables shown together
in one single diagram (Taylor diagram) can fully and
clearly manifest the model’s reproducibility (Taylor,
2001). The Taylor diagram of seasonal spatial AAO
shows a higher correlation coefficient and a closer to
zero root mean square difference of the models in win-
ter in contrast to other seasons (figure omitted), indi-
cating that the models’ reproducibility are seasonally
Thus,

detailed results in winter are shown in the following

dependent, with best performance in winter.
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text.

Figure 1 shows the correlation coefficient, root
mean square difference, and standard deviation of all
models’ spatial pattern and their ensembles relative to
that of ERA (the reference point with standard devi-
ation and correlation coefficient of 1.0) in winter. We
obtain Figs. la and 1b based on the computation us-
ing each model’s all members and only the first mem-
ber, respectively. Obviously, the all-member-ensemble
shows an overall smaller standard deviation than re-
analysis due to the counterbalance among different
members. This is even more evident for models with
more members, e.g., giss-model-e-r with nine runs and
ncar-ccsma3.0 with eight, which manifests that though
the ensemble mean can reduce to some extent model’s
internal variability, it also weakens model’s signals. In
addition, models have different number of members in
20C3M and SRES A1B. Thus, to insure the uniformity
of results, only the first member of each model is used
in the following analysis.

In winter, the explained variance by AAO is
42.5% and 43.7% in ERA and NCEP, and the mod-
els resolve the AAO pattern with percentage variance
explained from 26.6% to 73.3%. The main feature of
AAOQ is the zonal wave-3 pattern with three positive
centers over the midlatitude ocean, and one negative
center over the polar region with a cyclonic center
between 0° and 90°W (Raphael and Holland, 2006),
which is highly consistent between ERA and NCEP
(Figs. 2a, b). All models can reproduce the nega-
tive values over Antarctic and the positive belt over
the midlatitudes, and the major difference exists in
the intensity and position of the active centers. The
MME pattern (Fig. 2c) also shows the zonal wave-3
pattern, but the amplitude is too weak to represent
the real state, which can be attributed to the large
inter-model discrepancies, and the Atlantic center is
positioned too westward. Thus, model evaluation and
selection should be performed.

According to the Taylor diagram, 10 models
are selected: bccr-bem?2.0, cnrm-cm3, giss-model-e-
h, giss-model-e-r, iap-fgoalsl.0-g, miroc3.2-hires, mpi-
echamb, mri-cgem?2.3.2a, ukmo-hadem3, and ukmo-

hadgeml1, all with the root mean square difference
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Fig. 1. Taylor diagrams of the spatial pattern of AAO with (a) multi-member-ensemble mean and (b) only the first run
of individual models. The circle denotes the reference point—the observed AAO pattern in the ERA data. The radial
distance of model code point from the origin is proportional to the standard deviation of the modeled AAO pattern
relative to the observed AAO pattern of the ERA. The correlation coefficient between the model’s pattern and the ERA
pattern is shown by the cosine of the azimuthal angle of model code point, and their root mean square difference is given

by the distance of model code point from the reference point.

less than 0.5, standard deviation larger than 1/4 but
less than that of ERA, and correlation coefficient
higher than 0.85. A point should be made clear that
though these models show a delicate AAO spatial
structure, large discrepancies occur between them in
the future spatial pattern, and the model mpi-echamb
shows a quite different pattern among them during
2060-2089, thus it is better not to use this model’s re-
sults to compute the ensemble mean of selected mod-
els. The ensemble mean of the nine models (Fig. 2d)
more realistically depicts the spatial structure of AAO,
with a higher correlation coefficient of 0.96, closer
standard deviation of 1.01, and smaller root mean
square difference of 0.31 relative to ERA.

Although the nine models are selected as the best
ones, discrepancies with the reanalysis occur in many
details. Miroc3.2-hires simulates a weaker center over
the Indian Ocean, which is stronger in ukmo-hadcm3
and ukmo-hadgeml; the Pacific center is positioned
somewhat more westward in most models; the At-
lantic center is not shown in beer-bem2.0, enrm-cm3,
and mri-cgcm2.3.2a, and positioned too westward in
ukmo-hadem3; ukmo-hadgem1 produces a wave-4 pat-
tern, with a pseudo center over the Southeast Pacific
comparable to that over the Southwest Pacific. With

respect to the cyclonic center west of the Antarctic
Peninsula, two models, mri-cgcm2.3.2a and had-cm3,
show the center with equivalent amplitude at a loca-
tion close to that in ERA.

