ADVANCES IN ATMOSPHERIC SCIENCES, VOL. 31, JANUARY 2014, 86178

An Assessment of | mprovementsin Global Monsoon Precipitation Simulation
in FGOAL S-s2

ZHANG Lixia* and ZHOU Tianjun

Sate Key Laboratory of Numerical Modeling for Atmospheric Sciences and Geophysical Fluid Dynamics,
Institute of Atmospheric Physics, Chinese Academy of Sciences, Beijing 100029

(Received 20 July 2012; revised 1 February 2013; acceptépaP2013)

ABSTRACT

The performance of Version 2 of the Flexible Global Oceam@gphere—Land System model (FGOALS-s2) in simulat-
ing global monsoon precipitation (GMP) was evaluated. Cameg with FGOALS-s1, higher skill in simulating the annual
modes of climatological tropical precipitation and intemaal variations of GMP are seen in FGOALS-s2. The simulated
domains of the northwestern Pacific monsoon (NWPM) and Nantierican monsoon are smaller than in FGOALS-s1. The
main deficiency of FGOALS-s2 is that the NWPM has a weaker momsnode and stronger negative pattern in spring—fall
asymmetric mode. The smaller NWPM domain in FGOALS-s2 istduiés simulated colder SST over the western Pacific
warm pool. The relationship between ENSO and GMP is simdle¢asonably by FGOALS-s2. However, the simulated
precipitation anomaly over the South African monsoon negfouth Indian Ocean during La Nifa years is opposite to the
observation. This results mainly from weaker warm SST apmzer the maritime continent during La Nifa years, leadin
to stronger upper-troposphere (lower-troposphere) gemse (convergence) over the Indian Ocean, and artificititabas-
cent (descent) over the Southwest Indian Ocean (Southaifritonsoon region), inducing local excessive (deficieimfak.
Comparison between the historical and pre-industrial Eitians indicated that global land monsoon precipitatibanges
from 1901 to the 1970s were caused by internal variationiofate system. External forcing may have contributed to the
increasing trend of the Australian monsoon since the 19&0sally, it shows that global warming could enhance GMP,
especially over the northern hemispheric ocean monsoosauttiern hemispheric land monsoon.
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1. Introduction last 56 years, global land monsoon precipitation has under-

The global monsoon system is a persistent global—scgl%ne an overall weakening tendency (Wang and Ding, 2006),

- . . . rqanifested in a combination of monsoon area and precipita-
overturning of the atmosphere that varies with the time . :
ion intensity changes (Zhou et al., 2008a). A recent assess

year (Trenberth et al., 2000). Itis a fqrced response Of.tmeentofglobal land monsoon precipitation during 1901-2001

n : . -
(Wang and Ding, 2008). Monsoon precipitation impos %owed that the decreasing trend is only significant for the

reat impacts on around two-thirds of the world's populatio ast 50 years of that period, with an increasing trend found
9 P . . : . bop far the first 50 years of the 20th century (Zhang and Zhou,
and thus observational and simulation studies on change

global monsoon precipitation (GMP) are of great social an .1)' G.MP (_alnr;anced durlr?g thedpenod 1979B2008’| org-
scientific importance. inating primarily from an enhanced east-west thermal con-

The topic of GMP change has received a great deal téxst in the Pacific Ocean and hemispherical thermal cdantras

recent attention from the scientific community. For exampl ang etal,, 2011).

: . : . Climate system models are useful tools in global mon-
Ir?1etr?tr;]:istr?;tIiiecgﬂ?)tgll?ﬁgh:errlgc;rr:dbgrg%rfjs%?ﬁ()a ddgf/utﬁo?c?n studies. Based on an Atmospheric General Circulation
annual multivariable EOF (MV-EOF) modes (the “monsooi Gdel (AGCM) driven by historical SST, Zhou et al. (2008b)

mode” and “spring—fall asymmetric mode”) of cIimatoIog-.revealed the forcing role of tropical SST on the decreas-

ical monthly mean precipitation and low-level wind. Oveg th' 9 trend of GMP since 1950. Meanwhile, examination of
y precip ’ 21 coupled global climate models that participated in Phase

