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ABSTRACT

The reproducibility and future changes of the onset of tha\ssummer monsoon were analyzed based on the simulations
and projections under the Representative Concentratitin@gs (RCP) scenario in which anthropogenic emissiontrass
to rise throughout the 21st century (i.e. RCP8.5) by allizasibns from four Chinese models that participated in tba@ed
Model Intercomparison Project Phase 5 (CMIP5). Delayeeibotthe monsoon over the Arabian Sea was evident in all
simulations for present-day climate, which was associatighl a too weak simulation of the low-level Somali jet in May.
A consistent advanced onset of the monsoon was found onlytbgeArabian Sea in the projections, where the advanced
onset of the monsoon was accompanied by an increase oflt@inéhan anomalous anticyclone over the northern Indian
Ocean. In all the models except FGOALS-g2, the enhanceddaeel-Somali jet transported more water vapor to the Arabian
Sea, whereas in FGOALS-g2 the enhanced rainfall was detedmore by the increased wind convergence. Furthermore,
and again in all models except FGOALS-g2, the equatorial 8ing, with maximum increase over the eastern Pacific,
enhanced convection in the central West Pacific and redwreection over the eastern Indian Ocean and Maritime Centin
region, which drove the anomalous anticyclonic circulatiwer the western Indian Ocean. In contrast, in FGOALSy2et
was minimal (near-zero) warming of projected SST in the re¢eiguatorial Pacific, with decreased convection in théraén
West Pacific and enhanced convection over the Maritime @enti The broader-scale differences among the modelssacros
the Pacific were related to both the differences in the ptefe8ST pattern and in the present-day simulations.
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1. Introduction under debate. Kajikawa et al. (2012) and Wang et al. (2012)
. . ascribed it to enhanced heat contrast between the Asiai cont
The Asian monsoon system is one of the most powerful in : . . -

) L nent and the tropical Indian Ocean, while Kajikawa and Wang
the world. Its evolution and variability affect not only the

. . . q2012) suggested that SST warming over the western Pacific
cal agriculture, ecosystems, economics and society, bat a
the key factor that favors advanced monsoon onset over the

the C"”?ate ona glopal scale (e.g. Ding and Wang, 200§0uth China Sea. A recent study argues that the advances in
The Asian monsoon is characterized by a strong annual Gy-

cle with a rainy summer and dry winter. Understanding e surmmer monsoon onset during the last three decades

. ; . .are closely tied to the decadal mean state change in the Pa-
forecasting changes of the monsoon’s onset is of great im-

. cific, characterized by a distinct La Nifla-like patterndig
portance, since a late or early onset of the monsoon may h%\r/\% Wang, 2013)
significant impacts on agriculture (Webster et al., 1998). 9, :

Recent studies on the monsoon’s changes have shown thatC“mate system models have been widely employed to re-

the Asian summer monsoon exhibits a salient advance by é)_rgduce the annual cycle of the Asian monsoon. For exam-

pentads after 1993/94, extending from the Bay of the Benq)all?’ the climatological intraseasonal oscillation of ppée-

to the South China Sea (Kajikawa et al., 2012). Advances iq" over the Asian-western Pacific region was reasonably

. reproduced in a multi-model ensemble (MME) of 10 atmo-
monsoon onset over the Arabian Sea and Bay of the Ben e{fweric eneral circulation models (AGCMs) (Kang et al
have also been revealed (Wang et al., 2012; Yu et al., 20 9 9 "

The causes of such advances in Asian monsoon onset are 2). Sperber et al. (2013) compared the performance of
2 oupled Model Intercomparison Project Phase 5 (CMIP5)

