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ABSTRACT: One of the great model biases in simulating the East Asian summer monsoon are the warming bias of the
summer surface air temperature (SAT) in mid-eastern China in the late 1970s. Previous studies have found that the summer
equatorward displacement of the Asian Jet Stream (AJS) could result in SAT cooling in mid-eastern China in the past half
century. This paper focuses on the relationship of the meridional displacement bias of the Asian Jet Stream (AJS) with
the SAT bias in mid-eastern China in 22 IPCC AR4 models. On the basis of 20C3M simulation outputs, the bias analyses
show that the summer SAT bias in mid-eastern China are closely linked to the bias of the subtropical upper-level zonal
wind around the AJS core.

Climatologically, the summer AJS cores in more than half of IPCC models are north of the observed one, and
most of models underestimate the intensity of the AJS. Ten models (bccr_bcm2_0, cccma-cgem3_1_t63, cnrm_cm3,
gfdl_cm_2_0, gfdl_cm2_1, ipsl_cm4, miroc3_2_hires, mpi_echam5, ncar_ccsm3_0, and ukmo_hadgem1) are able to capture
the AJS meridional displacement — the distinct feature of the summer AJS — for the influences of climate in eastern China.
Among these ten models, bcecr_bcm?2_0, cccma_cgem3_1_t63, miroc3_2_hires, mpi_echam5 and ncar_ccsm3_0 fail to simulate
the multi-decadal variations of the AJS and cccma_cgem3_1_t63, cnrm_cm3, ipsl_cm4, mpi_echam5, and ukmo_hadgem1
underestimate large-scale circulations associated with the AJS over eastern China. Thus, merely two models, gfdl_.cm_2_0
and gfdl_.cm2_1, have the ability in successfully simulating the SAT cooling in mid-eastern China during the late 1970s.
These results imply that a good simulation of the AJS is important for weather and climate forecasts and assessments in
eastern China. Copyright © 2012 Royal Meteorological Society
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1. Introduction has experienced a distinct multi-decadal variability with
a weakening monsoon circulation of flood (drought) in
southern (northern) China (Ding and Sun, 2003; Yu et al.,
2004; Yu and Zhou, 2007; Ding et al., 2008). The recent
warming in the tropical Pacific and Indian Oceans (Nitta
and Hu, 1996; Gong and Ho, 2003; Hu et al., 2003) could
also cause excessive rainfall, and thus induce surface tem-
perature cooling in mid-eastern China. In addition to the
are possible reasons of summer surface cooling varia- .surfgce cooling, a.distinctive. Stronfé tropospheric cool-
tion in mid-eastern China in the late 1970s (Qian and M& also found in East Asia during 1at§ summer. Yu
Giorgi, 1999; Xu, 2001; Menon e al., 2002; Qian et al., ! al. (2004) suggested that the stratospheric temperature
2003; Ueda et al., 2006; Li et al., 2007). Some studies changes might be responsible for a strong tropospheric
emphasized that this summer cooling may be attributed ~cooling over East Asia.
to the multi-decadal variation of the large-scale sum- Numerical models have successfully simulated some
mer monsoon circulations over eastern China (Yu er al., large-scale aspects of climate changes observed during
2004; Zhou et al., 2006; Ding et al., 2009). Since the the instrumental period (Raisanen, 2007), but the abil-
late 1970s, the East Asian summer monsoon (EASM) ity of models simulating the EASM is not yet satis-
factory (Liang et al., 2001; Zhou and Yu, 2006; Sun
S — ) ) ) and Ding, 2008). Few IPCC AR4 climate models could
* Correspondence to: W. Zhou, Guy Carpenter Asia-Pacific Climate

Impact Centre, School of Energy and Environment, City University of rep.rodlllce the surface COOhng ?hange l? mld_e_aStern
Hong Kong, Hong Kong, China. E-mail: wenzhou@cityu.edu.hk China in the late 1970s even if time-varying forcing of

In the past half century, the most remarkable feature
associated with climate changes over China is a mod-
erate summer (June—July—August, JJA) surface cooling
trend over mid-eastern China (Zhou and Yu, 2006; Yu
et al., 2010), which is in contrast to the common warm-
ing trend elsewhere (Jones ef al., 1999; Folland et al.,
2001a, 2001b). The natural and anthropogenic forcing
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anthropogenic aerosols including black carbon were pre-
scribed (Zhou and Yu, 2006). Ensemble simulations of
Asian—Australian summer rainfall anomalies for an El
Nifio event in 11 atmospheric GCMs were considerably
poor (Wang et al., 2004). Through analysing AMIP GCM
biases in eastern China, Liang et al. (2001) found the
simulated summer monsoon over eastern China is pro-
longed but weak. Although IPCC AR4 climate models
can simulate mean summer monsoon precipitation over
eastern China, their performances on simulating multi-
decadal changes in summer precipitation over eastern
China are rather poor (Sun and Ding, 2008). The rea-
sons of these models biases are complicated and may
be caused by the internal processes, external forcing,
and model parameterisations, and so on. All IPCC AR4
models include the increase of anthropogenic greenhouse
gases and anthropogenic aerosols in 20th century simu-
lation, but the details of the forcing vary with models
(Zhou and Yu, 2006). Different natural forcing agents
are involved in individual models, and thus, make direct
inter-comparisons of simulations difficult.