3 of the Coupled Model Intercomparison Project (CMIP3)
* Corresponding author: ZHANG Lixia showed that external volcanic forcings may play an impor-
E-mail: lixiazhang@mail.iap.ac.cn tant role in the decreasing trend of northern hemisphenid la
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monsoon precipitation over the latter half of the 20th cgntuthe Community Land Model (CLM3) (Oleson et al., 2004)
(Kim et al., 2008). Using outputs based on the IPCC Al8nd Version 5 of the Community Sea Ice Model (CSIM5)
scenario, Wang et al. (2011) reported that the increasimgitr (Collins et al., 2006), respectively. A more detailed dgscr
of GMP since 1980 may partly be due to anthropogenic forten of these models can be found in Bao et al. (2013).
ing. Furthermore, based on high-resolution AGCMs, Hsu et The pre-industrial simulation of FGOALS-s2 was used in
al. (2012) found that global warming can also greatly affetite present study to evaluate the performance of the model.
GMP intensity and area. To compare with the previous version of model, the fully cou-
Recently, a new spectral version (Version 2) of the Flepled 50-yr run of FGOALS-s1 was also used. Details about
ible Global Ocean—Atmosphere—Land System (FGOALS-sBIEOALS-s1 can be found in Zhou et al. (2005) and Zhang
model, which participated in the fifth IPCC Assessment Ret al. (2010). In addition to examining the impact of extérna
port (IPCC ARS5), was developed by the State Key Laboratofgrcing on global monsoon land precipitation changes, the
of Numerical Modeling for Atmospheric Sciences and Gedristorical run, forced by historical external forcing, atfe
physical Fluid Dynamics (LASG) at the Institute of Atmo-Representative Concentration Pathways scenario for 2006—
spheric Physics (IAP), Chinese Academy of Sciences. As 1200 covering the range 8.5 Wrh(hereafter RCP8.5) were
been reported, the previous version of the model (FGOALBmployed. There were three ensemble members for both the
s1) shows relatively low skill in simulating the springifalhistorical and RCP8.5 simulation of FGOALS-s2. Only one
asymmetric mode of tropical precipitation, mainly due te thmember was used for the pre-industrial run of both FGOLAS-
wrong annual cycle of tropical SST (Zhang et al., 2010). Thel and FGOALS-s2.
performance of FGOALS-s2 has improved in various facets, ]
such as the annual cycle of tropical SST, ENSO (Bao et :2- Observational dataset
2013), East Asian summer monsoon (Wang et al., 2012), The datasets used to evaluate the model performance in-
tropical intraseasonal oscillation (Yang et al., 2012)lmnd- clude: (1) Precipitation data from the Global Precipitatio
term stability of oceanic circulations (Lin et al., 2013)r&  Climatology Project (GPCP) (Adler et al., 2003) and the CPC
sidering its importance, it is also desirable to fully asste® Merged Analysis of Precipitation (CMAP) project (Xie and
ability of the current version of the model to simulate globa\rkin, 1997). The ensemble mean of the two datasets were
monsoon. Thus, the main motivation of the present studyused. (2) SST data from the Met Office Hadley Center’s sea
to examine whether FGOALS-s2 has improved in terms @fe and SST (HadISST) dataset (Rayner et al., 1996). (3)
GMP simulation compared to FGOALS-s1. The following\tmospheric circulation reanalysis data from the National
guestions will be addressed: (1) Does the model show i@enters for Environment Prediction—Department of Energy
provementin simulating the annual modes of GMP? (2) Hatmospheric Model Intercomparison Project I| (NCEP2) Re-
does the model simulate the interannual variation of GMRPRalysis (Kanamitsu et al., 2002). All data covered thequkri
(3) Is the change in global land monsoon precipitation ov&®79-2008. (4) Monthly precipitation data for the globalda
the 20th century due to internal variability of the coupledurface during 1901-2002 compiled by the Global Precipita-
ocean—atmosphere—land system, or the response to extefoalClimatology Centre (hereafter GPCC) (Schneider et al.
forcings? 2008) and by the Climate Research Unit (CRU) for the period
The remainder of the paper is organized as follows. 801-2002 (Mitchell and Jones, 2005). The ensemble mean
section 2, the model, datasets and method are introduced. dhthe two datasets was used.
simulated climatological mean, interannual variation and
pact of external forcing on GMP are reported in section 3:3- Methodology
And finally, section 4 provides a summary of the major find- Because monsoon is characterized by an annual rever-
ings. sal of precipitation and wind (Webster et al., 1998), the an-
nual modes of tropical precipitation are valuable objectiv
standards for gauging the performance of climate models in
2. Mode, data and method simulating the mean state (Wang and Ding, 2008). These
modes are the “monsoon mode” and “spring—fall asymmetric
21. Model mode”, and reflect the impact of anti-symmetric solar radi-
FGOALS-s2 comprises four component models coupledion forcing and asymmetry of rainfall between spring and
together by a flux coupler module from NCAR (Collins et alfall, respectively. More details about the two modes can be
2006). The atmospheric component is Version 2 of the Spdaund in Wang and Ding (2008) and Zhang et al. (2010).
tral Atmospheric Model of IAP LASG (SAMIL2), which has  Based on the annual modes, the global monsoon domain
a horizontal resolution of about 2.8flon) x1.66° (lat) and was defined in terms of rainfall characteristics (wet summer
26 levels in the vertical direction (Bao et al., 2013). Thes. dry winter) (Wang and Ding, 2008). It was delineated
ocean component is Version 2 of the LASG IAP Commoay the monsoon precipitation index, i.e., precipitationwaed
Ocean Model (LICOM2), which has a horizontal resolutiorange normalized by the annual mean precipitation. The an-
of about 2 x 1° in the extra-tropical zone and 0.% 0.5° nual range was May—September (MJJAS) minus November—
in the tropics, and 30 vertical levels (Liu et al., 2012; LiMarch (NDJFM) in the Northern Hemisphere and NDJFM
et al., 2013). The land and ice components are Version 3rofnus MJJAS in the Southern Hemisphere. The monsoon
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domains were taken to be the areas where the annual raunlgging its interannual variability, singular value deqoosi-

exceeded 300 mm (2 mnTd) and the monsoon precipita-tion (SVD) was performed on the monsoon-year-average pre-

tion index exceeded 0.5. cipitation and the corresponding SST. The “monsoon-year”
The NH-averaged JJA precipitation and SH-averageans between 1 May and 30 April, which is suitable for global

DJF precipitation falling in the monsoon domain were usedonsoon and ENSO evolution (Wang et al., 2011).

to measure the strength of the Northern Hemisphere (NH)

and Southern Hemisphere (SH) summer monsoon precipita-

tion (hereafter NHMI and SHMI, respectively). The sum of- Results

NHMI and SHMI was used to quantify the strength of global  Using the fully coupled pre-industrial (or control) sim-

monsoon (GMI) (Wang and Ding, 2006). ulation of FGOALS-s1 and FGOALS-s2, the performances
The interannual variation of GMP is closely related tef the two models in simulating the annual models of tropi-

ENSO (Ropelewski and Halpert, 1988; Dai and Wigleyal precipitation and the global monsoon domain, as well as

2000; Zhou et al., 2008b; Wang et al., 2011). Sind@terannual variations of GMP, are examined and compared

