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Abstract This study investigates summer rainfall vari-
ability in the South China Sea (SCS) region and the roles of
remote sea surface temperature (SST) forcing in the trop-
ical Indian and Pacific Ocean regions. The SCS summer
rainfall displays a positive and negative relationship with
simultaneous SST in the equatorial central Pacific (ECP)
and the North Indian Ocean (NIO), respectively. Positive
ECP SST anomalies induce an anomalous low-level
cyclone over the SCS-western North Pacific as a Rossby-
wave type response, leading to above-normal precipitation
over northern SCS. Negative NIO SST anomalies con-
tribute to anomalous cyclonic winds over the western
North Pacific by an anomalous east—west vertical circula-
tion north of the equator, favoring more rainfall over
northern SCS. These NIO SST anomalies are closely
related to preceding La Nifia and El Nifio events through
the “atmospheric bridge”. Thus, the NIO SST anomalies
serve as a medium for an indirect impact of preceding ECP
SST anomalies on the SCS summer rainfall variability. The
ECP SST influence is identified to be dominant after 1990
and the NIO SST impact is relatively more important
during 1980s. These Indo-Pacific SST effects are further
investigated by conducting numerical experiments with an
atmospheric general circulation model. The consistency
between the numerical experiments and the observations
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enhances the credibility of the Indo-Pacific SST influence
on the SCS summer rainfall variability.
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1 Introduction

As part of the eastern Indian-western Pacific Ocean warm
pool, the South China Sea (SCS) climate displays a pro-
nounced year-to-year variability. Anomalous convection
and associated heating over the SCS can affect climate
over East and Southeast Asia (Ding 1994a; Li and Zhang
1999). The climate variability over the SCS is not only
connected to the variability of East Asian and Indonesia—
Australian monsoons, it also plays an important role in
connecting the variability among these monsoons (Tao and
Chen 1987). Previous studies indicate that the SCS is as a
pathway for moisture transport from the North Indian
Ocean and the Southern Hemisphere to China (Tao and
Chen 1987; Ding 1994b; Zhou and Yu 2005; Wu et al.
2006). It is suggested that the SCS serves as a medium
linking the remote forcing of El Nifio-Southern Oscillation
(ENSO) and tropical Indian Ocean to regional climate in
the surrounding regions (Wang et al. 2000; Xie et al. 2009;
Wu et al. 2010). The SCS is also a region of activity of
tropical cyclones/typhoons that pose a great threat to
coastal southern China (Wang et al. 2007; Chen et al.
2012). Thus, it is important to understand the factors and
processes of the SCS climate variability.

The SCS climate variability may subject to both regio-
nal air-sea interaction and remote forcing. He and Wu
(2013a) documented seasonal air—sea interaction processes
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in the SCS region. He and Wu (2013b) investigated the air—
sea relationship on interannual time scale in the SCS region
and evaluated the performance of climate models in sim-
ulating the air—sea relationship. They found strong seasonal
dependence of regional air—sea relationship. The purpose
of this study is to investigate summer rainfall variability in
the SCS region and the roles of remote forcing of the
tropical Indian and Pacific Ocean regions.

As one of the strongest signal in short-term climate
variability, ENSO exerts a significant influence on climate
variability in many regions over the world, including the
SCS region (Wang and Zhang 2002; Liu et al. 2004; Wang
et al. 2006; Chen et al. 2014a). Positive sea surface tem-
perature (SST) anomalies appear in the SCS about
5 months after the peak of an El Nifio event (Klein et al.
1999). This surface warming in the SCS was attributed to
an increase in net surface heat flux entering the ocean that
is related to the reduced cloud cover and increased down-
ward solar radiation due to enhanced subsidence during El
Nifio events (Klein et al. 1999; Wang et al. 2006). Due to
its modulation on atmospheric circulation, convection, and
SST in the SCS, the ENSO plays an important role in the
interannual variability of the summer monsoon onset over
the SCS and western North Pacific (Wu and Wang 2000).

