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Abstract Responses of the Asian Summer Monsoon
(ASM) in future projections have been studied based on
two core future projections of phase five of the Coupled
Model Intercomparison Project (CMIP5) coordinated ex-
periments with the IAP-coupled model FGOALS s2 (the
Flexible Global Ocean-Atmosphere-Land System Model).
The projected changes of the ASM in climatological mean
and interannual variability were respectively reported.
Both the South Asian Summer Monsoon (SASM) and the
East Asian Summer Monsoon (EASM) were intensified in
their climatology, featuring increased monsoon precipita-
tion and an enhanced monsoon lower-level westerly jet
flow. Accordingly, the amplitude of the annual cycle of
rainfall over East Asia (EA) is enhanced, thereby indicat-
ing a more abrupt monsoon onset. After the EA monsoon
onset, the EASM marched farther northward in the future
scenarios than in the historical runs. In the interannual
variability, the leading pattern of the EASM, defined by
the first multi-variable EOF analysis over EA, explains
more of the total variances in the warmest future scenario,
specifically, Representative Concentration Pathway
(RCPS8.5). Also, the correlation coefficients analysis sug-
gests that the relationship between the EASM interannual
variations and ENSO was significantly strengthened in
the future projections, which may indicate improved pre-
dictability of the EASM interannual variations.
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1 Introduction

The Asian summer monsoon (ASM) is the strongest
summer monsoon system in the world, and more than half
of the world’s population inhabits the region of the ASM.
The agriculture, economy, and society across the ASM
regions are critically influenced by the intensity, evolution,
and variation of the ASM. Therefore, studying how the
ASM will change in the future is imperative. Climate
system models have become a useful tool to simulate past
climate and project the future changes of climate. There-
fore, it is necessary to use a climate system model to in-
vestigate the change of the ASM in the future.

Previous studies have investigated the responses of the
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climatology of the ASM to global warming. The earliest
numerical study was made with the National Center for
Atmospheric Research (NCAR) model, which showed
that the South Asian Summer Monsoon (SASM) would
become stronger in future projections, due to the in-
creased land-sea thermal contrast between the Eurasian
continent and the Indian Ocean (Meehl and Washington,
1993). Other studies with different models have also
shown that the precipitation of the SASM will increase in
the future (Bhaskaran et al., 1995; Kitoh, 2006; Sabade et
al., 2011). Several studies have also reported the changes
of the East Asian Summer Monsoon (EASM) in future
climate projections (Kitoh, 2006; Kripalani et al., 2007;
Zhao et al., 2008). Using the multi-model ensemble tech-
nique, Kripalani et al. (2007) showed that the summer
precipitation increased from 5% to 10% over East Asia,
due to the intensification of the projected Western Pacific
Subtropical High (WPSH). Furthermore, Sun and Ding
(2010) revealed that the enhanced precipitation of the
EASM is the result of the change of both the monsoon
circulation and water vapor. Regarding the projected
changes of seasonal monsoon evolution, Kitoh (2006)
documented an early onset of the monsoon rainy season
and the postponement of the monsoon’s withdrawal.

Several studies been conducted on the projected
changes of the interannual variations of the ASM, and a
number of studies have studied the projected change of
the relationship between the ASM and ENSO. Annamalai
et al. (2007) and Sabade et al. (2011) found no significant
changes of the relationship between SASM and ENSO in
the future. Observations have shown that the relationship
between the EASM and ENSO has strengthened during
the past three decades (Wang et al., 2008; Kim et al.,
2008). How the relationship between the EASM and
ENSO changes remains unanswered.