The summer monsoon over eastern China is highly
energetic and has been teleconnected. Thus, simulation
biases are systematic (Liang et al., 2001; Sun and Ding,
2008). Liang and Wang (1998) indicated that the north-
south displacement of the tropospheric westerly jet plays
an important role in determining the monsoon onset and
retreat. Both the observed (Lau et al., 2000; Liao et al.,
2004) and modelling results (Liang et al., 2001; Zhang
and Guo, 2005) have shown that an equatorward Asian
Jet Stream (AJS) displacement in boreal summer causes
more rainfall and cool surface air temperature (SAT)
over south-central China via the associated anomalous

meridional circulations (Liang et al., 2001; Zhang and
Guo, 2005; Yu and Zhou, 2007). Yu et al. (2004) also
found that the shifting southward upper-level westerly
jet stream over East Asia may result in tendency surface-
cooling in the downstream of the Tibetan Plateau. On
the basis of the dynamical connections between the
summer AJS and surface climate in eastern China, the
purpose of this study is to investigate the performances
of the AJS variations and the relationships between AJS
and the mid-eastern China summer SAT in IPCC AR4
models.

The paper is organized as follows. The details of
observed datasets and model outputs are presented in
Section 2. Section 3 shows the relationships between SAT
and AJS biases. To illustrate the influences of AJS biases
on SAT in mid-eastern China, the performances of models
on AJS are firstly assessed in detail in Section 4. Then, the
performances of dominant physical processes connecting
the AJS with the summer SAT in mid-eastern China
are described in Section 5. Discussion and summary are
given in Section 6.

2. Data and methothdology

2.1. Datasets

The monthly National Centers for Environmental Predic-
tion/National Center for Atmospheric Research (NCEP/
NCAR) reanalysis dataset (Kistler et al., 2001) and 22
IPCC AR4 models (20C3M experiments) outputs in sum-
mer during 1961-1999 are used. The IPCC AR4 models
are shown in Table I. For the convenience of compar-
ison, model outputs were linearly interpolated to the

Table I. Model names and resolutions.

No. Model experiment acronym IPCC ID Model approximate resolution
1 bce_cml BCC-CM1 1.9x 1.9
2 beer_bem2_0 BCCR-BCM2.0 2.8 x2.8
3 cccma_cgem3_1 CGCM3.1 3.7x3.7
4 cccma_cgem3_1_t63 2.8 x2.38
5 cnrm_cm3 CNRM-CM3 2.8 x 2.8
6 csiro_mk3_0 CSIRO-MK3.0 1.9x 1.9
7 gfdl_cm2_0 GFDL-CM2.0 25x%x20
8 gfdl_.cm2_1 GFDL-CM2.1 25x2.0
9 giss_aom GISS-AOM 4.0 x 3.0
10 giss_model_e_h GISS-EH 5.0x4.0
11 giss_model_e_r GISS-ER 5.0 x 4.0
12 iap_fgoals1_0_g FGOALS-g1.0 2.8 x 3.0
13 inmem3_0 INM-CM3.0 5.0x4.0
14 ipsl_cm4 IPSL-CM4 3.7x25
15 miroc3_2_hires MIROC3.2 (hires) 1.1 x 1.1
16 miroc3_2_medres MIROC3.2 (medres) 2.8 x 2.8
17 mpi_echam5 ECHAMS5=MPI-OM 1.9 x 1.9
18 mri_cgem2_3_2a MRI-CGCM2.3.2 2.8 x2.8
19 ncar_ccsm3_0 CCSM3 14x14
20 ncar_pcml PCM 2.8 x 2.8
21 ukmo_hadcm3 UKMO-HadCM3 3.7x%x25
22 ukmo_hadgem1 UKMO-HadGEM1 1.9x 1.2
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same 2.5° x 2.5° latitude—longitude grid as from the
NCEP/NCAR reanalysis. The 156 stations’ monthly SAT
in Mainland China during 1961-1999 compiled by the
Chinese Meteorological Administration are also used in
this study.

2.2. Uncentred correlation

To illustrate the relationship of two variables’ biases in
coupled models, we compute the uncentred correlation
coefficients. The uncentred correlation is different from
the conventional correlation in that it uses zero as
reference rather than the mean value. The uncentred
correlation is calculated by the following:

where x and y are the two variables with size of n.