models and 22 CMIP Phase 3 (CMIP3) models in simulating
* Corresponding author: ZOU Liwei the Asian summer monsoon at various time scales. Overall,
Email: zoulw@mail.iap.ac.cn the CMIP5 MME mean showed better performance in simu-
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lating the onset of the monsoon than the CMIP3 MME medions, are presented in section 3. Section 4 summarizes the
in terms of the pattern correlation, but the onset of the momajor findings of the study and provides some further discus-
soon over India was typically too late in both MMEs. sion.
Information regarding future changes of monsoon on-
set under global warming scenarios is helpful for decision-
making and impact studies. Although the observed onsetdf Data and methods
the Asian summer monsoon has exhibited an advance in ge- .
cent decades, projected future changes do not show the sg%'e Model data and observational data
features. For example, based on projections under the Spe-Historical simulations from 1981-2005 derived from four
cial Report on Emissions Scenarios (SRES) A1B scenario dghinese models that participated in CMIP5 are used. These
rived from 19 CMIP3 models, Inoue and Ueda (2011) fourfeur models are BCC-CSM1-1 from the Beijing Climate Cen-
that the onset of monsoon over the Bay of the Bengal, the kg¥, China Meteorology Administration (Wu et al., 2010,
dochina Peninsula and the South China Sea could be delag@d4), BNU-ESM from Beijing Normal University (Wu et
by 5 to 10 days by the end of the 21st century, associa®@d 2013), and two versions of the FGOALS2 model, viz.
with a delay in the reversal of upper-tropospheric meridlonFGOALS-g2 (Li et al., 2013) and FGOALS-s2 (Bao et al.,
thermal contrast. Zhang et al. (2012) found that monsoon ¢#913), from the Institute of Atmospheric Physics (IAP),
set tends to delay over the tropical Indian Ocean, Maritinfghinese Academy of Sciences. These four models have
Continent and Indochina Peninsula in the majority of mog¢omparable spatial resolutions in their atmospheric compo
els under warming scenarios. Importantly, the projectibn 8ents, with FGOALS2 having a slightly higher resolution.
changes in monsoon onset is sensitive to the way in which the OALS-g2 and FGOALS-s2 share the same oceanic com-
monsoon onset is defined. Kitoh et al. (2013) analyzed the fienent, while BCC-CSM and BNU-ESM employ different
ture projections under RCP scenarios of 29 CMIP5 mode¥grsions of the same oceanic model. More detailed model
and the results suggested that monsoon retreat will beeitlainformation can be found in Table 1.
but monsoon onset will either advance or show no change at The future projections by these four models under the
the end of 21st century. Representative Concentration Pathways (RCP) scenario in
Recognizing the importance of climate models in climathich anthropogenic emissions continue to rise throughout
predictions and projections, the Chinese climate reseatbl 21st century, resulting in a radiative forcing of 8.5 W
community has been involved in the development of climara 2 (i.e. RCP8.5), are employed to investigate the possi-
models since the late 1970s. Zhou et al. (2014a) reviewelg future changes in the Asian summer monsoon. We focus
the development of coupled earth/climate system modelsan the last 25 years of the 21st century (2075-2099) and use
China during approximately the past 20 years from the CMHE# the available realizations of these models. For FGOALS-
perspective. There was only one Chinese climate model thdt three realizations are employed, while for the othesethr
participated in CMIP1; however, in the latest phase of titgodels one realization is available. The three realizatifn
project (CMIP5) there are five models developed in ChineGOALS-s2 are referred to as “FGOALS-s2r1”, “FGOALS-
and there will be even more climate models from China pa82 r2”, and “FGOALS-s2 r3”, respectively.
ticipating in CMIP6 in the near future (Zhou et al., 2014a). The following datasets are used to evaluate the models’
To comprehensively evaluate the performance of current Cherformances in terms of the present-day climate: (1) pen-
nese earth/climate system models, several climate mapekad precipitation data from the Global Precipitation Clima
centers in China have jointly initiated a collaborativesash tology Project (GPCP; Adler et al., 2003); (2) pentad pre-
project to further encourage collaboration in future modeipitation derived from the Climate Prediction Center (GPC
developments. The general performances of Chinese mbterged Analysis of Precipitation (CMAP) (Xie and Arkin,
els have been systematically assessed using some obsér987); (3) observational SST derived from the Hadley Cen-
tional metrics in Zhou et al. (2014b). The models broadlye Global Sea Ice and Sea Surface Temperature (HadISST)
show reasonable performance in simulating the SST medataset (Rayner et al., 2003); (4) monthly mean circulation
state, seasonal cycle, the spatial pattern of Maddennhsia fields [e.g., zonal windy), meridional wind ¥), specific hu-
cillation amplitude and tropical Genesis Potential Inde, midity (q)] derived from the Interim European Centre for
global monsoon precipitation pattern, and the SST anomalldedium-Range Weather Forecasts (ECMWF) Re-Analysis
related to the El Nifio—Southern Oscillation (ENSO) and PEERAIM) (Dee et al., 2011). For simplicity, the rainfall
cific Decadal Oscillation (Zhou et al., 2014b). However, thdataset and the reanalysis-derived circulation datasetear
simulations and projections of Asian summer monsoon onéetred to as “observation” in the following discussion.
in these Chinese models have yet to be evaluated and com-
pared. We address this knowledge gap in the current pa;?e?; Methods
and also include an example of moisture budget analysis to Monsoon onset is defined following the method of Wang
examine the monsoon onset changes over a specific regio@nd Lin (2002). The pentad time series of precipitation are
The remainder of the paper is organized as follows. Sdistly smoothed with a five-pentad running mean, and then
tion 2 describes the data and methods. The results, ingudihe January mean rainfall is subtracted from each pentad to
historical simulations of monsoon onset and future projegbtain a relative rainfall rate series. Monsoon onset iseefi
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Table 1. Institution, model designation, and horizontal and vertical resolutions of the four Chinese climate system models.