El Nifio-Southern Oscillation can influence regional
climate either directly or indirectly. For example, Wu et al.
(2012) revealed different types of ENSO influences on the
Indian summer monsoon, including both the indirect
influence of preceding winter SST anomalies in the eastern
equatorial Pacific, and the direct influence of concurrent
summer equatorial Pacific SST anomalies. Wu and Kirt-
man (2011) pointed out different processes connecting the
ENSO and the Caribbean Sea summer rainfall variability.
The direct influence of ENSO on regional climate can be
explained by atmospheric circulation changes. The delayed
(indirect) impacts of ENSO may be closely linked to
regional air-sea interactions. Wang et al. (2000, 2003)
indicated that a positive thermodynamic feedback between
surface heat flux and SST in the western North Pacific
maintains regional SST anomalies and provides a delayed
impact of ENSO on the East Asian climate. Although there
have been a few studies on the influences of ENSO on the
South China Sea climate variability (e.g., Liu et al. 2004;
Wang et al. 2006), the previous studies have not separated
the direct and indirect impacts of ENSO.

Recent studies suggest important impacts of tropical
Indian Ocean SST anomalies on circulation and climate
over the SCS-the Philippine Sea (Yang et al. 2007; Li et al.
2008; Xie et al. 2009; Wu et al. 2010, 2014). El Nifo-
induced tropical Indian Ocean warming forces a Kelvin-
wave response that extends into the western Pacific. The
resultant Ekman divergence north of the equator leads to
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the suppression of convection and the development of an
anomalous anticyclone over the western North Pacific (Xie
et al. 2009). An alternative explanation for the influence of
the tropical Indian Ocean warming on the SCS-Philippine
Sea circulation is via an anomalous east—west vertical
circulation (Wu et al. 2010).

These previous studies have focused on the impact of
either the Pacific or Indian Ocean SST anomalies on the
SCS climate. They, however, have not compared the
individual roles of tropical Indian and Pacific Ocean SST
anomalies in the SCS climate variability. There are still
questions that have not been addressed. For example,
SST warming in the equatorial central and eastern Pacific
in a mature El Nifio event may have an indirect influence
on the SCS rainfall in the following summer. Meanwhile,
the Pacific SST anomalies in boreal summer may have a
direct impact on the SCS summer rainfall. The previous
studies have not distinguished these two different types
of Pacific SST influences. Moreover, during boreal
summer, SST anomalies in both the Pacific and Indian
Ocean can exert simultaneous impacts on the SCS sum-
mer rainfall through atmospheric teleconnections. Previ-
ous studies have not compared the individual and
combined effects of the Pacific and Indian Ocean SST
anomalies. The present study is to differentiate the syn-
chronous and delayed ENSO influences on the summer
rainfall variability in the SCS region and to investigate
the respective processes of the Pacific and Indian Ocean
SST influences.

The organization of the text is as follows. Section 2
describes the data and methods used in the present study. In
Sect. 3, we present the summer rainfall variability in the
SCS and select typical years to distinguish the Indian and
Pacific Ocean SST influence cases. Different cases of the
Indian and Pacific SST influences and the corresponding
processes are analyzed based on composite in Sect. 4.
Section 5 investigates the respective contributions of the
Pacific and Indian Ocean SST anomalies through numeri-
cal experiments. Summary and discussions are presented in
Sect. 6.