From the mathematical viewpoint, the uncentred corre-
lation coefficient is the scalar product of the unit vectors
in the directions of X and Y and, thus, is equal to the
cosine of the angle between the two data vectors in an
n-dimensional space. Since the vector X or Y describes
the bias, a value of r close to 1 indicates that the two
biases have similar directions, i.e. very similar profiles; a
value of r close to 0 indicates little similarity, and close
to —1 indicates that the two behave oppositely.

3. Relationship between AJS and SAT biases in
mid-eastern China

Compared to the global surface warming during 1978—
1997 (Jones et al., 1999), the SAT cooling in mid-
eastern China during boreal summer is distinct (Zhou
and Yu, 2006). Observation shows that the summer
SAT cooling in mid-eastern China is about 0.8°C. As
shown in Figure 1, most CGCMs participating IPCC
AR4 fail to capture this unique change, and almost all
of them simulate the SAT warming during the second
half of the 20th century. Only few models, such as
gfdl2.0, gfdl2.1, and miroc3_2_medres, can simulate the
observed boreal summer SAT cooling. However, their
simulated cooling magnitudes are much smaller than the
observations.

The climate over East Asia on interannual and longer
timescales is strongly influenced by the subtropical upper-
level zonal wind anomalies, particularly the changes of
the AJS (Liang and Wang, 1998; Lau et al., 2000; Liang
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Figure 1. Differences of mean JJA SAT in mid-eastern China
(25°=35°N, 105°—120°E) between 1980 and 1999, and 1961 and 1976,
from the IPCC-AR4 20C3M simulations and station observations. This
figure is available in colour online at wileyonlinelibrary.com/journal/joc
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Figure 2. (a) The maximum of summer climatology zonal-averaged
(75°=105°E) zonal wind at 200 hPa and its location. (b) Uncentred
correlation pattern between summer 200 hPa zonal wind biases and
surface temperature biases averaged at (25°—35°N, 105°—120°E). The
shading is exceeding 90% significant level. The thick contour line is the
30 m/s zonal wind climatology at 200 hPa in JJA from 1961 to 1999
in NCEP/NCAR reanalysis. This figure is available in colour online at
wileyonlinelibrary.com/journal/joc

et al., 2001; Liao et al., 2004; Lu, 2004; Wang et al.,
2011). Climatologically, the core of the 200-hPa JJA AJS
is located approximately at 40°N (Figure 2(a)). However,
the maximum of simulated upper-level zonal wind aver-
aged between 75° and 105°E in most models are north
to 40°N, and the differences of zonal wind magnitude
between observation and simulations are also large. We
hypothesize that the biases of the AJS location simu-
lation could cause poor simulations of the SAT in mid-
eastern China. In order to test this hypothesis, we investi-
gate the systematic relationships between the upper-level
zonal wind biases and summer SAT biases in mid-eastern
China. The uncentred correlations between the biases
of JJA zonal wind at 200 hPa and mid-eastern China
SAT are used here. Using the NCEP/NCAR reanalysis
dataset and station SAT dataset, the biases of 200-hPa
JJA zonal wind in each grid point and area-averaged JJA
SAT in mid-eastern China (25°-35°N, 105°-~120°E) are

Int. J. Climatol. 33: 265-276 (2013)
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firstly calculated for individual models. Then, the biases
of zonal wind and surface temperature of each model
are arranged sequentially, and their lengths are 22 x 39
(22 IPCC AR4 models over a 39-year period from 1961
to 1999. Note that the order sequence is not important).
Finally, the uncentred correlations are calculated between
these biases fields. Figure 2(b) shows the spatial pat-
tern of correlation between upper-level zonal wind bias
and mid-eastern China summer SAT bias. The signifi-
cant positive correlation coefficients between upper-level
zonal wind and mid-eastern China summer SAT biases
are found to the north of the climatological location of
the observed AJS (Figure 2(b)). The significant positive
relationship suggests that the biases of summer SAT in
mid-eastern China are not isolated, and are systemati-
cally linked to the biases of subtropical upper-level zonal
wind.

XIN WANG et al.