Reference

Coupler

Land Sea ice

OGCM

Institution AGCM

Model

Wu et al. (2014)

CPL6

SIS 1°(lon)x 1.33° (lat)

MOM4 1°(lon)x 1.33°  BCC_AVIM 128 x 60

China BCC_AGCM2.1

Meteorological Administration
College of Global Change and

Beijing Climate Center,

BCC-CSM1-1

L10+5
CoLM+BNUDGVM

(lat) L40
MOM4p1 360 x 200

T421L.26
CAM3.5 T421L.26

Wu et al. (2013)

CPL6.5

CICEA4.1 360 x 200

BNU-ESM

T42 L10+5

L50

Earth System Science, Beijing

Normal University
LASG, Institute of Atmospheric

SIMULATED AND PROJECTED ASIAN SUMMER MONSOON ONSET

Lietal. (2013)

CPL6

CLM3 128 x 60 L10+5  CICE_LASG 360 x 200 L4

LICOM 2.0 360 x 196

GAMIL 2.0 128 x

FGOALS-g2

L30

60 L26

Physics and CESS, Tsinghua

University
LASG, Institute of Atmospheric

Bao et al.(2013)

CPL6

CLM3 128 x60L10+5  CICE_LASG 360 x 196 L4

LICOM 2.0 360 x 196

SAMIL 2.0 128 x

FGOALS-s2

L30

108 L26

Physics

VOLUMEZ

as the first pentad in which the relative rainfall rate exseed
5 mm d! during May—September. This definition has been
widely used in studies on monsoon annual cycles (e.g. Xiang
and Wang, 2013; Sperber et al., 2013; Kitoh et al., 2013).

3. Results

3.1. Evaluation of ssimulated Asian monsoon onset for
present-day climate

Figure 1 shows the spatial distributions of pentads of
Asian monsoon onset derived from simulations and observa-
tion. In the observation, the monsoon is first establishest ov
Southeast Asia (Matsumoto, 1997), and then over the South
China Sea and to the southwest of the Indian subcontinent.
Later, the South China Sea monsoon gradually progresses
northward to North China. The final established monsoon is
the western North Pacific summer monsoon. These charac-
teristics are discussed at length in Wang and Lin (2002). The
features are consistent between GPCP and CMAP, with a spa-
tial pattern correlation coefficient (SCC) of 0.76. However
compared with GPCP, the extension of the western North Pa-
cific monsoon in CMAP is farther eastward and the associ-
ated onset occurs earlier.