2 Datasets and methods

The National Oceanic and Atmospheric Administration
(NOAA) optimum interpolation (OI) version 2 monthly
mean SST (Reynolds et al. 2002) is used in present study.
This dataset, available at http://www.esrl.noaa.gov/psd/, is
on a 1° x 1° grid and covers the period of December
1981 to present. The present study uses the Global Pre-
cipitation Climatology Project (GPCP) Version 2.2
monthly precipitation dataset (Adler et al. 2003; Huffman
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et al. 2009), which is provided by the NOAA/OAR/ESRL
PSD (http://www.esrl.noaa.gov/psd/). The GPCP precipi-
tation has a resolution of 2.5° x 2.5° and is available
from January 1979 to present. The present study uses
monthly mean net surface shortwave radiation and latent
heat fluxes from the Woods Hole Oceanographic Institute
(WHOI) Objectively Analyzed Air—sea Fluxes (OAFlux)
project (Yu et al. 2008, http://oaflux.whoi.edu). The
shortwave radiation, originally derived from the Interna-
tional Satellite Cloud Climatology Project (ISCCP)
(Zhang et al. 2004), has been re-gridded to 1° grid and
covers the period from July 1983 to December 2009. The
present study uses monthly mean horizontal winds and
vertical p-velocity from the National Centers for Envi-
ronmental Prediction-Department of Energy (NCEP-DOE)
Reanalysis 2, which are provided by the NOAA/OAR/
ESRL Physical Science Department (PSD) from the web
site at http://www.esrl.noaa.gov/psd/ (Kanamitsu et al.
2002). The reanalysis two dataset is available from 1979
to the present on a 2.5° x 2.5° grid.

The atmosphere component of the Community Earth
System Model (CESM) is used in the present study.
Composed of five component models simultaneously sim-
ulating the Earth’s atmosphere, ocean, land, land-ice, and
sea-ice, plus one central coupler component, CESM allows
conducting fundamental research about the Earth’s past,
present, and future climate states (Vertenstein et al. 2011).
The Community Atmosphere Model, version 5.1.1
(CAMS.1.1), was released as part of the atmospheric
component of the CESM, version 1.0.4. It is one of the
latest in a series of global atmospheric models whose
development is guided by the Atmosphere Model Working
Group (AMWG) of the CESM project. CAM is used both
as the atmospheric component of the CESM, and as a
stand-alone model in which the atmosphere is coupled to
an active land model, a thermodynamic only sea ice model,
and a data ocean model (Eaton 2012). The stand-alone
model is suitable for estimating the equilibrium response to
external forcings, such as examining the response of the
atmospheric circulation to changes in SST. It can also be
used to study the interactions of the atmosphere, ocean, sea
ice, and land surface on seasonal to millennial time scales
(Collins et al. 2006). Model details can be referred to Eaton
(2012) and Vertenstein et al. (2011).

A linear interpolation is used to convert all the variables
to 1° resolution for the calculation of correlation and
regression. The correlation, regression, composite, and
empirical orthogonal function (EOF) analysis are per-
formed based on seasonal mean anomalies. The climatol-
ogy of the shortwave radiation is derived based on the
period of 1984-2009 and other variables on the period of
1983-2012 when all the observational datasets are
available.

3 Different types of SST influences on the SCS summer
rainfall variability

In this section, we discuss the relationship between the SCS
summer rainfall and large-scale atmospheric and oceanic
variables to detect the regions where the SST anomalies
may contribute to the variability of the SCS summer
rainfall. Figure 1 shows the dominant spatial pattern of the
summer (June—July—August, JJA) precipitation anomaly in
the SCS domain and its corresponding Principal Compo-
nent (PC) obtained by an EOF analysis. The pattern agrees
with Wu et al. (2014). The leading mode represents well
the summer rainfall variability over the SCS, accounting
for about 37 % of total interannual variance. The second
and third modes explain about 19 and 12 % of total vari-
ance, respectively (figures not shown). The leading spatial
pattern shows an opposite-sign distribution in the south-
north direction with the largest loading in northern SCS.
The corresponding PC displays interannual variations with
approximately a 4-year period.