With the latest version of the Institute of Atmospheric
Physics (IAP) atmosphere-land-ocean coupled climate
system model, the future projections of a new coordinated
climate model experiment, known as CMIPS (the fifth
experiment of the Coupled Model Intercomparison Pro-
ject, which will be used for the Intergovernmental Panel
on Climate Change (IPCC) fifth assessment report), have
been proposed. The future projections are called RCP
experiments, that is, Representative Concentration Path-
way scenarios (Taylor et al., 2009). Results from both
RCP4.5 and RCPS.5 are available to diagnose the changes
of the ASM (4.5’ or ‘8.5’ identifies a concentration
pathway that approximately results in a radiative forcing
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of 4.5 or 8.5 W m™ at the year 2100, relative to pre-
industrial conditions (year 1850) (Taylor et al., 2009)).

In this work, we attempt to use the CMIP5 outputs
from the IAP coupled model to answer the following
question: what are the changes of the ASM in the future
scenarios of RCP4.5 and RCP8.5 in its climatology, in-
terannual variations, and relationship with ENSO? The
second section provides a description of the IAP coupled
climate system model and the CMIPS experimental de-
signs. The datasets and methodology are introduced in
section 3, and section 4 shows the results from the
model’s projections (RCP4.5 and RCPS8.5). The discus-
sion and conclusions are given in the final section.

2 Model and experimental design

The IAP climate system model used in this study is the
second spectral version of the Flexible Global Ocean-
Atmosphere-Land System model (FGOALS s2). This
model provides state-of-the-art computer simulations of
the Earth's past, present, and future climate states (Zhou et
al., 2005; Bao et al., 2010). The atmospheric component
is the Spectral Atmospheric Model of the IAP/State Key
Laboratory of Numerical Modeling for Atmospheric Sci-
ences and Geophysical Fluid Dynamics (LASG) (SAMIL)
(Wu et al., 1996, 2004; Wang et al., 2005; Bao et al., 2006,
2010). The horizontal resolution is 2.81°/1.66° longi-
tude/latitude with 26 hybrid vertical layers. The oceanic
component is the LASG IAP Common Ocean Model
(LICOM) (Liu et al., 2004), and its resolution is one de-
gree by one degree with an increased resolution to half a
degree by half a degree in the tropical regions. The other
components, including land surface, ice, and coupler
components, are from the NCAR Community Climate
System Model (CCSM) (Kiehl and Gent, 2004).

To investigate the projected changes of the ASM, the
results from three groups of CMIP5 coordinated experi-
ments with FGOALS s2 have been taken, including the
historical simulations and the RCP4.5 and RCP8.5 future
projections. The historical simulations have been inte-
grated from 1850 to 2005, and both RCP4.5 and RCP8.5
have been projected from 2006 to 2100. The imposed
changing conditions of the historical simulations and fu-
ture projections include atmospheric composition (in-
cluding CO,) due to anthropogenic and volcanic influ-
ences, solar forcing, and concentrations of short-lived
species and natural and anthropogenic aerosols. These
experiments are all standard runs based on the CMIP5
experimental design (Taylor et al., 2009). To reduce the
uncertainties arising from differing initial conditions, the
historical simulations and RCP projections have three
individual ensemble members, which are achieved with
the different initial conditions derived from the pre-
industry experiment. The follow evaluations and diagno-
ses were retrieved from these three ensemble methods.

3 Datasets and methodology

The datasets used to evaluate the model include the
reanalysis circulation fields from the National Centers for
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Environmental Prediction(NCEP)-NCAR (Kalnay et al.,
1996); precipitation from the Global Precipitation Clima-
tology Project (GPCP) (Xie et al., 2003); and the SST
dataset from the Hadley Centre of the UK Meteorological
Office (HadISST) (Rayner et al., 2003). To be consistent
with the model, all of the datasets have been gridded to a
2.81°/1.66° longitude/latitude resolution.