In all six experiments, the simulated monsoon onset
firstly (finally) occurs over Southeast Asia (western North
Pacific). These features are consistent with the obsensatio
FGOALS-g2 has the highest model skill among these experi-
ments in terms of SCC (Fig. 1). However, FGOALS-g2 lacks
any onset over much of India, Southeast Asia, and the South
China Sea. The simulated monsoon onsets by BNU-ESM,
FGOALS-g2 and FGOALS-s2 are later than in the observa-
tion over the western North Pacific and Southeast Asia, while
they are earlier in BCC-CSM. Some common biases are also
evident in the four modes, i.e. the underestimated (ovierest
mated) extension of monsoon over eastern China, Korea, and
Japan (western Pacific Ocean). These biases are also found
in most other CMIP5 models (Sperber et al., 2013).

It is found that the monsoon onset over the Arabian Sea
(5°-15°N, 65°—75°E) occurs later than that observed in all six
experiments. The regional averaged onset over the Arabian
Sea is pentad 29.6 (28.9) in GPCP (CMAP), while it is later
than pentad 31 in all six experiments (33.6 in BCC-CSM,
36.2 in BNU-ESM, 31.6 in FGOALS-g2, 31.4 in FGOALS-
s2rl, 31.9 in FGOALS-s2 r2, and 31.3 in FGOALS-s2 r3).
Since the observed monsoon onset mainly occurs in late-May,
examining the simulated mean circulation field in May is
helpful for understanding why all the models tend to simu-
late a delayed monsoon onset. Figure 2 shows the spatial dis-
tributions of 850-hPa low-level wind and rainfall in May de-
rived from observation and the corresponding biases derive
from the simulations. In the observation, the low-level So-
mali cross-equatorial flows (CEFs) reach north ofNQFig.
2a), while the simulated Somali CEFs mainly locate south
of 5°N and the associated intensities are too weak compared
with the observation (figures not shown). Among the six ex-
periments, BNU-ESM has the weakest Somali CEF, and the
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Fig. 1. Spatial distributions of the Asian summer monsoon onsetgoeterived from (a) GPCP, (b) CMAP, (c)
BCC-CSM, (d) BNU-ESM, (e) FGOALS-g2, (f) FGOALS-s2 r1, (QBPALS-s2 r2, and (h) FGOALS-s2 r3.
“r1”, “r2”, and “r3” denote the three realizations of FGOALs®, respectively. The data of coupled models are
derived from the 20th century historical climate simulaauring 1981-2005. The results are presented with
the grid of individual model/observation. Note that pengadis the end of May. The numbers shown in the
upper-right corner of each plot are the spatial patternetatipn coefficients with GPCP data and with CMAP
data, the latter being the number in brackets.

evident northeasterly biases are found over the northern Arabian Sea in the CMIP5 MME. The results showed that

dian Ocean (Fig. 2c). Since the Somali CEF plays a donsdch cold SST biases are common in CMIP5 models, and a

nant role in moisture transport, the weakly simulated Somalear relationship exists between Arabian Sea cold SST bi-

CEFs lead to dry biases over the Arabian Sea in all six exses in boreal spring and weak monsoon rainfall. The Ara-

periments (Figs. 2b—q), leading to a delayed monsoon onb&n Sea cold SST biases reduce the moisture fluxes over

over the Arabian Sea. the Arabian Sea (Levine et al., 2013), which will lead to de-
The weak Somali CEFs in the simulations are associaterases of rainfall and favor delayed monsoon onsets.

with Arabian Sea cold SST biases. Figure 3 shows the spatial .

distributions of simulated SST biases in boreal spring vth 3-2-  Projected changes of monsoon onset under RCP 8.5

spect to HadISST. The cold SST biases over the Arabian SeaFigure 4 shows the projected changes of Asian monsoon

are evidentin all six experiments. Levine et al. (2013) examnset for the period 2075-2099 under the RCP8.5 scenario

ined the extent and impact of cold SST biases in the northeatative to 1981-2005. There are some changes in the mon-
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Fig. 2. () Spatial distributions of rainfall (shading, mm and 850-hPa low-level wind in May averaged
during 19812005 derived from GPCP and ERA-interim, ancctireesponding simulated biases (simulations
minus the observations) derived from (b) BCC-CSM, (c) BNBM (d) FGOALS-g2, (e) FGOALS-s2 r1, (f)
FGOALS-s2r2, and (g) FGOALS-s2 r3.