To identify the remote forcing related to the variability
of JJA precipitation in the SCS, simultaneous regression
maps with respect to the leading PC of SCS summer pre-
cipitation are shown in Fig. 2. Different local SST-pre-
cipitation relationships are found in different regions. A
positive relationship between local SST and precipitation
can be seen in the equatorial Pacific between 165°E and
120°W, the tropical North Pacific between 150°E and
180°E, the North Indian Ocean between 50°E and 100°E,
and southern SCS-the Maritime Continent (MC)-north of
Australia. This indicates local SST forcing of precipitation
in these regions (Wu et al. 2006; Wu and Kirtman 2007). In
northern and central SCS and the western North Pacific
over 120°E-150°E, 5°N-20°N, there is a negative rela-
tionship between local SST and precipitation, which sig-
nifies an atmospheric forcing of the SST variation (Wu
et al. 2006b; Wu and Kirtman 2007). Here, we note two
important regions with significant SST anomalies. One is
the equatorial central Pacific (ECP), and the other is the
North Indian Ocean (NIO) (Fig. 2b). Above-normal SCS
summer rainfall (Fig. 2a) corresponds to positive SST
anomalies in the ECP and negative SST anomalies in the
NIO, respectively (Fig. 2b). Positive SST anomalies in the
ECP and negative SST anomalies in the NIO may induce
anomalous heating and cooling, modulating circulation and
precipitation over the SCS. From Fig. 2, anomalous low-
level cyclonic winds are overlaid by anomalous upper-level
anticyclonic winds over the SCS-western North Pacific,
leading to positive precipitation anomalies in this region
(Fig. 2a). After precipitation anomalies are induced, asso-
ciated anomalous heating may amplify the cyclonic and
anti-cyclonic winds through circulation—precipitation cou-
pling. The low-level anomalous cyclone features a Rossby-
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Fig. 1 The 1st EOF mode and the corresponding principal component (PC) of the SCS summer precipitation anomalies (mm/day) for the period

of 1983-2012
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Fig. 2 Regression with respect to the leading PC of SCS summer
rainfall: precipitation (shading, mm/day) and wind (vector, m/s)
anomalies at 850 hPa (a), SST (shading, °C) and wind (vector, m/s)
anomalies at 200 hPa (b) for the period of 1983-2012. Thick contours

wave type response to positive SST anomalies in the ECP
as well as a Kelvin wave type response to negative SST
anomalies in the NIO. The above-normal rainfall, in turn,
leads to SST cooling in the SCS.

In this study, NOAA OI 1/4 Degree Daily SST V2 Dataset
and the Tropical Rainfall Measuring Mission (TRMM)
Precipitation Data with a horizontal 0.25° x 0.25° resolu-
tion are also employed for verification (figures not shown). A
south-north opposite-sign distribution of the SCS JJA
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indicate that the correlations are statistically significant at the 90 %
confidence level. Only wind anomalies that are significant at the 90 %
confidence level are plotted

rainfall anomaly in the dominant EOF mode is detected using
the TRMM data. The positive (negative) relationship
between the SCS summer rainfall and the SST in both the
equatorial central Pacific and the central-western North
Pacific (the North Indian Ocean and the SCS region), which
is calculated by the NOAA OI 1/4 high-resolution data, can
be found as well. The results show highly consistency among
different datasets, which enhances the reliability of the
analysis in this study.
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1985 1990 1995

Fig. 3 Time series of the leading PC of SCS summer rainfall (gray-
bar, mm/day), the JJA equatorial central Pacific SST anomalies (red-
dashed, °C), the JJA North Indian Ocean SST anomalies (blue-

Do the SST anomalies in the above two regions con-
tribute coherently and individually to the variability of
summer rainfall in the SCS? To examine the ECP and NIO
SST influence, we compare in Fig. 3 year-to-year varia-
tions of the normalized area-mean SST anomalies with the
leading PC to identify different cases. The ECP SST (red,
dashed) is the average of SST anomalies over the region of
170°W-120°W and 5°S-5°N, and the NIO SST (blue,
dashed) is the average of SST anomalies over the region of
50°E-90°E, 5°N-20°N. There is obviously a simultaneous
positive relationship between the ECP SST and the leading
PC with a correlation coefficient of 0.41, and a negative
relationship between the NIO SST and the leading PC with
a correlation coefficient of —0.46. This conforms that when
the SST in the ECP is higher and that in the NIO lower,
northern SCS experiences more rainfall in summer.