FGOALS-s2 shows strong ability in reproducing the spati@ sections 3.1 and 3.2, respectively. Meanwhile, the poten

pattern of ENSO and the double spectral peaks at aroufil mechanisms for simulation bias in FGOALS-s2 are also

four and six years (Bao et al., 2013), the relationship bgiscussed. Since climatological and interannual varmatio

tween ENSO and GMP was also evaluated in the preseah be simulated well by FGOALS-s2, the effect of external

study. To evaluate the performance of FGOALS-s2 in sinforcing on global land monsoon precipitation changes dyrin
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Fig. 1. The spatial patterns of climatological annual mean preaipin (units: mm d%) during 1990-99 de-
rived from (@) observation; (b) pre-industrial simulatiohFGOALS-s2; and (c) pre-industrial simulation of
FGOALS-sl1. (d) Difference between FGOALS-s2 and obsesuatfe) difference between FGOALS-s1 and
observation; (f) difference between FGOALS-s2 and FGOAILSThe contour intervals for (a)—(c) and (d)—(f)
are 3mm d1and 1.5 mm d?, respectively. The precipitation intensities greatentanm d 1 and 3 mm d?1
are shaded in (a)—(c) and (d)—(f), respectively.
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1901-2001 is assessed using the pre-industrial and leiatori (@) PCT L
simulation results from FGOALS-s2. ]

2-0': e OBS=ee= FGOALS-s2 FGOALS-s1

3.1. Annual modes of tropical precipitation

The climatological means during 1979-2005 derived l'0-:
from observations and the historical simulations of the two

versions of FGOALS-s are examined in this section. The geo-" 1 /
graphical distributions of climatological annual meangipe ~  ,
1.0 4 /

itation according to observations and simulations are show
in Fig. 1. In the observation, major precipitation beltslare
cated over the intertropical convergence zone (ITCZ), Isout

Pacific convergence zone (SPCZ), western North Pacific ' é S 4 o 6 o 8 S

Ocean, as well as over North Africa and South America ad-

jacent to the ITCZ. The major precipitation belts are repro- (b) I?C2 '

duced well by FGOALS-s2 (Fig. 1b). However, biases are ]
also evident (Fig. 1d). The precipitation over the subtropi 2'0’:
cal Pacific Ocean and South Indian Ocean is overestimated

by FGOALS-s2, with the largest bias being greater thanl-o'; /’«
3mmd . The excessive simulated precipitation in the equa- :/ \

e (OBS @ese= FGOALS-s2

FGOALS-s1

torial northern Pacific is associated with the northwardtshi -0 ]
of the ITCZ in FGOALS-s2. Underestimated precipitation is

seen over the warm pool region and South American mon=!-
soon, with the largest bias beingd mm d1. The bias

over East Asia is relatively small—less than 1 mm*d—
indicating a good performance over that region.
Compared with FGOALS-s1 (Fig. 1c), the simulation of

2.0

/

Month

4 6 8
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precipitation has improved in FGOALS-s2. The predicted
pattern correlation coefficient (PCC) and root mean squargig. 2. The principal component time series of the first two
error (RMSE) between FGOALS-s1 and the observation aréeading MV-EOF modes of climatological monthly precipita-
0.81 and 1.26 mm o', respectively, while in FGOALS-s1 tion and wind at 850 hPa derived from observation (blacK)ine
they are 0.72 and 1.61 mnT 4 respectively. The exces- pre-industrial simulation of FGOALS-s2 (black dash linepa
sive rainfall over Australia and the North Pacific (less sim- FGOALS-s1 (gray dash line): (a) PC1; (b) PC2.
ulated rainfall over India and the equatorial western Rgcifi
in FGOALS-s1 is greatly reduced (enhanced) in FGOAL$ts maximum in boreal summer (spring) and minimum in bo-
s2. An improvement over the Indian Ocean is not obviouwsal winter (fall), and accounts for 71% (13%) of the total
(Figs. 1d—f). The PCC and RMSE between simulations amdriance. These characteristics of the temporal evolatien
observations in different seasons are shown in Table 1. T$imulated well by FGOALS-s2 and FGOALS-s1. The simu-
PCC (RMSE) of FGOALS-s2 is higher (smaller) than thdated PC1 and PC2 by FGOALS-s2 (FGOALS-s1) accounts
of FGOALS-s1 in all seasons, suggesting an improvementfof 67% (65%) and 18% (15%) of the total variance, respec-
FGOALS-s2 in terms of precipitation spatial distributiarda tively. The correlation coefficients of PC1 simulated byhot
intensity. versions with the observation are 1.0. The simulation of PC2
MV-EOF analysis was performed on the observed aiglimproved by FGOALS-s2, with the correlation coefficient
simulated climatological monthly mean precipitation andf PC2 becoming 0.98 from 0.96 in FGOALS-s1.
wind at 850 hPa. The observed and simulated principal com- The observed and simulated spatial patterns of the first
ponent time series of the first two leading MV-EOF modes aMV-EOF modes (monsoon modes) are shown in Fig. 3. The
shown in Fig. 2. In the observation, the PC1 (PC2) reach&lsserved monsoon mode shows an anti-symmetric pattern
about the Equator, i.e., the positive precipitation anég@sah
Table1. The PCCs and RMSEs between observations and sinyst Asia, North America and North Africa, and the negative
Iatl_ons of FGOALS-s1 and FGOALS-s2 in different seasonse Tibrecipitation anomalies in South Africa, Australia and ®ou
units of RMSE are mmd. X . . .
America (Fig. 3a). The anti-symmetric pattern of the mon-
PCC RMSE soon mode can be reproduced well by FGOALS-s2 (PCC =

FGOALS-s1 FGOALS-s? FGOALS-sl FGOALS-s20-78, RMSE = 0.80 mm ), and has a higher skill _than
FGOALS-s1 (PCC = 0.64, RMSE = 1.11 mmY). The sim-