To obtain the leading pattern of the EASM interannual
variability (IAV), a Multi-Variate EOF analysis (MV-EOF)
was applied (Liu et al., 2008). The four variables selected
for MV-EOF include observed precipitation, sea-level
pressure, 850 hPa zonal winds, and 850 hPa meridional
winds. The MV-EOF analysis method has been described
in detail by Wang (1992). This method has the advantage
of capturing spatial phase relationships among various
selected circulation and precipitation fields. In the MV-
EOF analysis, an area-weighted, normalized covariance
matrix was constructed for the combined four meteoro-
logical fields. After the EOF decomposition, dimensional
eigenvectors (spatial patterns) are obtained and presented.

4 Results from the numerical experiments

Before showing the projected changes of the ASM, the
general performance of FGOALS s2 have been presented
through comparisons between the observations and his-
torical simulations. Figure 1 is the climatological ASM in
the observation, the historical simulation and the future
projection. The vectors are the lower-level wind (850 hPa)
and the shading stands for rainfall. As illustrated in Figs.
la (observations) and 1b (historical simulations),
FGOALS s2 realistically reproduces the South Asian
monsoon circulation, including the cross-equatorial low-
level jet (namely, the Somali Jet) and two monsoon
troughs: one trough located to the east of the Arabian
Peninsula and the other trough located over the South
China Sea. Compared with the GPCP (Fig. 1a) observa-
tion, the locations of these three monsoon rainfall centers
have been well simulated in the historical simulations.

Figures 1d and 1f show the differences between the
RCP4.5/RCP8.5 projections and the historical simulations,
which exhibit the projected changes of the climatological
ASM. Although the future emission scenarios have been
updated in CMIPS (Taylor et al., 2009), it is shown that
the SASM becomes intensified (Figs. 1¢c—f), which is con-
sistent with previous projections (Meehl and Washington,
1993; Annamalai et al., 2007; Sabade et al., 2011). The
strengthened monsoon systems are featured with in-
creased monsoon precipitation and an enhanced monsoon
lower-level westerly jet flow. Over the EA regions, the
precipitation increases along the EA subtropical front in
both the RCP4.5 and RCP8.5 projections, which are asso-
ciated with the strengthened WPSH (Figs. 1c—f).

The projected changes of the EASM are not only re-
stricted to the climatological mean precipitation and
monsoon flow but also include the monsoon seasonality.
The annual cycle of rainfall over the EA regions (aver-
aged from 110°E to 120°E) is shown in Fig. 2, and this
cycle illustrates the seasonal march and retreat of the EA
rainfall related with the seasonality of the EA monsoon
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Figure 1 Climatological summer (JJA) mean precipitation (color shading in mm d™") and 850 hPa winds (vectors in units of m s™) in (a) observation
(wind is from NCEP reanalysis and precipitation from CMAP datasets); (b) CMIP5-historical (1986-2005); (c) CMIP5-RCP4.5 (2081-2100), (d)
CMIP5-RCP8.5 (2081-2100); (e) the differences between RCP4.5 and the historical runs; (f) the differences between RCP8.5 and the historical runs.

circulations. Compared with the rainfall march derived
from GPCP, FGOALS s2 can reasonably capture the dry
and wet phases of the East Asian monsoon in historical
simulations (Figs. 2a and 2b): the clearly persistent rain-
fall beginning in the middle of February is presented in
the model’s results (namely, the EA Spring Persistent
Rainfall (Wu et al., 2007)), and the northward march of
the monsoon rainfall is also well reproduced with the
movement of the solar position; these results are consis-
tent with the prior observation.

As illustrated in Figs. 2c—f, the projected changes of
the monsoon seasonality include the amplitude of the EA
monsoon annual cycle and the march of the EASM: al-
though there is no significant change of the EASM onset
time, the features of its onset becomes obvious because
there are negative precipitation anomalies in the pre-
monsoon but the positive precipitation anomalies occur
after monsoon onset; also, after the EA monsoon onset,
the EASM march becomes more northward, especially in
the RCP8.5 projections (Figs. 2d and 2f). The changes of
the monsoon’s withdrawal are quite different between the

RCP4.5 and RCPS8.5 scenarios. The withdrawal of the
monsoon is earlier in RCP4.5, with a negative precipita-
tion anomaly after September, but it appears later in
RCP8.5, being characterized with a positive precipitation
anomaly after September (Figs. 2e and 2f).