Detailed relationship between SCS rainfall and ECP and
NIO SST anomalies is given in Table 1 that lists the
abnormal years when both the leading PC and the ECP and/
or NIO SSTs are significantly anomalous during the period
from 1983 to 2012. The criterion for an abnormal (signif-
icant anomalous) year is that the magnitudes of both the
normalized leading PC and ECP (NIO) SST anomaly
exceed the 0.5 standard deviation. For the ECP SST-SCS
summer rainfall relationship, here denoted as the ECP case,
there are ten abnormal years with a same-sign ECP SST-
SCS rainfall relationship (including positive SST—positive

2000 2005 2010

dashed, °C), the preceding DJF equatorial eastern Pacific SST
anomalies (red-dotted, °C) for the period of 1983-2012. The 0.5
standard deviation is the criterion for an anomalous year

rainfall and negative SST—negative rainfall anomalies)
and three abnormal years with an opposite-sign relation-
ship (SST and rainfall have opposite anomalies). For the
NIO SST-SCS rainfall relationship (denoted as the NIO
case), there are 10 years with an opposite-sign relationship
and 4 years with a same-sign relationship.

Comparing the ECP SST and the NIO SST influences,
we further distinguish three types of cases (lower part of
Table 1): (1) the ECP-only case in which there is a same-
sign relationship between the SCS rainfall and the ECP SST
anomalies while the NIO SST-SCS rainfall relationship is
insignificant; (2) the NIO-only case in which there is an
opposite-sign SCS rainfall-NIO SST relationship and the
ECP SST-SCS rainfall relationship is insignificant; (3) the
co-existing case with both a same-sign ECP SST-SCS
rainfall relationship and an opposite-sign NIO SST-SCS
rainfall relationship. According to Table 1, there are
5 years belonging to the ECP-only cases (1989, 1991, 2002,
2009, and 2012), 5 years belonging to the NIO-only cases
(1983, 1984, 1985, 1987, and 2001), and 5 years belonging
to the co-existing cases (1988, 1994, 1998, 2007, 2010).
The temporal distribution of the above cases indicates that
the ECP cases tend to be dominant after 1990 and the NIO
cases are relatively more during 1980s. The processes of the
SST influence on the SCS summer rainfall will be discussed
in the next section for the ECP-only cases, the NIO-only
cases, and the co-existing cases, respectively.
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Table 1 Relationship between the leading PC of SCS JJA rainfall and JJA ECP SST, JJA NIO SST, DJF EEP SST for the period 1983-2012

Index Year
83 84 85 87 8 8 91 94 95 96 98 0l 02 07 09 10 12 Total

SCS rainfall - + + - - - + + + - - + + - + - +

JJA ECP SST - - + - - + + - + - + - + 10
JJA NIO SST + - - + + - - + — + - + 4 + 10
DJF EEP SST  + - - + + — + — + - + - + — 11
ECP only J J J J N

NIO only J N, J N J 5
Co-exist N N, J J J 5

“47/“—" represents significant positive/negative leading PC, ECP SST, NIO SST or preceding DJF EEP SST anomalies based on the criterion
of 0.5 standard deviation. Bold stands for the years with a same-sign (opposite-sign) ECP (NIO or EEP) SST-SCS summer rainfall relationship.
“ECP only” (“NIO only”) with “/” denotes the years with a same-sign (opposite-sign) relationship between SCS rainfall and ECP SST (NIO
SST) while NIO SST (ECP SST)-SCS rainfall relationship is insignificant. “Co-exist” with “\/”denotes the years with both significant SCS
rainfall-ECP SST relationship and significant SCS rainfall-NIO SST relationship

4 The influence of ECP and NIO SST anomalies

In this section, we perform composite analyses corre-
sponding to the different cases selected in Sect. 3. We
discuss firstly the ECP-only cases, followed by the NIO-
only cases, and finally the co-existing cases. The composite
anomalies are calculated as the difference of anomalies
with positive leading PC minus those with negative leading
PC, hereafter referred to as “more minus less composite”.
The one sample ¢ test is employed for the significance test
in Figs. 4, 5 and 8.