4. Model performances of subtropical upper-level
zonal wind

In order to clearly explain the linkage between the
subtropical upper-level zonal wind biases and mid-
eastern China SAT biases in CGCMs, the assess-
ments on the ability of simulating summer zonal
wind at 200 hPa are illustrated in this section. A pri-
mary prerequisite to judge a model performance is
its ability to capture the multi-year average fields.
As for climatology pattern of summer zonal wind at
200 hPa simulated by different models, the bcc_cml
model fails to reproduce the summer climatology upper-
level zonal wind in the subtropics (Figure 3(a)). Some
models such as cccma_cgecm3_1, cccma_cgem3_1_t63,
mpi_echam5, mri_cgem?2_3_2a, ncar_ccsm3_0, ncar_pcml,
and ukmo_hadcm3, simulate stronger upper-level zonal
wind than observations, while the simulations by the
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Figure 3. The bold lines represent the contours of 30 m/s zonal wind at 200 hPa in JJA from 1961 to 1999 in NCEP/NCAR reanalysis, and the
shadings are the zonal wind at 200 hPa for IPCC models. This figure is available in colour online at wileyonlinelibrary.com/journal/joc
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other models (i.e. bcc_cml, bcer-becm2.0, cnrm_cm3, ccecma_cgem3_1, cccma_cgem3_1_t63, cnrm_cm3, csiro-
csiroomk3_0, gfdl.cm2.0, gfdl.cm2_1, giss_aom, giss. mk3_0, gfdl.cm2.0, gfdl cm2_1, giss_aom, giss_model_
model_e_h, giss_model_e_r, iap_fgoalsl_0_g, inmem3_0, e_h, giss_-model_e_r, iap_fgoals1_0_g, inmecm3_0, miroc3_
ipsl_cm4, miroc3_2_hires, miroc3_2_medres, and ukmo_ 2_hires, miroc3_2_medres, mpi_echam5, mri_cgcm2_3_2a,
hadgem1) underestimated zonal wind intensity. Also, itis ncar_pcml, ukmo_hadcm3, and ukmo_hadgeml), are
found that the climatology of strong simulated zonal wind north of 40°N, while the simulated AJS cores by bcc_cm1
with more than 27 m/s (in most IPCC AR4 models) is and ipsl.cm4 are at about 25°N and 34°N south of the
located to the north of the observed AJS, and the bcc.cm1  observed location. In summary, the simulated climatol-
and ipsl_cm4 model simulations are apparent to the south ogy locations of the summer AJS in IPCC AR4 models
of the observed AJS (Figure 3(a) and (n)). Since the core are mostly north of the observed location.

of the summer AJS resides near 40°N along 75° — 105°E We perform the empirical orthogonal function (EOF)
(Figure 3), the comparisons of the maximum of clima- analysis on the simulated summer zonal wind at 200 hPa
tology 200 hPa zonal wind averaged between 75° and in individual models and the NCEP/NCAR reanalysis
105°E in Figure 2(a) show, apparently, the biases of (Figure 4). The observed first leading mode (Figure 4(w))
the AJS. Figure 2(a) shows that only the simulation of of upper-level zonal wind explaining 37.3% variance
ncar_ccsm3_0 is quite similar to the observation.The exhibits a meridional dipole structure with the zero line
simulated AJS cores of the maximum of zonal-averaged located around 40°N where the observed AJS core is
zonal wind in 19 out of 22 models (bccr-bcm2 0, located (Figure 3(w)), consistent to the previous results

{a) bec_cm1 58.3% {b} beer_bemz2_0
SN -~ soM

43.1% {c) cccma_cgemad_1 43.1% (d) cccma_cgemd_1_t83 3394

; 50N %.‘.H - :ﬁ -

400

I ool o

|

}

K

40 Ll 40N 4

30N

i
é

o] oM
L .

30N

—

TOE BOE 90E 100E 110E 120E 130E JOE B0E BOE 100E 110E 120E 130E TE BE B0E 100E MOE 120E 130E J0E BO0E BOE 100E 110E 120E 130E

(e} cnrm_cm3 52.0% (f) csiro_mk3_o0 3019 {g) gidl_cm2_0 44.1% {h) gfdl_em2_1 42 6%

ey

G0N 0N

BON S0M

-~ !
4aM 400
30N - ?lﬁ' L

T T T T T T
TOE BOE 90E 100E 110E 120E 130E J0E  BOE SOE 100E 110E 120E 130E TIE BOE SO0E I0JE 110E 120E 130E 7DE  80E SOE 100E 1WE 120E 130E

[ 4

L a0 4

40N

30N 4 300

1
.
L

i
| %

¢

(i) giss_aom 97.4% (j) giss_model_g_h 32.1% (k) giss_model_e_r 41.6% {l}iap_fgoals1_0 g B1.29
L N L " 1 L L m " L \ A L h . H )y n M . L r
ol T | (L ——] s P—
40N _é:‘!s 400 L 4om 4 400 L
3N } 308 \ I WN-\ ELE

TE BOE 90E TO0E 110E 120E 130E  TOE 80E 90E 100E 110E 120E 130E  WE BOE 90E 100E 110E 120E 130E  70E 80E 90E 100E 110E 120E 130E
{m) inmcm3_0 2419 {m} ipsl_cm4 48 00 {o) miroc3_2_hiras 99 .8% {p) miroc3_2_medres 27 O3

E

508 F 50N 4 50M

E&
o |

00 Foaoh 4 400

o I 30N 30N

)
i

TOE BOE 90E 100E 110E 120E 130 TOE 80E SOE 100E 110E 120E 130E TE BOE 90E 100E NMOE 120E 130E JOE 80E S0E 100E 110E 120E 130E

(g} mpi_acham5 44 7% {ry mri_cgem2_3_2a 28 G {&) ncar_ccsm3_0 8. 295 (t) ncar_pemi a7 ey,
s = -~ 504 P b som Ed 500 - l»
i e | ™'~ — | —