soon domain based on the definition of monsoon onset. dther three models overall exhibit a delayed monsoon on-
first sight, consistency among all six experiments with rdgaset. For the Indian subcontinent, advanced monsoon onset
to the projected changes of monsoon onset is low. For is-found in BCC-CSM, FGOALS-g2, and FGOALS-s2 rl,
stance, all realizations of FGOALS-s2 project an advancedhile a delayed monsoon onset is prominent in BNU-ESM,
monsoon onset over the western North Pacific, while tR&OALS-s2 r2 and r3. For the region of Vietham/Cambodia,
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Fig. 3. Spatial distributions of simulated SST bias&&§)(in boreal spring with respect to HadISST derived from
(a) BCC-CSM, (b) BNU-ESM, (c) FGOALS-g2, (d) FGOALS-s2 r&) FGOALS-s2 r2, and (f) FGOALS-s2
r3.

delayed onset is found in FGOALS-g2 and the three realiaahile it tends to be later in FGOALS-g2. In the following
tions of FGOALS-s2, while such a signal is not evident idiscussion, we examine why the models tend to project an
BCC-CSM and BNU-ESM. advanced monsoon onset over the Arabian Sea.

Based on the results shown in Fig. 4, Fig. 5 further de- ) ) ) )
picts the regional averaged changes in monsoon onset ovar Moisture diagnosis of rainfall changes over the Ara-
the Arabian Sea (5-15°N, 65-75°E), Bay of Bengal (18- bian Sea
20°N, 85°-95°E), Southeast Asia (820°N, 100-110E), Since the monsoon onset over the Arabian Sea oc-
and the western North Pacific (320N, 125-160E) in curs in early-June (early-July) in BCC-CSM, FGOALS-g2,
the results of the six experiments. The monsoon over tR&OALS-s2 (BNU-ESM) for present-day climate, we focus
Arabian Sea tends to be established one to two pentads earthe projected changes of mean fields in May (June) in
lier than at present, which is a consistent signal among tBEC-CSM, FGOALS-g2, FGOALS-s2 (BNU-ESM) to ex-
six experiments. For the monsoon over the Bay of Beamine the changes of large-scale circulations that favor an
gal, delayed onset is found in BNU-ESM and FGOALS-sadvanced monsoon onset under the RCP8.5 scenario. Figure
r2, while advanced onset is found in the other experimenéshows the projected changes of the 850-hPa wind field and
with the largest advance found in FGOALS-g2. For Soutlprecipitation in May (June) from BCC-CSM, FGOALS-g2,
east Asia, the monsoon onset is projected by FGOALS-§0ALS-s2 (BNU-ESM) at the end of 21st century. The re-
and FGOALS-s2 to become delayed. Delayed monsoon @Hts are also presented for the three realizations of FG®AL
set over the Indochina Peninsula has also been found in B2- A pair of anomalous anticyclones is found over the Indian
vious studies based on CMIP3 projections (Inoue and Uedagean, with much greater strength over the northern Indian
2011; Zhang et al., 2012). In addition, the western North P&cean. The westerly anomalies associated with the northern
cific monsoon tends to be established earlier in FGOALS-4%anch of the anomalous anticyclone over the northern india
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Fig. 4. Spatial patterns of projected Asian summer monsoon onseigels under the RCP8.5 scenario for the
period 2075-2099 relative to 1981-2005 (onset pentad fé5-28099 minus onset pentad for 1981-2005) de-

rived from (a) BCC-CSM, (b) BNU-ESM, (c) FGOALS-g2, (d) FGO&-s2 r1, (e) FGOALS-s2 r2, and (f)