MAM 0.54 0.75 2.28 1.53 ulated mode over the northwestern Pacific and North Amer-
JJA 0.63 0.77 2.24 179 jcais 3 mm d! weaker than the observation. The negative
SON 0.75 0.79 1.69 151 pattern over the Southwest Pacific Ocean is not reproduced
DJF 0.72 0.83 2.13 1.43

by FGOALS-s2. Meanwhile, the simulated monsoon mode
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Fig. 3. The first MV-EOF mode of tropical precipitation (units: Fig. 4. The same as Fig. 3, but for the second MV-EOF mode,
mm d~1) and wind at 850 hPa (units: nT$) derived from (a) i.e., spring—fall asymmetric mode. The contour intervaésta8
observation; (b) pre-industrial simulation of FGOALS-s?d mm d-1.
(c) pre-industrial simulation of FGOALS-s1. The contoutein
vals are 1 mm d!. The dark shgded areas are positive, while jngde”—is shown in Fig. 4. In the observation, a negative
the light shaded areas are negative. pattern is seen mostly over the northern hemispheric ocean,
while a positive pattern is seen over the Asian continent and
strength over South Africa is 2 mnrd stronger than the ob- southern hemispheric ocean. The positive pattern ovehSout
servation. China is related to the first rainy season there. The main
The intensity of the monsoon mode is overestimatdeiatures of the second annual cycle mode are captured by
by FGOALS-s1 (Fig. 3c) (Zhang et al., 2010). The morFGOALS-s2, albeit with an overestimated strength of neg-
soon mode strength in FGOALS-s1 is greater than that ative (positive) pattern over the northwestern Pacific aast E
FGOALS-s2, especially over the southern hemispheric mdracific (central equatorial Pacific) Ocean.
soon region. The positive pattern over northern India mon- Compared with FGOALS-s1, the spring—fall asymmet-
soon is also well simulated by FGOALS-s2, but the positivéic mode is greatly improved in FOGLAS-s2. The PCC and
pattern over the northeastern Pacific Ocean fails to be sifRMSE are 0.70 and 0.57 mn ¢, respectively. In FGOALS-
lated by FGOALS-s1. s1, these values are 0.57 and 0.82 mrh, despectively. The
The second annual mode—the “spring—fall asymmetridgmprovement is mainly seen from the time of the first rainy
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season in South China, with a more reasonable precipitatiorsimulate the northwestern Pacific monsoon (NWPM) do-
anomaly over the tropical Indian Ocean, as well as the equmain, which is caused by the small precipitation contrast be
torial Pacific and North Atlantic oceans. The improvememieen boreal summer and winter (seen from the small value
of the spring—fall asymmetric mode is related to reasonalileannual range). The Asian monsoon and North American
simulation of the tropical SST annual cycle (not shown) (seeonsoon domains of FGOALS-s2 are smaller than those
Bao et al., 2013).

According to the definition of the monsoon domain pro-
posed by (Wang and Ding, 2008), the distributions of precip- |(a) PB§ Ly
itation annual range and the monsoon domain were obtained /
and are shown in Fig. 5. The major monsoon domains in N
FGOALS-s2 (Fig. 5b) are reproduced realistically (Fig.,5a) 20n ’
including the Asian—Australian monsoon, North and South ’f
African monsoon, and the North and South American mon-
soon. The largest deficiency of FGOALS-s2 is that it fails ©
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Fig. 6. The climatological boreal summer mean (JJAS) precipi-
tation (shaded; units: mnrd), wind at 850 hPa (vector; units:
m s1) and SST (red lines; unit§C) derived from (a) observa-
tion and (b) pre-industrial simulation of FGOALS-s2. (c)XDi

Fig. 5. The observed and simulated annual range of precipi-
tation (shaded; units: mmd) and global monsoon domain
(contour) for (a) observation; (b) pre-industrial simidat of
FGOALS-s2; and (c) pre-industrial simulation of FGOALS-s1

ference between (b) and (a). The blue lines in (c) are the-simu
lation bias of vertical motion at 500 hPa (units: £thPa s'1).
The contour intervals for SST and vertical motion at€ and
15x 102 hPas™.
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Fig. 7. The observed and simulated first leading mode of monsoonfgean precipitation in global monsoon

domains and the corresponding global SST derived from SVdlyais: (a) and (d) are the observed spatial
patterns of monsoon precipitation and SST, respectivelyafd (e) are the same as (a) and (d), but for pre-
industrial simulation of FGOALS-s2; (c) and (f) are for pretustrial simulation of FGOALS-s1; (g) is the

corresponding time expansion coefficient in observatioms Eimulations, respectively. The solid (dashed)
lines depict the time series of precipitation (SST). The bera in (g) show the correlation coefficients between
precipitation and SST.
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in the observation, while the Australian monsoon domain tee northwestern Pacific warm pool iSQ colder than the
larger. Compared with FGOALS-s1, the Indian monsoon adbservation, with the warmest SST being@7 The colder
Australian monsoon are better simulated by FGOALS-s2, BBST suppresses convection (divergence wind at 850 hPa) and
the simulation domains of the NWPM and North Americaimduces less local rainfall (Fig. 6c), leading to less ralinf
monsoon are much smaller than those in FGOALS-s1, abntrast between summer and winter. The circulation bias of
though the NWPM domain in FGOALS-s1 is also smalldfGOALS-s1 was also examined (not shown). This showed
than in the observation. that the SST of the warm pool over the western Pacific is

To find out what causes the small rainfall contrastlso cooler than the observation, which induces weaker sum-
between boreal summer and winter over the NWPM imer precipitation over the NWPM of FGOALS-s1. The SST
FGOALS-s2, the climatological summer (June to Septembef)the warm pool over the western Pacific in FGOALS-s1 is
and winter (December to the following March) mean rainfalbout 2C cooler than that in FGOALS-s2 and results in its
were examined. The results showed that the less simulabadch weaker summer precipitation over the southern part of
rainfall in boreal summer induces the abovementioned smeileé NWPM.
rainfall contrast. o