AN A FodoN o / 40N -
30N aoM b oaon 4 ?IS 30N L

T
70E BOE 90E 1ODE 110E 120E 930E TOE B0E GOE 100E 110E 120E 130E  YOE BOE 90 100E 110E 120€ 130E  70E 80E O0OE 100E 190E 120E 130E
{u) ukmo_hadcm3 3B 5% (v} ukma_hadgem1 45 9%, {w) NCEP/NCAR

M " "

-

37.3%

oy

BOM S0M
—

40N AN 40N
30M ; aom [ 30N 4

T T T T T = T T T T T =
TOE EBOE @OE 100E 110E 120E 130E TOE BOE BOE 100E 110E 120E 130E TIE EOE S0E 100E 110E 120E 130€

N e —
-0.18 -0.15 -012 -0.09 -0.06 -0.03 0 003 006 008 012 015 0B

"

TR

1

E
: \

Figure 4. The patterns of the first leading EOF mode of the JJA zonal wind at 200 hPa for IPCC models and the NCAR/NCEP reanalysis. The
bold lines represent the contours of zero. This figure is available in colour online at wileyonlinelibrary.com/journal/joc
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(Gong and Ho, 2003; Lin and Lu, 2005; Zhang et al.,
2008). This pattern indicates a strong meridionally ori-
ented trough-ridge system influencing the climate over
central and east Asia. Compared to the results of obser-
vation, most models are able to reproduce meridional
dipole structure at about 40°N except for inmcm3_0 and
mri_cgem?2_3_2a (Figure 4). However, compared with the
first leading mode and associated PC of the reanaly-
sis result, several models (i.e. cnrm_cm3, ncar_pcml,
ipsl_cm4, and ukmo_hadcm3) reproduce an opposite vari-
ability pattern in spatial distribution, indicating the failure
simulation on interannual variability (Zhou and Yu, 2006;
Zhang et al., 2008).

To check whether the first leading mode of zonal wind
at 200 hPa represents the meridional displacement of
the AJS, we perform a composite analysis. The com-
posites are calculated when the absolute values of the
normalized PC of EOF-1 modes are larger than 0.5.
Compared to the observed AJS shifting meridionally
between 39°N and 43°N (Figure 5(w)), 10 out of 22
models (bcer-bcm2_0, cccma_cgem3_1_t63, cnrm_cm3,
gfdl_cm_2_0, gfdl_cm2_1, ipsl_cm4, miroc3_2_hires, mpi-
echam5, ncar_ccsm3_0, and ukmo_hadgem1) could sim-
ulate successfully the south—north displacement, but
the simulated AJS locations in some models such as
cnrm_cm3 and ukmo_hadgeml1 (ipsl-cm4) tend to move
more poleward (equatorward). In these 10 models, 2

{a) boc_cmi

(b) boor_bom2_0 (g} cocma_cgom3 1
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models (gfdl.cm_2_0 and gfdl_.cm2_1) could reproduce
the observed SAT cooling changes in mid-eastern China
in the late 20th century (Figure 1). The first leading
modes of the other 12 models simulations (i.e. bcc_cml,
cccma_cgem3_1, csiro_mk3_0, giss_aom, giss_model_e_h,
giss_model e_r, iap_fgoals1_0_g, inmcm3_0, miroc3_2_
medres, mri_cgcm?2_3_2a, ncar_pcml, and ukmo_hadcm3)
could not capture the feature of AJS meridional dis-
placement, but the intensity changes of AIJS, espe-
cially in cccma_cgem3_1, inmem3_0, mri_cgcm2_3_2a
and ncar_pcml. That is to say, more than half the models
(12 out of 22) could not reproduce the distinct feature
of AJS meridional displacement. Previous studies (Liang
et al., 2001; Lu, 2004; Zhang and Guo, 2005) suggested
that the changes in the AJS, in particular its variation of
meridional location, can greatly influence the East Asian
summer climate. It is found that the performances of
the AJS meridional shifting changes in most IPCC AR4
models are poor. Therefore, the failure of the SAT sim-
ulation in mid-eastern China may be contributed to the
AJS biases (Figure 2). We point out that although the
performances of miroc3_2_medres in simulating the dis-
placements of the AJS are poor (Figsures 2(a), 3(p), 4(p)
and 5(p)), it still simulates the SAT cooling in mid-eastern
China during the late 20th century (Figure 1), indicating
that other factors could also influence the SAT biases
besides the AJS meridional displacement.
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Figure 5. The red (blue) lines are the composite of 200 hPa zonal wind averaged between 75° and 105 °E in terms of PC-1 values greater (less)
than 0.5 (-0.5) variance. The black lines are the corresponding climatology of 200 hPa zonal wind. The marked dot indicates the maximum of
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5. Linkage between the AJS and SAT in models