FGOALS-s2 r3. Negative values indicate earlier onset.
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(b) Bay of Bengal
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Fig. 5. Regional averaged changes in monsoon onset over the (ajpAr8ka (3—-15°N, 65°-75E),
(b) Bay of Bengal (10-20°N, 85°-95°E), (c) Southeast Asia {820°N, 100°—110E), and (d) western
North Pacific (10-20°N, 125-16C E) under the RCP 8.5 scenario derived from different expemnis
The numbers on the-axis correspond to different models or different realas: (1) BCC-CSM; (2)
BNU-ESM; (3) FGOALS-g2; (4) FGOALS-s2 r1; (5) FGOALS-s2 1(B) FGOALS-s2 r3. The time
axis is pentads. Negative values indicate earlier onset.
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Fig. 6. Projected changes of rainfall (mmm3) and 850-hPa low-level wind (nm$) in May (June) for the period 2075
2099 under the RCP 8.5 scenario relative to 1981-2005 defigen (a) BCC-CSM, (b) BNU-ESM, (c) FGOALS-g2, (d)
FGOALS-s2r1, (e) FGOALS-s2 r2, and (f) FGOALS-s2 r3.

Ocean are accompanied by increased precipitation over fiéude is much smaller than for the other two terms.
Arabian Sea, which favors advanced monsoon onsets sinceAs both the changes in atmospheric moisture and circula-
the definition of monsoon onset is solely based on precipitien affect the moisture advection and moisture convergenc
tion. Note that the anomalous anticyclone is much weakenire further decompose these two terms into three components
FGOALS-g2 than in the other models. to reveal the relative contributions. The changes of haitizlo

To reveal the physical linkages between the rainfathoisture advection and moisture convergence can be decom-
changes and the circulation changes over the Arabian $®&ed into three terms, as shown below:
(5°-15°N, 65°-75°E), we examine the vertically integrated
moisture budget equation shown below: —AV - 0g) = —(Vpg-A(DQ)) —

AP = —AV-0g) — A(q0-V) +AE | 1) ((Ha)pa-AV) — (A(0a) - AV) 2

whereP is precipitationV is the horizontal wind vectog ~AA0-V) = —(Aq(0-Vipa))
is the specific humidityE is evaporationA represents the (ApaB(0-V)) — (BaA(D-V)) - ©)
difference between the future and present-day climate sim-
ulations (RCP8.5 minus present-day)) indicates vertical The first term on the right-hand side of Egs. (2) and (3) is
integration from 1000 to 100 hPa, amdis the horizontal associated with the change of water vapor, while the second
gradient operator. According to Eqg. (1), the rainfall chemgterm is associated with circulation change. The third term
may be attributed to changes in horizontal moisture adveas-a nonlinear term including the contribution of both mois-
tion, moisture convergence associated with mass conveegeture and circulation changes. The subscript “pd” denotes th
and surface evaporation. present-day climate. The diagnosis results (Figs. 7b and c)
The diagnosis result (Fig. 7a) shows that the increaseioflicate that the increase of moisture advection due to the
horizontal moisture advection contributes the most to the ichange of circulation plays a crucial role in enhancing-ain
crease of rainfall over the Arabian Sea, except in FGOAL$Il over the Arabian Sea. In FGOALS-g2, the increase of
g2. In FGOALS-g2, the most important factor is the increaseoisture convergence due to the increase of wind conver-
of moisture convergence, while this factor is the seconddmagence plays an important role.
important factor in the other experiments. The smaller con- In summary, the above moisture budget analyses demon-
tribution from the moisture advection change in FGOALS-g&rate that the anomalous circulation changes over narther
is related to the weaker circulation changes shown in Fig. 8ndian Ocean in these four models enhance either the wind
The large easterlies biases in FGOALS-g2 over the Arabiaonvergence (in FGOALS-g2) or the low-level Somali CEF
Sea in present-day climate (Fig. 2d) may also favor weaki@n the other three models). Either of these effects in@gas
moisture advection changes. The surface evaporation ehatite rainfall over the Arabian Sea, favoring an advance in-mon
also contributes positively to the rainfall increase betéim- soon onset over the Arabian Sea under the RCP8.5 scenario.
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Fig. 7. (a) Moisture processes responsible for the rainfall in-

dian Ocean and Maritime Continent are evident in all mod-
els with different strengths apart from in FGOALS-g2. In
FGOALS-g2, the positive anomalies are found over the cen-
tral and eastern equatorial Pacific.