Figure 3 shows the observed, simulated, and projected
leading patterns of the EASM. The first leading mode of
the simulated EASM in the historical run (Fig. 3b) is
characterized by a prominent abnormal West Pacific Sub-
tropical High (WPSH). As addressed in Bao et al. (2010),
the model biases are mainly the northward shifting of the
north boundary of the Western North Pacific (WNP) sub-
tropical high, which is associated with a negative precipi-
tation belt over the Middle-lower Yangtze River, the Ko-
rean Peninsula, and the northern parts of Japan.

The projections of EASM IAV have also demonstrated
notable changes. Compared with the historical simula-
tions and RCP projections, the total variation of the IAV
of the EASM has distinctly increased from 46.6% to
56.9% in the RCP8.5 scenario, which means that the IAV
of the EASM becomes more dominant with a high green-
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Figure 2 Climatological annual cycle of 110-120°E zonal mean precipitation (mm d™') in (a) GPCP; (b) CMIP5-historical (1986-2005); (c)
CMIP5-RCP4.5 (2081-2100), (d) CMIP5-RCPS8.5 (2081-2100); (e) the differences between RCP4.5 and the historical runs; (f) the differences be-

tween RCP8.5 and historical simulations.

house emission scenario. Figure 4 presents the correlation
coefficients between the time series of the EASM leading
pattern and the Nifio3.4 index. The Nifio3.4 index is de-
fined as the average of the sea surface temperature
anomalies over the region between 5°N-5°S and 170-—
120°W. As shown in Fig. 4, the correlation coefficients in

the projections increase from the historical simulations to
the future projections, and the increased correlation coef-
ficients indicate that the relationship between the EASM
IAV and ENSO have been significantly strengthened. This
strengthened relationship potentially indicates an increase
of the predictability of the EASM interannual variations.
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Figure 3 The spatial patterns of the first MV-EOF mode of the EASM. All panels are 850 hPa winds (vectors in units of m s™), precipitation (color
shading in units of mm d™"), and sea-level pressure (contours in units of hPa). (a) Observations, (b) CMIP5-historical, (c) CMIP5-RCP4.5, and (d)

CMIP5-RCP8.5.
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Figure 4 The correlation coefficients between the time series of the
leading pattern of the EASM and the Nifio3.4 index in the observation,
CMIPS5-historical, CMIP5-RCP4.5, and CMIP5-RCP8.5.

5 Discussion and conclusions

The future projected changes of the ASM have been
studied based on CMIP5 coordinated experiments with
the IAP-coupled model FGOALS s2. The changes in
climatology, seasonality, and interannual variations have
been reported. Based on historical simulations and RCP4.5/
RCP8.5 projections, the projected results indicate that

both the SASM and the EASM become clearly strength-
ened: the monsoon precipitation has been increased, and
the monsoon lower-level westerly jet flow has been en-
hanced, which are results that are consist with previous
studies (Meehl and Washington, 1993; Bhaskaran et al.,
1995; Kitoh, 2006; Sabade et al., 2011); accordingly, the
EA annual cycle of precipitation becomes enhanced,
which indicates a more abrupt monsoon, while after the
EA monsoon onset, the EASM marches more northward
in the future scenarios compared with the current simula-
tions in the historical runs. In addition, based on the
CMIPS future scenarios, the changes of the EASM 1AV
were first discussed in this study: the EASM leading pat-
tern, which is defined by the first multi-variable EOF
analysis over EA, explains more total variances in the
warmest future scenario, RCP8.5, and the correlation co-
efficients analysis suggests that the relationship between
the EASM interannual variations and ENSO has been
significantly strengthened. This strengthened relationship
may indicate the improved predictability of the EASM
interannual variations.
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