The climatological boreal summer mean precipitatios:2- nterannual variation of GMP
low-level wind and SST are shown in Fig. 6. In the observa- The first SVD mode (SVD1) between GMP and SST in
tion, rainfall centers are seen from the NWPM to the Indiawbservations and simulations are shown in Fig. 7. The ob-
monsoon region, with the precipitation center of the NWPIgerved SVD1 explains 54% of the total covariance. The tem-
reaching 20N. The precipitation pattern can be reasonablyoral correlation coefficient between precipitation and’ SS
simulated by FGOALS-s2, but with underestimated rainfalt 0.92—statistically significant at the 5% level. The sglati
over the NWPM, which only reaches 10 (Fig. 6b), induc- pattern of precipitation shows increased rainfall in neatl
ing a small summer and winter rainfall contrast. The ralnfalegional monsoons, except for the southwestern Indiant®cea
over the NWPM is located in the north of the warm pool anaind the southern part of the South American monsoon (Fig.
is related with the strong convection (seen from convergenta). This concurs with significant cooling over the equatori
wind at 850 hPa) induced by local warm SST, which can tRacific Ocean, indicating GMP tends to increase during La
seen from the spatial pattern of SS¥ 29°C) in the obser- Nifa years or decrease during El Nifio years (Fig. 7d).
vation (Fig. 6a). In FGOALS-s2 (Fig. 6b), the SST over The SVD1 modes of GMP and SST in FGOALS-s1 and
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Fig. 8. Composite annual mean velocity potential anomalies (eontanits: 1§ m? s~1) and diver-
gence wind (vector; units: nT$) at 200 hPa during ENSO years at 200 hPa for (a) the NCEP-NCAR
reanalysis and (b) pre-industrial simulation of FGOALS-&2 Difference between FGOALS-s2 and
NCEP-NCAR reanalysis. (d)—(f) The same as (a)—(c), but &r I8Pa.
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FGOALS-s2 both indicate the relationship between ENS&bout 10 westward compared to the observation, and the
and GMP (Figs. 7b, ¢ and Figs. 7e, f). The SVD1 ofiarm SST anomalies over the western Pacific are cooler than
FGOALS-s1 and FGOALS-s2 explains 39% and 56% of the the observation (Figs. 6d and e), leading to weaker anti-
total covariance, respectively. The explained variance Wfalker circulation over the Indian Ocean. This will supres
FGOALS-s2 is much closer to that of the observation. Thke convection over the maritime continent and enhance the
correlation coefficients between simulated rainfall and S onvection over the South Indian Ocean (Figs. 8c and f).

are both 0.95 in the two versions of FGOALS-s—also statis- )

tically significant at the 5% level. 3.3. Effe(;t .of .external forcmg. on global land monsoon

The simulation biases are evident, especially over the Precipitation changes during901-2001
South African monsoon—Southwest Indian Ocean and North The changes in global land monsoon precipitation for
China. In the observation, the precipitation over the Sout®01-2001 have been well documented by Zhang and Zhou
African monsoon—-Southwest Indian Ocean exhibits a wg&011). However, up to now, no effort has been made to ex-
positive—east negative dipole pattern, while North Chaia-r amine the effect of external forcing on global land monsoon
fallis nearly all above normal. In FGOALS-s2 and FGOALSrainfall changes. The historical run and pre-industriai-si
sl, a west negative—east positive dipole pattern (negatidation (piControl) of FGOALS-s2 was used to address this
precipitation anomaly) is obvious over the South Africaguestion.
monsoon—Southwest Indian Ocean (North China). The simu- The observed and simulated 5-yr running mean time se-
lated SST anomalies (SSTAS) over the tropical Pacific Oceaes of NHMI, SHMI and GMI are shown in Fig. 9. The
of SVD1 are both stronger and extended farther west thansitandard deviations of observations are 0.24 mm) d0.32
the observation in the two versions of FGOALS-s, especially
over the tropical Indian Ocean (Figs. 7e and f). Compared
with FGOALS-s1, the western-extended cold SSTA over the
Pacific Ocean is improved in FGOALS-s2. However, a cold
SSTA exists over the North Atlantic Ocean in FGOALS-s2,
which is warm in FGOALS-s1 and the observation.

Since the simulated precipitation bias during ENSO years
over the South African monsoon—Southwest Indian Oceart
are closely related with circulation anomalies, the compos
ite divergence wind during ENSO years (difference between
La Nifia and EI Nifio) of FGOALS-s2 were investigated and
the results are shown in Fig. 8. In the NCEP2 reanalysis,
the upper-level (lower-level) convergences (divergenoesr
the eastern hemisphere are centered over the central Pacific
Ocean during La Nifia years. Meanwhile, the western hemi-g
sphere features a divergence (convergence) at the uppés lev &
(lower levels), centered over the maritime continent. Akvea «

_ _ & 030 44
anomalous convergence (divergence) dominates the South- 17
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(weaker) over the Indian Ocean and weaker (stronger) ovet. -0.
the maritime continent than in the observation (Figs. 8c and
f). This will enhance the local vertical motion and lead to
heavier precipitation over the Southwest Indian Ocean.rOve
the South African monsoon, a weak divergence is seen in the
lower troposphere, which is favorable for stronger monsoorkig 9. The observed and simulated monsoon precipitation
rainfall. Therefore, the west negative—east positive I#ip0 changes (5-yr running mean; units: mmkjl during 1900-2000
pattern over the South African monsoon—Southwest Indiarior (a) NH mean; (b) SH mean; and (c) global mean. The black,
Ocean is seen in FGOALS-s2. The divergent wind is mainlyblack dash and grey lines represent the observation, itiator
caused by the simulated SST bias of FGOALS-s2 duringun of FGOALS-s2 and pre-industrial run of FGOALS-s2, re-
ENSO years. In FGOALS-s2, the cold SST anomalies inspectively.