Observational results have shown that the summer SAT
anomalies in mid-eastern China are closely related to
the variations of AJS location (Liang et al., 2001; Zhang
and Guo, 2005; Yu and Zhou, 2007). Accompanying the
poleward displacement of the AJS, Figure 7(k) shows
significant sinking motions over north to 25°N, indicating
a SAT warming. A multi-decadal variation of the AJS
with equatorward displacement is observed in the late
1970s (Figures 8(k) and 9(k)), which is thus responsible
for the SAT cooling change in mid-eastern China during
the second half of the 20th century. In Section 4, it
has been shown that 10 models could well perform the
meridional variations of the AJS. A question thus arises
as to why only two of them could simulate successfully
the surface cooling in mid-eastern China in the second
half of the 20th century. To answer this question, we
would like to examine the AJS meridional displacements
and their relationships with the SAT in mid-eastern China
in these ten models. The ten models are catalogued
into three groups. The first group includes the models
that did a good job in simulating the mid-eastern China
SAT (upper row in Figures 7, 8 and 9). The other eight
SAT poor-performance models are sub-classified into the
second and third groups in terms of relationships between
the AJS meridional displacement and the mid-eastern
China SAT (the second and third rows in Figures 7, 8
and 9). For the sake of convenience, the corresponding
PC of the first leading EOF mode in several models
(beer_bem2_0, cccma_cgem3_1_t63, cnrm_cm3, ipsl_cm4,
and ncar_ccsm3_0) is multiplied by—1.0 to make sure
that the negative (positive) values of PC represent the
AJS equatorward (poleward) shift (Figure 8). In order
to detect the approximate time points of the significant
trend change, the sequential Mann-Kendall (SMK) test
(Gerstengarbe and Werner, 1999) is applied on the first
leading PC in the 10 models and the NCAR/NCEP
reanalysis series (Figure 9). SMK test is a nonparametric
test, and usually used to detect the time points of trend
changes in time series. Additional details about the SMK
test can be found in Gerstengarbe and Werner (1999) and
Li et al. (2011). The results of the 11-year running means
and SMK test for the first leading PC in the observation
reveal that there is an abrupt change in the summer
AJS equatorward shift in the late 1970s (Figures 8(k)
and 9(k)).

5.1

Two models of gfdl.cm2_0 and gfdl.cm2_1 reproduce
the SAT cooling in mid-eastern China (Figure 1). In
these two models, the AJS shows apparent multi-decadal
meridional displacement variations, and the AJS tends
to shift euqatorward during the mid-1980s (Figures 8(a),
and (b), 9(a) and (b)). The significantly positive relation-
ship between the AJS meridional displacement and SAT
in mid-eastern China in gfdl_cm2_1 (Figure 6) is consis-
tent with the observed result (Liang ef al., 2001; Zhang
and Guo, 2005). However, the negative relationship in

The first group
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Figure 6. Correlation coefficients between PC-1 and mid-eastern
China SAT (25°-35°N, 105°-120°E) in the ten models. The dashed
lines indicate 95% significance level. The PCs in bcer_-becm2. 0,
ccema_cgem3_1_t63, cnrm_cm3, ipsl.cm4, and ncar_ccsm3_0 are mul-
tiplied by—1.0, indicating that the negative values mean southward
displacements of the AJS. This figure is available in colour online at
wileyonlinelibrary.com/journal/joc

gfdl_cm_2_0 is opposite to the observation (Figure 6). On
the basis of the meridional circulation changes, it could
be inferred that the AJS equatorward shifts in gfdl_cm?2_1
are accompanied with the SAT cooling in mid-eastern
China because of ascending motions over north to 25°N
(Figure 7(b)) which result from the anomalous diver-
gence at the high-level troposphere and convergence at
the low-level troposphere over eastern Asia (not shown).
The dynamical connection between the AJS and SAT
in mid-eastern China in gfdl_cm2_0 (Figure 7(a)) contra-
dicts the linear relationships in Figure 6. This indicates
that other simulated climate signals impact the mid-
eastern SAT more than the AJS does in the model of
gfdl_cm2_0.

5.2. The second group

In this group, the models could reproduce the posi-
tive relationship between the mid-eastern China SAT
and the AJS meridional displacement (Figure 6). In
miroc3_2_hires and ncar_ccsm3_0, the equatorward dis-
placement of the AJS is associated with anomalous diver-
gence at the upper-level troposphere and convergence
at the lower-level troposphere over eastern China (not
shown) which result in the anomalous air ascent motions
(Figure 7(d) and (e)). Thus, the SAT tends to be cool-
ing, agreeing with the positive linear relationship between
the mid-eastern China SAT and the AJS meridional dis-
placement. However, in the miroc3_2_hires simulation,
the multi-decadal change of the AJS meridional dis-
placement in the late 1980s (Figures 8(d) and 9(d)) is
delayed in comparison with observation (Figures 8(k)
and 9(k)), inducing from the SAT biases in Figure 1. It is
noted that the mid-eastern China SAT during 1987-1999
is about 0.11°C cooler than that during 1961-1986 in
miroc3_2_hires, which is in accordance with the AJS
multi-decadal changes and their impacts on the mid-
eastern China SAT. Beer_becm?2_0 and ncar_ccsm3_0 fails
to simulate the AJS equatorward shift in the 1980s
(Figures 8(c) and, (e), and 9(c) and (e)), which causes
the warm SAT biases in mid-eastern China (Figure 1).
These results show that the mid-eastern China SAT biases
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Figure 7. Regression coefficient patterns of averaged vertical velocity (between 105° and 120 °E) against PC-1 in models and the NCAR/NCEP