Two couples of models are compared, respec-
tively: cccma-cgem3.1-t63 and cccma-cgem3.1-t47,
miroc3.2-hires and miroc3.2-medres, with the same
model components and coupled details, just with a
The models

cccma-cgem3.1-t63 and miroc3.2-hires show standard

higher resolution in the former one.

deviation closer to that of ERA, implying that with
the same physical processes, models with higher res-
olution favor more realistic spatial pattern. On the
other hand, however, giss-model-e-h and giss-model-
e-r, which have the lowest resolution among all the
models, still simulate the best spatial pattern. Thus,
reasonable physical processes are vital for models’ per-
formance, while higher resolution can somewhat refine

their performance.
3.2 Trend and interannual variability

Figure 3a shows the trend of AAO index in ERA,
NCEP, MME, MME-ozone, MME-nozone, and 24
The AAO indices in both ERA and NCEP
exhibit strong positive trends (significant at the 95%

models.
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(c) ensemble select (d) beer-bem?2-0 (e) cccma-cgem3-1-t47

180°
(r) ipsl-cm4

Fig. 2. Spatial patterns of AAO during 1970-1999 from (a) the ERA-40 reanalysis data, (b) the NCEP/NCAR
reanalysis 1 data, (c) the ensemble mean of nine selected models, and (d)—(A) each of the 24 models.

confidence level) in winter and spring, significant and  shall (2003) using station data—the strongest seasonal
insignificant (at the 90% confidence level) positive  trend of AAO appears in austral summer.
trends in autumn and summer, respectively. These Most models underestimate the seasonal trend.

characteristics are consistent with the findings of Mar-  For example, all three ensembles exhibit much weaker
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Fig. 3. Trends of (a) AAO index and (b) correlation coefficients between AAO index in models and ERA in the
four seasons (denoted by subscripts 1-4) during 1970-1999. Numbers in the abscissa: —4 to 0 are ERA, NCEP, MME,
MME-ozone, and MME-nozone, respectively, and 1 to 24 denote individual model following the order in Table 1.



NO.2

trends than reanalysis; even MME-ozone has just a lit-
tle more than half of the amplitude of the “realistic”
trend. This is somewhat inconsistent with the conclu-
sion of Cai and Cowan (2007), who showed that the
AR4 model ensemble with ozone-depletion produces a
comparable trend of the Southern Hemisphere circula-
tion to the observation-corrected NCEP data. MME-
ozone/MME-nozone shows a stronger/weaker trend
than that of MME, respectively, and their difference
suggests that ozone depletion contributes at least one
third of the total AAO trend. Among the 24 models,
14 have realistic ozone depletion for 20C3M, four of
which (ncar-pcml, gfdl-cm?2.0, gfdl-cm2.1, and giss-
model-e-h) show insignificant even negative trends,
others producing significant but weaker than realistic
positive trends. Among the models with only clima-
tological ozone, two models (iap-fgoalsl.0-g and ingv-
echam4) show trends equivalent to ERA and with the
largest magnitude among all the models; others show
insignificant or negative trends.

In winter, 10 models with stratospheric ozone
depletion (cnrm-cm3, csiro-mk3.0, csiro-mk3.5, giss-
miroc3.2-medres, miroc3.2-hires,

model-e-r, mpi-

echamb, ncar-ccsm3.0, ukmo-hadem3, and ukmo-
hadgem1) simulate significant (at the 90% confidence
level) positive trends in AAQ. In spring, cnrm-cm3 and
ncar-pcml perform better than other models. Cnrm-
cm3 is the only model that successfully shows the sig-
nificant positive AAO trends in winter, spring, and
autumn.