the central tropical Pacific Ocean during La Nifa years are
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mm d~! and 0.34 mm d! for GMI, NHMI and SHMI, re- yr running time series simulated by piControl and histori-
spectively. Global and NH land monsoon precipitation (Figsal runs of FGOALS-s2 were examined. The linear trend
9a and c) undergoes an upward trend from 1901 to the 1950s06 mm d1 (10 yr)~1] for 1980-2000 in the historical sim-
followed by a downward trend from the 1950s to 1980s andudation fails within the bound of trends for every 21-yr in
recovery since the 1980s. SH land monsoon precipitation Heath piControl [0.10 mm d* (10 yr)~1] and the historical
no significant trend. run[0.14 mm d* (10 yr)~]. Although the observed increas-
The GMP and NH changes in piControl show evident inng trend since the 1980s is partly produced by the histbrica
terannual and interdecadal variation, and no significamictr simulation, it cannot determine whether or not it is caused b
in GMI and NHMI, as in the observation. In the historicaéxternal or internal forcing.
simulation of FGOALS-s2, which considered the contribu- In order to reveal the coherent pattern of global land mon-
tion of anthropogenic forcing (greenhouse gases and sulfabon precipitation changes, EOF analysis was performed on
aerosols), the increasing (decreasing) trend betweendrgi1 the precipitation annual range in the global land monsoen do
the 1950s (since 1950s) could not be simulated. The abain (Fig. 10). EOF1 accounts for 6.1% of the total variance
served recovery of monsoon precipitation in the NH since tlirethe observation. The majority of global land monsoon pre-
1980s is partly reproduced by the historical run of FGOALSipitation in the observed EOF1 shows coherent change. The
s2. The linear trends of monsoon precipitation for every 2terresponding PC also suggests an increasing trend during

205 OBS czo CATL —
1.0 3 e
003y @4@ w/‘a Q&( -
-1. O—: ;—
2.0 =2
_3~O : T T T I T T T I T :

1920 1940 960 1980 2000

Fig. 10. The first EOF mode of global land monsoon precipitation fod1+2001 for (a) ob-
servation; (b) historical run of FGOALS-s2; and (c) pretisttial run of FGOALS-s2. (d)
Corresponding principal component (5-yr running mean).
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1901-1955, a decreasing trend since the 1950s, and a recewevery of monsoon precipitation since 1980s, this can be
ery since the 1980s. Both the historical and piControl siméound from the North African, East Asian, South African
lation simulate the spatial pattern of EOF1 well, but with thand Australian monsoons. The linear trend of the precipi-
largest deficiency over the East Asian monsoon, South Amgtion of each regional monsoon during 1981-2001 is shown
ican monsoon and Australian monsoon. The PC time serialTable 2. Only the increasing trends in the North African
from the historical simulation shows an increasing trendesi monsoon [0.25 mmd (10 yr)~1] and East Asian monsoon
the 1980s, as in the observation, which cannot be found in 8e21 mm d* (10 yr)~1] are statistically significant at the
piControl simulation. Neither the historical or piContsiin- 5% level. The tendency of the Australian monsoon is the
ulation can simulate the above normal precipitation durirggrongest [0.84 mmd' (10 yr)~1], but does not exceed the
the 1950s or the increasing tendency from 1901 to the 19595% confidence level.

To reveal the contribution of external forcing on the pre- Neither the historical or piControl simulation is able to
cipitation of each regional monsoon, the observed and sisimulate the increasing trend from 1901 to the 1950s in the
ulated precipitation changes during local summer (i.&45JJ North African and Indian monsoon. This further indicates
in the NH and DJFM in the SH) in regional monsoons arthat precipitation changes for the first 50 years of the 20th
shown in Fig. 11. In the observation, the increasing trendentury were a result of internal climate variation. Com-
from 1901 to the 1950s can be found in the North Africaparison between the historical and piControl simulation of
and East Asian monsoon, while the decreasing trend since B@&OALS-s2 for the period since the 1980s shows that exter-
1950s is seen mainly in the North African and Indian momal forcing mainly contributes to the increased preciftat
soon regions. This has been well documented previously éyer the North African and Australian monsoons. For all the
Zhou et al. (2008b) and Zhang and Zhou (2011). For tmegional monsoon precipitation changes, only the increasi
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Fig. 11. The observed and simulated normalized land monsoon pratiipi changes in each regional monsoon: (a)
North African monsoon; (b) Indian monsoon; (c) East Asiamseawn; (d) South African monsoon; (e) Australian
monsoon; and (f) South American monsoon.
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Fig. 12. The projected 5-yr running mean monsoon precipitation adi@s (relative to climatology of 1986—
2005; units: mm d*) during 2006-2100 for (a) NHMI; (b) SHMI; and (c) GMI. (d) Liaetrend of monsoon
precipitation of each region for 2006—2100 [units: mmq100 yr)-1]. The black, black dash and grey dash
lines in (a)—(c) are precipitation indices of all monsodasd monsoons and ocean monsoons, respectively.

monsoon. GMP is predicted to increase under the RCP8.5
Table2. The linear trend [units: mmd (10 yr)~}] of the land Scenario, with the amplitude at 0.33 mm'q100 yr)L. The
monsoon precipitation of each region during 1980-2000.u&&l increasing strengths for land monsoon precipitation [eng&2
with asterisks are statistically significant at the 5% leaetording d-1 (100 yryl] are close to those of ocean monsoon precip-
to the Student's-test. itation [0.34 mm d1 (100 yr)"1]. The northern hemispheric
ocean monsoon precipitation might experience the stranges

Observation Historical piControl > - 1
. tendency, with a linear trend of 0.63 mm*(100 yr)"* and
North Africa 0.25* 0.03 —0.005  statistically significant at the 5% level. The second stemstg
India -0.14 0.29 0.07  growing trend is seen for the southern hemispheric land mon-
East Asia 0.21 —0.09 —0.09 540n rainfall — also statistically significant at the 5% leve
South Africa 0.24 —0.02 —0.06

The increase of GMP under a warming scenario is consistent
with the findings of Wang et al. (2011) and Hsu et al. (2012),
whose studies were based on the IPCC AR4 A1B scenario.