reanalysis. The negative value represents sinking motion. The shadings are exceeding 90% significant level. The vertical velocity of bcer_becm2_0

is not available. The PCs in cccma_cgem3_1_t63, cnrm_cm3, ipsl_cm4, and ncar_ccsm3_0 are multiplied—1.0, indicating that the negative values
mean southward displacements of the AJS.

could be contributed by the poor performances of the AJS
meridional displacement on multi-decadal timescales in
beer_bem?2_0, miroc3_2_hires and ncar_ccsm3_0.

Although the correlation between the AJS and the SAT
in ukmo_hadgeml is the largest (Figure 6), their dynam-
ical linkage through large-scale atmospheric circulation
anomalies is poorly simulated as shown in Figure 7(f).
The underestimated impact of the AJS meridional dis-
placement on large-scale circulations indicates the role
of the AJS in mid-eastern China SAT bias.

5.3.

In comparison, the correlations between the mid-eastern
China SAT and AJS meridional displacement in this group
are weakly negative (cccma_cgcm33_1_t63, cnrm_cm3,
and ipsl_cm4) or significantly negative (mpi_echam5) as
shown in Figure 6. The meridional circulation anoma-
lies associated with the AJS meridional displacement do
not exceed 90% significant level in cccma_cgem33_1_t63,

The third group

Copyright © 2012 Royal Meteorological Society

cnrm_cm3 and ipsl_cm4 (Figure 7(g—i)). These underes-
timated circulation anomalies related to the south—north
displacement of the AJS could result in the SAT biases in
mid-eastern China. Cccma_cgecm3_1_t63 and mpi_echam5
fail to reproduce the regime shift of AJS equator-
ward shift (Figs. 8g, 8j, 9g, and 9j). In mpi_echam5,
the equatorward displacement of the AJS in the late
1980s (Figures 8(j) and 9(j)) is associated with significant
ascent motion over the mid-eastern China (Figure 7(j)),
and thus, the mid-eastern SAT is expected to be cool.
However, the simulation of SAT change and its relation-
ship with the AJS in mpi_echam5 is different from the
expectation (Figure. 1), indicating that other factors exert
an influence on the SAT biases.

Though all ten models could reproduce the changes
of the AJS south—north displacement, the performances
of models in simulating the multi-decadal variations
of the AJS meridional displacement and their induced
atmospheric circulation anomalies over eastern China

Int. J. Climatol. 33: 265-276 (2013)
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Figure 8. The first leading PC in the 10 models and the NCAR/NCEP reanalysis. The yellow lines are 11-year running mean. The PCs in
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are the key factors. Because the multi-decadal varia-
tions of the AJS simulated in bcer_bem2_0, ncar_ccsm3_0
and cccma_cgem3_1_t63 are opposite to the observation,
their SAT performances in mid-eastern China are oppo-
site to the observed. Most of the ten models, such
as cccma_cgem3_1_t63, cnrm_cm3 and ipsl.cm4, and
ukmo_hadgem1, underestimate the influences of the AJS
meridional displacement on meridional circulations over
eastern China. This, thus, causes the simulated SAT
biases in mid-eastern China.

6. Discussion and summary

6.1.

The performance of the AJS meridional displacement on
multi-decadal timescales and its associated atmospheric

Discussion

Copyright © 2012 Royal Meteorological Society

circulation anomalies are very important for successfully
simulating the SAT changes in mid-eastern China. How-
ever, even though there is no evident south—north
displacement of the AJS in the simulations of miroc3_2_
medres (Fig. 5p), the SAT cooling in mid-eastern China
is still reproduced in the late 1970s (Figure 1). In gfdl_
cm?2_0 and mpi_echam3, although the multi-decadal vari-
ations of the AJS meridional displacement (Figure 5(g)
and (q)) and their associated large-scale circulation
anomalies over eastern China (Figure 7(a) and (j)) are
both significant, the relationships between the AJS and
SAT in mid-eastern China are significantly opposite to
the observation (Figure 6). These results indicate that the
biases of the SAT in mid-eastern China may also be
contributed to other possible systematical factors instead
of the AJS. Zhou et al. (2009) have reviewed possible

Int. J. Climatol. 33: 265-276 (2013)
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causes of the multi-decadal variability of the EASM,
including the influences of the tropical ocean warming,
the heat flux forcing of the Tibetan Plateau, the aerosol
forcing, and internal variability. Except the influences of
anthropogenic aerosols forcing, these possible factors in
models are likely systematically associated with the SAT
biases in mid-eastern China. Owing to underestimating
the influences of the AJS on meridional circulations over
eastern China, cccma_cgem3_1_t63, cnrm_cm3, ipsl_cm4,
and ukmo_hadgem1 perform poorly in the simulation of
SAT in mid-eastern China. Nonetheless, it is still possi-
ble that the SAT biases in mid-eastern China may result
from other factors besides the AJS.