All indices are detrended first before calculating
the correlation coefficient between the indices of mod-
els and ERA. AAO indices from ERA and NCEP are
consistent at interannual time scale in four seasons,
with correlation coefficients all above 0.9. As a whole,
the models show very low capability to capture the re-
alistic interannual variability of AAO (Fig. 3b). Three
models (beer-bem?2.0, enrm-cm3, and ukmo-hadgem1)
in winter produce interannual AAQO indices signifi-
cantly correlated (at the 80% confidence level) with
that of ERA. The interannual variability mainly comes
from the internal signal of atmosphere, and it proves
quite a tough task for models to capture the natural

variability of the atmosphere.
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4. Reproducibility of models on AO

As the leading EOF mode, AO in winter can ex-
plain 36.1% and 34.2% variance in ERA and NCEP,
and the explained variance is 32.2% in the MME,
ranging from 23.1% to 42.2% in other models. Com-
pared with AAQO, the models exhibit weaker repro-
ducibility of the spatial structure of AO, with smaller
correlation coefficients in all four seasons (Fig. 4a).
Models show a great scatter in the Taylor diagram,
manifesting the large discrepancies. In winter, 16
models produce much stronger Pacific center, and
the MME even cannot capture the major centers of
AO (figure omitted), indicating the great inter-model
discrepancies again. Thus, we select several mod-
els with better behavior according to the Taylor di-
agram and the models’ spatial structure. Eight mod-
els (cccma_cgem_3.1_t47, cccma_cgem-_3.1_t63,
gfdl_cm_2.0, giss-aom, miroc3.2-medres, ncar-pcml,
ukmo-hadem3, and ukmo-hadgem1) are selected.

The spatial structure of AO in ERA and NCEP
also shows great consistency (Figs. ba, b), with an
anomalous low pressure center occupying the Arctic
region, and a weaker high pressure center over the mid-
high latitude Pacific, and a stronger one over the East
Atlantic to Scandinavia. Results of individual models
are shown in Figs. 5d—A. Eight models resolve the pos-
itive centers over Pacific and Atlantic at the “almost
right” position, while other models show obvious de-
parture from the realistic location of the two centers.
The ensemble-average of the eight models (Fig. 5c¢)
describes the Pacific, Atlantic, and Arctic centers at
equivalent location, but with much weaker Atlantic
and Arctic centers, and a stronger Pacific center.

Both ERA and NCEP show a significant (at the
90% confidence level) positive trends of AO in winter
and insignificant trend in other seasons (Fig. 4 b).
The comparable positive trend in winter is manifested
only in cnrm-cm3 and ncar-peml1, which confirms the
point made by Moritz et al. (2002) that most simu-
lations show a much weaker AO trend than observa-
tions. Trends in MME-ozone and MME-nozone show
no obvious difference, implying that the contribution
of ozone depletion to this trend is weak. Models’ low
reproducibility in the winter trend probably indi-
cates the complex causes of AO change, including
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Fig. 4. (a) As in Fig. 1, but for AO.

greenhouse gases (Gillett et al., 2002) and the sea-ice-
atmosphere feedback. Similar to AAO, models show
quite poor capability to capture the interannual signal
of AO.

5. Projections on future change of AAO and
AO

Fyfe et al. (1999) showed positive trends of AO

(b,) Spring
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(bi—4) As in Fig. 3a, but for AO.

and AAO indices during 1900-2100 using only one cou-
pled general circulation model. However, results of in-
dividual models have large uncertainty, which can be
reduced to some extent through the multi-model
ensemble. The time series of multi-model-ensemble
AAQ index during 1970-2099 are shown in Fig. 6a.
Significant trends exist in all four seasons, and MME-
ozone and MME-nozone show equally significant posi-
tive trend. AAO shows a growing trend over the whole
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(e) cccma—(c)gcm3—1—t47

Fig. 5. As in Fig. 2, but for AO.

period, with decreasing SLP over the Antarctica and
increasing SLP over midlatitude oceans. We compute
the winter trend of every 30-yr during 1970-2089, and
find that the significant increase occurs during 1970—
1999 and 2060-2089, and the insignificant one dur-
ing 2000-2029 and 2030-2059. Wavelet analysis of
detrended MME winter AAO index shows a signifi-
cant 16-yr period during 2000-2035 (figure omitted).

MME also shows a significant positive trend in AO
index in all four seasons during 1970-2099 (Fig. 6b),
and the summer trend has the least magnitude. AO
index exhibits a steadier increase during the whole pe-
riod relative to AAO.