Australia 0.84 0.52* -0.65
South America —0.46* 0.14 0.12

tendency of the Australian monsoon [0.52 mnt @10 yr) 1]
exceeds its largest trend [0.46 mmd(10 yr)~!] for every 4. Summary
21-yr running time series in the historical simulation. Tine The performance of FGOALS-s2 in simulating GMP
pact on the Australian monsoon is the largest, which can agizange was systematically evaluated. GMP is simulated well
be seen from the difference between the trends for the perlydFGOALS-s2, including its climatological mean and inter-
since the 1980s in the historical and piControl simulationgnnual variation. Comparison between FGOALS-s2 and its
which is 0.52 mm d?! (10 yr)~1 in the historical simulation, former version (FGOALS-s1) in simulating the annual cy-
while it is negative -0.65 mm d'* (10 yr) 1] in piControl.  cle and interannual variation of GMP was also carried out.
During the past 100 years, the Earth’s climate has bekurthermore, by comparing the historical simulation aret pr
dominated by a warming trend. It is useful to see whethidustrial simulation of FGOALS-s2, the impact of external
global warming has any effect on GMP changes, and tfercing on global land monsoon precipitation changes durin
monsoon precipitation indices simulated by FGOALS-s2 uthe 20th century was assessed. The major conclusions can be
der the RCP8.5 emission scenario were thus examined &nghmarized as follows.
the results are shown in Fig. 12. Increasing trends from 2006 (1) Compared with FGOALS-s1, the annual mean pre-
to 2100 can be seen from all the monsoon precipitation igipitation, monsoon mode and spring—fall asymmetric mode
dices, except for that over the southern hemispheric ocea@i climatological mean tropical precipitation and cirdida



JANUARY 2014 ZHANG AND ZHOU 177

are improved by FGOALS-s2, especially for the spring—fall REFERENCES
asymmetric mode. Hovyever, the simulation domains of th%\dler, R. F., and Coauthors, 2003: The version-2 globaliprec
NWPM and North Amerlcan monsoon are much smallerthan .0 climatology project 11 (GPCP) monthly precipitati
in FGOALS-s1.The anti-symmetrical pattern of the monsoon  5naysis (1979-present). Hydrometeor., 4, 1147-1167.
mode is simulated realistically by FGOALS-s2, but withpag, Q., G. X. Wu, Y. M. Liu, J. Yang, Z. Z. Wang, and T. J. Zhou,
weaker magnitude over the northwestern Pacific and North  2010: An introduction to the coupled model FGOALS1.1-
America and stronger intensity over South Africa. For the s and its performance in East Asiédv. Atmos. Sci., 27(5),
spring—fall asymmetric mode, the negative pattern over the 1131-1142, doi: 10.1007/s00376-010-9177-1.
northern hemispheric ocean and positive pattern over thBao, Q., and Coauthors, 2013: The flexible global ocean-
Asian continent and southern hemispheric ocean are also sim ~ atmosphere-land system model version: FGOALS/AR.
ulated reasonably, but with an overestimated negative'-(posCO”iﬁém\‘/’v& [S)C' aﬁﬁ(?ogstlhiros1283??35&%&5#&;% oo
e . onMmodaarsin 3 (CGaNG) i 1, 2120 2165

q . . . Jor 9 . (bal, A., and T. Wigley, 2000: Global patterns of ENSO-indiice
mains are S|mula§e_d realistically _by FGOALS-s2, whllg thg precipitation Geophys. Res. Lett., 33(9), 1283-1286.
northwestern Pacific monsoon fails to be captured, which ifis, 'p. c.. T. Li. J. Luo, H. Murakami, A. Kitoh, and M. Zhao,
due to colder SST over the northwestern Pacific warm pOOI, 2012: Increase of g|0ba| monsoon area and precipitation un-
leading to weaker convection and thereby less rainfall. der global warming: A robust signa(@eophys. Res. Lett., 29,

(2) The observed interannual variation of GMP is re-  L06701, doi: 10.1029/2012GL051037.

lated with ENSO. GMP tends to increase in La Nina year&anamitsu, M., W. Ebisuzaki, J. Woollen, S.-K. Yang, J. Jiléin
or decrease in El Nifio years. The relationship between M. Fiorino, and G. L. Potter, 2002: NCEP-DOE AMIP-II Re-
ENSO and GMP is reproduced reasonably by FGOALS-s2, ~ analysis (R-2)Bull. Amer. Meteor. Soc., 83, 1631-1643.
which shows a better performance than FGOALS-s1 in sim&im: H., B.Wang., and Q. Ding., 2008: Assessing the globahmo
ulating SSTA over the tropical Pacific Ocean. However, soon SzTglza‘;eldsbgs;Ze CMIP3 coupled climate modgIgli-
the simulated precipitatio_n anomaly.over the South.Africar'_in, rgit?:’” Y 0. :(u, aﬁd H. L. Liu, 2013: Long-term sta-
monsoon_SOUthW?St lnd'_an Ocean in FGOALS-s2 _'S 0Oppo- bility and oceanic mean state simulated by the coupled
site to the observation. This largely results from the sated model FGOALS-s2Adv. Atmos. Sai., 30(1), 175-192, doi:
weaker warm SST anomaly over the maritime continent dur-  10.1007/s00376-012-2042-7.
ing La Nifia years, leading to the upper-troposphere (lewetLiu, H., P. Lin, Y. Yu, and X. Zhang, 2012: The baseline evéibm
troposphere) divergence (convergence) over the Indiaa®ce of LASG/IAP climate system ocean model (LICOM) version
being stronger than in the observation, and artificial verti ~ 2.0.Acta Meteorologica Snica, 26(3), 318-329.
cal ascent (decent) over the Southwest Indian Ocean (Soutfitchell, T., and P. Jones, 2005: Animproved method of cwrst

African monsoon), thereby inducing local excessive (defi- ing a database of monthly climate observations and assdciat
cient) rainfall. high-resolution gridslnt. J. Climatol., 25, 693—-712.