The upper-level anomalous convergences are the indica-
tors of the reduced convection. This is also supported by
the rainfall change. In all the models except FGOALS-g2,
the reduced rainfall is mainly found over the tropics betwee
100°E and 140E (Fig. 6). However, in FGOALS-g2, a re-
duction in rainfall is evident over the central equatoriat P
cific near the date line (Fig. 6c). The reduced convection
in the equatorial region tends to induce anomalous local de-
scending motion and low-level easterly flow to the west of
the region, along with off-equatorial anticyclonic lowg
flow farther west through the Matsuno-Gill effect (Matsuno,
1966; Gill, 1980). So, in all the models except FGOALS-
02, it is likely that the reduction in convection over theteas
ern Indian Ocean and Maritime Continent region drives the
anomalous anticyclonic circulations over the westerndndi
Ocean. The much stronger low-level anomalous anticyclone
over the northern Indian Ocean is ascribed to the strong east
erly shear to the north of the equator (Wang and Xie, 1996;
Xiang and Wang, 2013). The low-level anomalous anticy-
clonic circulation provides the increase in moisture atieac
into the Arabian Sea region. By contrast, in FGOALS-g2 the
suppressed convectionis farther east, such that the anomal
anticyclonic circulation is not as well defined (evidencegd b
the weak circulation changes over the Indian Ocean), so the
increased rainfall comes more from increased moisture con-
vergence. The low-level wind anomalous convergence over
the Arabian Sea in FGOALS-g2 may be in part contributed
to by the strong enhanced rainfall over the western North In-
dian Ocean (Fig. 6¢).

The SST warming pattern is the main cause of the change
in zonal atmospheric overturning circulation over the icap
Pacific Ocean (Tokinaga et al., 2012), and the precipitation
changes over the tropical Pacific through the “warmer-get-
wetter” mechanism (Xie et al., 2010). Figure 9 shows the fu-
ture changes in SST projected by the four models, including

crease (June for BNU-ESM, May for the other models) over thethe three realizations of FGOALS-s2 (June for BNU-ESM,

Arabian Sea (5-15°N, 65°-75°E) from the relative contribu-
tions of moisture advection, moisture convergence andserf
evaporation. (b) Contribution to the moisture advectiorth®y
moisture change, circulation change, and nonlinear ptoofuc
the two changes. (c¢) Contribution to the moisture convergen
by the circulation change, moisture change, and the nanline
product of the two changes. Units: mm™d

3.4. Possible causes of the circulation changes

but May for the other three models). The weakest warming of
projected SST is found over the central equatorial Pacific in
FGOALS-g2, while the strongest warming is found over the
eastern equatorial Pacific in the other three models. Imall t
models except FGOALS-g2, the strongest warming over the
eastern equatorial Pacific features a reduced zonal gtadien
SST, which favors the eastward shift of atmospheric convec-
tion, with reduced convection found over the eastern Indian
Ocean and Maritime Continent region, as seen in Figs. 6 and
8. In FGOALS-g2, the weakest warming over the central Pa-

The change in 200-hPa velocity potential matches witlific favors the reduction of local convection, as evidenced
the change in convection over the equatorial region. Figusg reduced rainfall and upper-level anomalous convergence
8 shows the projected changes in 200-hPa velocity potentigigs. 6 and 8).
and the corresponding divergent wind field for May (June) in  Although the models (except FGOALS-g2) behave sim-
the results of BCC-CSM, FGOALS-g2, FGOALS-s2 (BNUilarly in the Maritime Continent and western Indian Ocean
ESM) at the end of 21st century. The positive anomaliesgion, they are quite different across the rest of the Pa-
(upper-level anomalous convergences) over the easterndific, even among the different members of FGOALS-s2. In
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Fig. 9. As in Fig. 6 except for the SST change.