In order to visualize the future change of SLP in
polar regions, we compute the SLP difference between
1970-1999 and 2060-2089 based on the ensemble
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Fig. 6. AAO (a) and AO (b) index during 1970-2099. Red, yellow, and green lines represent MME, MME-ozone, and
MME-nozone, respectively.

average of the above selected models (Fig. 7). In the
Northern Hemisphere, negative SLP anomalies appear

in the polar region with three centers near the Bering

Strait, Barents Sea, and Hudson Bay,
exceeding 2 hPa.

and values
Positive anomalies occupy the

west and east coasts of the Pacific Ocean and the
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Fig. 7. Spatial difference of the SLP between 2060-2089
and 1970-1999 in the (a) Southern Hemisphere and (b)

Northern Hemisphere in the ensemble mean of selected

models. Contour interval is 30 Pa. Black thick contour

denotes zero.

Mediterranean, manifesting that the Pacific center of
AO will become weaker and expanded, and the posi-
tive center over the west coast of North America will
get strengthened in 2060-2089. These changes may in-
dicate the strengthening of AO in the Atlantic and the
weakening in the Pacific Ocean, which will cause more
asymmetry in the AO pattern. The SLP change in
the Southern Hemisphere seems more zonally symmet-
ric: the SLP in the polar region decreases consistently
with a maximum of 1.5 hPa, and that in the midlati-
tude increases, manifesting the strengthened AAO in
2060-2089 compared with 1970-1999.

6. Summary

Twenty-four coupled models are succinctly
evaluated in terms of the spatial structure and
time series of AAO and AO,

changes

and their future
Models
show large discrepancies in reproducing AO/AAO.

are also briefly investigated.
Some models can capture the main spatial fea-
tures of AAQO, such as bcer-bem?2.0, cnrm-cm3, giss-
model-e-h, giss-model-e-r, iap-fgoalsl.0-g, miroc3.2-
ukmo-hadem3, and ukmo-
simulate AO better, e.

g., cccma_cgem_3.1_t47,

hires, mri-cgcm?2.3.2a,

hadgeml; while some
cccma_cgem_3.1_t63,
gfdl_cm_2.0, giss-aom, miroc3.2-medres, ncar-pcml,
ukmo-hadem3, and ukmo-hadgem1.

Simple all-model-ensemble cannot improve mod-
els’ performance. The ensemble mean of the selected

models after evaluation of individual models is an
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effective way to obtain better results. Models’ repro-
ducibility is seasonally dependent, with best perfor-
mance in winter. Most models simulate AAO better
than AO, possibly due to the different topography.
The South Polar region is occupied by the Antarctic
continent, while the North Polar region by alternative
land and sea, which induces more complicated atmo-
spheric circulation field. The zonal asymmetry of AO
On the other
hand, the stratosphere ozone depletion contributes
much to the positive trend of AAQO, while for the AO

trend, the ozone depletion is not a major factor, and

also poses an obstacle to the models.

the greenhouse gases and the albedo-sea ice feedback
contribute much more, which makes the causes more
complex (Arbalster et al., 2006). In addition, models
basically cannot reproduce the internal variability of
the climate system.

AO/AAO index keeps increasing during 1970-
2099. AAOQO index shows a stronger upward trend than
AO. The trend of AAO index changes over time, with
the largest trend during 1970-1999 and 2060-2089,
and insignificant during 2000-2029 and 2030-2059. In
the SLP difference field between 2060-2089 and 1970—
1999, obvious negative anomalies appear over both
polar regions, and positive anomalies over midlatitude
oceans, manifesting that AO/AAO will keep strength-
ening under the global warming. The ozone recovery
may not exert significant influences on this trend.

In the polar regions, the stratosphere-troposphere
The

stratosphere polar vortex is critical to drive the tro-

coupling is an important dynamical process.

pospheric climate variability, and may be treated as a
predictor for the tropospheric weather (Baldwin and
Dunkerton, 2001; Thompson et al., 2005). We do an-
alyze the polar vortex in the coupled models in the
present study. However, primary results show that
the corresponding stratospheric mode of AO/AAO
in the models exhibits more differences than in the
observation. In the reanalysis, the stratosphere over
the South Polar (midlatitude) region is dominated
by negative (positive) geopotential height anomalies,
but the coupled models only show exaggerated signals
over the polar region; for the Northern Hemisphere,

coupled models can only reproduce half the amplitude
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of the anomalies. According to these coarse results,
it may be deduced that the coupled models probably
cannot capture the stratosphere-troposphere interac-
tion (Xin et al., 2008).
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