P : Oleson, K. and Coauthors, 2004: Technique description ef th
(3) Global land monsoon precipitation shows an increas Community Land Model (CLM). Tech. Rep. NCAR/TN-

ing trend from 1901 to the 1950s, followed by a decreasing 461+STR, National Center for Atmospheric Research, Boul-
tendency up to the 1980s, and a recovery after the 1980s. der, CO, 174 pp.

Comparison between the historical and piControl Simufetio rayner, N. A., E. B. Horton, D. E. Parker, C. K. Folland, an®R.
indicated that global land monsoon precipitation changes  Hackett, 1996: Version 2.2 of the global sea-ice and sea sur-
from 1901 to the 1970s were mainly caused by internal vari-  face temperature dataset, 1903-1994. Climate Researbh Tec
ation of the climate system. The recovery of GMP since nical Note, No. 74, 1-21.

the 1980s is partly reproduced by the historical simulatibn Ropelewski, C., and M. Halpert, 1988: Global and regionalesc
FGOALS-s2. However, it fails in the band of trends for every ~ precipitation patterns associated with the EI Nino-Southe
21-yr running time series in both the piControl and histalric Oscillation.Mon. Wea. Rev,, 115(8), 1606-1626.

run. Examination of each regional monsoon indicated tha%Chnzeéggf' (szlobTal FpL;ZELt Q‘i'o';AZﬁ‘j&ig'?&gﬁ%gn& ;Br{eﬂ(gg%c
tmhgr:rsopoa;t (;fhegfi;:i:;&r)ﬂnl?nl(?e!;ntrr)](;rtggggstheenfi\:ggﬂlIsce- Global Precipitation Climatology Centre (GPCC), DWB;

. L ternet Publication, 1-12.
nario showed that global warming is likely to enhance GMP’Trenberth, K. E., D. P. Stepaniak, and J. M. Caron, 2000: The

especially over the northern hemispheric ocean monsoon re- global monsoon as seen through the divergent atmospheric

gions and southern hemispheric land monsoon regions. circulation.J. Climate, 13, 39693993,
Wang, B., and Q. Ding, 2006: Changes in global monsoon precip
Acknowledgements. This work was supported by the "Strate- tation over the past 56 yearSeophys. Res. Lett., 33, L06711,

gic Priority Research Program—Climate Change: Carbon Budg doi: 10.1029/2005GL025347.

and Related Issues” of the Chinese Academy of Sciences {(Grai/ang, B., and Q. Ding, 2008: The global monsoon: major modes
No. XDA05110301), the Program of Excellent State Key Labora  Of @nnual variation in Tropical precipitation and circigat
tories (Grant No. 41023002), and the National High-Techeezh Dyn. Atmos. Oceans, 44, 165-183.

. Wang B., J. Liu, H. Kim, P. J. Webster, and S. Y. Yim, 2011:
and Development Plan of China (Grant No. 2010AA012302). Recent change of the global monsoon precipitation (1979—



178 GLOBAL MONSOON PRECIPITATION IN FGOALS-S2 VOLUME 31

2008).Climate Dyn., doi: 10.1007/s00382-011-1266-z. Zhang, L., and T. Zhou, 2011: An assessment of monsoon precip
Wang, J., Q. Bao, Y. Liu, G. Wu, B. He, and X. Wang, 2012: Per- itation changes during 1901-200Climate Dyn., 37, 279—

formance of SAMIL on the global heating and the East Asian 296, doi: 10.1007/s00382-011-0993-5.

summer monsoorChinese J. Atmos. ci., 36(1), 63—76. (in  Zhang, L., T. Zhou, B. Wu, and Q. Bao, 2010: The annual modes

Chinese) of tropical precipitation simulated by the LASG/IAP cougle
Webster, P., V. Magafia, T. Palmer, J. Shukla, R.Tomas, Maiya ocean-atmosphere model FGOAKS$.1.Acta Meteorologica

and T. Yasunari, 1998: Monsoons: Processes, predictabil-  Snica, 24(2), 189-202.

ity and the prospects for predictiod. Geophys. Res., 103, Zhou, T., R. Yu, Z. Wang, T. Wu, 2005Atmosphere Circula-

14451-14510. tion Model SAMIL and the Fully Coupled Model FGOALSs.

Xie, P., and P. A. Arkin, 1997: Global precipitation: A 17aye China Meteorological Press, Beijing, 288 pp. (in Chinese)
monthly analysis based on gauge observations, sateltite esZhou, T. J., R. Yu, H. Li, and B. Wang 2008a: Ocean forcing to
mates, and numerical model outpsil. Amer. Meteor. Soc., changes in global monsoon precipitation over the receifit hal
78, 2539-2558. century.J. Climate, 21, 3833-3852.

Yang, J., Q. Bao, X. C. Wang, and T. J. Zhou, 2012: The tropicaZhou, T. J., L. Zhang, and H. Li, 2008b: Changes in global
intraseasonal oscillation in SAMIL coupled and uncoupled land monsoon area and total rainfall accumulation over the
general circulation modelédv. Atmos. ci., 29(3), 529-543, last half century.Geophys. Res. Lett.,, 35, L16707, doi:
doi: 10.1007/s00376-011-1087-3. 10.1029/2008GL034881.