Previous studies have shown the important effects of
tropical sea surface temperature anomalies (SSTa) on
EASM (i. e. Chang et al., 2000; Lau and Wu, 2001;
Wang et al., 2006; Nagataa and Mikamib, 2010). Zhou
and Yu (2006) suggested that a great part of the observed
surface atmospheric temperature variation over China can
be reproduced by SST forcing. The poor performances of
summer rainfall in the Asian—Australian monsoon region
are due to the lack of skill in the relationship between
rainfall and SST anomalies over the Philippine Sea (Wang
et al., 2004). Many efforts have been made to evaluate
tropical Pacific SST simulation in IPCC AR4 (e.g. van
Oldenborgh et al., 2005; Capotondi et al., 2006; Wang
et al., 2009). Therefore, the tropical SST biases may
be the other important factor being responsible for the

Copyright © 2012 Royal Meteorological Society

summer monsoon biases in East Asia. Figure 10 identifies
that the significant SST biases related to the SAT biases in
mid-eastern China are in the western tropical Pacific. This
indicaties that the improvement of the SAT simulation
in mid-eastern China also depends on the reliability of
the western tropical Pacific SST. The SST biases over
the western tropical Pacific may lead to biases of the
ITCZ convective heating, which then produce the biases
of meridional teleconnections or meridional circulations,
and therefore, lead to poor simulations over eastern China
(Liang and Wang, 2001).

20E

Figure 10. Uncentred point-wise correlation pattern between the
summer SST biases and surface temperature biases averaged in
the region of 25°-35°N, 105°-120°E. The shading is exceeding
90% significant level. This figure is available in colour online at
wileyonlinelibrary.com/journal/joc
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6.2. Summary

Three out of 22 IPCC AR4 models can simulate the
observed SAT cooling in mid-eastern China in the late
1970s. This summer SAT biases may arise from many
factors (Zhou et al., 2009). According to the bias analysis
in IPCC AR4 models, it is found that the summer SAT
biases in mid-eastern China are related to the upper-level
extratropical zonal wind located north of the observed
summer climatology AJS core. To illustrate how the AJS
biases impact the summer SAT performances in mid-
eastern China, the simulations of the AJS in IPCC AR4
models are assessed. Climatologically, the cores of the
summer AJS in more than half the models are north of
those observed, and most of the models underestimate
the intensity of the summer AJS.

The observed results have revealed that the sum-
mer AJS change features its south—north displace-
ment, which has a strong linkage with surface cli-
mate anomalies in eastern China (Lau et al., 2000; Liao
et al., 2004; Yu and Zhou, 2007). On the basis of the
results of EOF analysis, our studies found that only 10
models (bccr_-bem2_0, cccma_cgem3_1_t63, cnrm_cm3,
gfdl.em 2.0, gfdl.cm2_1, ipsl.cm4, miroc3_2 hires,
mpi_echam5, ncar_ccsm3_0, and ukmo_hadgeml1) have
the ability to capture the equatorward shift of the AJS
meridional displacement. It is noted that there are merely
2 of these 10 models successfully simulating the SAT
cooling in mid-eastern China in the late 1970s. To inves-
tigate the mid-eastern summer SAT biases, we further
examine the simulations of the summer AJS merid-
ional displacement and the associated anomalous large-
scale circulations. Owing to the good performance of
the AJS meridional displacement and associated circula-
tion anomalies, gfdl_cm_2_1 could simulate successfully
the SAT cooling in mid-eastern China in the second
half of the 20th century. The AJS meridional displace-
ment in miroc3_2_ hires is in the late 1980s, being later
than the observation, whereas, it tends to shift north-
ward in ncar_ccsm3_0. The failure in temporal varia-
tion of the AJS leads to the SAT warming biases in
miroc3_2_hires and ncar_ccsm3_0. Although the AJS vari-
ations on multi-decadal timescales are similar to the
observed, the influences of the AJS on large-scale circula-
tions over eastern China are underestimated in cnrm_cm3
and ipsl.cm4, cccma_cgem3_1_t63, and ukmo_hadgeml,
causing the SAT biases in mid-eastern China.

In summary, this study identifies that the performances
on the AJS meridional displacement and the associated
anomalous large-scale circulations are greatly responsible
for the summer SAT changes over mid-eastern China. To
improve the model reliability on simulating the EASM,
the perspectives of dynamic configuration at mid-latitude
of the troposphere needs to be studied further.
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