BCC-CSM and FGOALS-s2 r1, the weak upper-level anomang divergent wind for May (June) from ERA-interim, BCC-
lous divergences (negative anomalies) are found over e cESM, FGOALS-g2, FGOALS-s2 (BNU-ESM) in present-
tral equatorial Pacific and southeastern Pacific. In BNUWday climate. The observation is characterized by a deep con-
ESM, the whole eastern Pacific is occupied by the uppeection around the Maritime Continent region. There are
level anomalous divergences, with the center being northtafo kinds of models in terms of the location of the deep
the equator at 158V. However, in FGOALS-s2 r2 and r3 theconvection. In BCC-CSM and BNU-ESM the deep convec-
upper-level anomalous divergences are only evident oeer tions are located around the Maritime Continent regionh wit
far eastern Pacific. greater strength in BNU-ESM; whereas in FGOALS-g2 and
The broader-scale differences (shown in Fig. 8) may B&OALS-s2 the deep convections are centered over the cen-
related to the differences in the projected SST patternandial Pacific. Consequently, compared with BNU-ESM, the
the present-day simulations. Figure 10 shows the spatial ddastward displacement of the projected upper-level anoma-
tributions of the 200-hPa velocity potential and corresponlous divergences over the Pacific in FGOALS-s2 (in partic-
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Fig. 10. Spatial distributions of the 200-hPa velocity potentidl’(in? s~1, shading) and corresponding divergent wind (m
s71)in May (June for BNU-ESM) averaged from 1981—2005 derivedt(a) ERA-interim, (b) BCC-CSM, (c) BNU-ESM,
(d) FGOALS-g2, (e) FGOALS-s1rl, (f) FGOALS-s2 r2, and (g)®A&LS-s2 r3.

ular the r2 and r3 realizations) are mainly due to the correrms of the spatial pattern correlation coefficient, kit
sponding eastward shift of the deep convection under presamy onset over much of India, Southeast Asia and the South
day conditions, given the rather similar projected SST warr@hina Sea. All the models failed to reproduce the mon-
ing pattern. The weaker projected responses in BCC-CSdon region over East China, Korea and Japan, and tended to
are caused by both the weaker projected SST warming asichulate a delayed onset of monsoon over the Arabian Sea.
the weaker deep convection around the Maritime Continefthe simulated much weaker low-level Somali CEFs in May
in the present-day simulation. Compared with FGOALS-sZeakened the moisture fluxes, resulting in dry biases oeer th
rl and r2, the larger amplitude in projected changes in Aabian Sea, which led to a delayed onset of the monsoon
is related to the stronger deep convection in the present-dhaere. The biases of simulated Somali CEFs were associated
simulation. with the cold biases of SST in boreal spring.
(2) The four models including the three realizations of
) ) FGOALS-s2 all projected an advanced onset of monsoon
4. Summary and discussion over the Arabian Sea at the end of 21st century under the
RCP8.5 scenario. An increase of rainfall over the Arabian
Sea, prior to the present-day onset date, favored the aeganc
In this study, the reproducibility of the onset of the Asiamonsoon onset in all models. The increased rainfall was ac-
summer monsoon by four Chinese models that participatesinpanied by intensified local low-level westerly anonslie
in CMIP5 was evaluated. Three available realizations The moisture budget analyses demonstrated that the ircreas
FGOALS-s2 were also employed. The future projections usf moisture convergence due to the increase of wind conver-
der the RCP8.5 scenario derived from these four models wegkence played an important role in enhancing the rainfalt ove
then analyzed. The major conclusions can be summarizedt&s Arabian Sea in FGOALS-g2, while the increase of mois-
follows: ture advection due to the anomalous circulation was crucial
(1) The general characteristics of the onset of the Asigmthe other three models.
summer monsoon for present-day climate were reasonably (3) In all the models except FGOALS-g2, the intensified
captured in the four models, albeit with several differencéow-level westerly anomalies over the Arabian Sea were-asso
also evident. Although FGOALS-g2 showed better skill igiated with the low-level anomalous anticyclone over north

4.1. Summary
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