4.1 The ECP SST influence

Five years (1989, 1991, 2002, 2009, and 2012) are used in
composite analysis for the ECP-only cases. Figure 4a, b
displays the corresponding composite anomalies of JJA
mean precipitation, SST, winds at 850 and 200 hPa. During
these years, positive SST anomalies are observed in the
equatorial Pacific and tropical Indian Ocean (Fig. 4b). The
wind anomalies feature a Rossby-wave type response to the
equatorial Pacific SST anomalies. An anomalous low-level
cyclone is induced to the northwest of anomalous warming
over the equatorial Pacific and extends to northern SCS
with low-level westerly anomalies lying north of the
equator between 90°E and 160°E and easterly anomalies
over southern China (Fig. 4a). Accordingly, positive pre-
cipitation anomalies develop along the equatorial central
and western Pacific and the rain belt extends to northern
SCS accompanying the extension of the cyclonic wind
anomalies. These precipitation anomalies in turn feed back
to the local SST by reducing incoming shortwave radiation
and enhancing upward surface latent heat flux (figures not
shown). The cloud-radiation effect working with the wind-
evaporation effect leads to lower SST in the SCS and the
Philippine Sea (Fig. 4b).
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Another feature to note is the negative SST anomalies
around the MC (Fig. 4b) that are accompanied by below-
normal precipitation and low-level anticyclonic wind
anomalies (Fig. 4a). These negative SST anomalies contrast
with positive SST anomalies in the equatorial central and
eastern Pacific, leading to an east-west anomaly pattern.
This SST anomaly pattern induces an anomalous Walker
circulation with anomalous low-level westerlies and upper-
level easterlies over the equatorial Pacific, anomalous
upward motion and above-normal precipitation over the
ECP and anomalous downward motion and below-normal
precipitation over the MC. The anomalous cooling over the
MC is conductive to anomalous upward motion and above-
normal precipitation over the SCS via an anomalous
meridional vertical circulation (Fig. 4c) (Wu et al. 2012;
Chen et al. 2014b). Hence, both positive ECP SST anoma-
lies and negative MC SST anomalies contribute to more
precipitation over the northern SCS.

4.2 The NIO SST influence as a medium of ENSO
impact

Figure 5a, b show the more minus less composite anoma-
lies of JJA mean precipitation, SST, 850 hPa wind and
200 hPa wind for the NIO-only case (1983, 1984, 1985,
1987, and 2001). Significant negative SST anomalies are
present in the NIO (Fig. 5b), accompanied by below-nor-
mal precipitation (Fig. 5a). Significant negative SST
anomalies are seen in the equatorial eastern Pacific,
accompanied by below-normal precipitation over the ECP.
The wind anomalies over the ECP, however, are weak.
Low-level cyclonic wind anomalies are observed over
northern SCS-the western North Pacific, which contributes
to positive precipitation anomalies (Fig. 5a). Note that
there are positive SST anomalies in the North Pacific
between 150°E and 170°W (Fig. 5b).
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Fig. 4 JJA-mean more minus less composite anomalies for the ECP-
only case of precipitation (shading, mm/day) and 850 hPa wind
(vector, m/s) (a), SST (shading, °C) and 200 hPa wind (vector, m/s)
(b), vertical-longitudinal circulation (unit: 1072 Pa/s in vertical
direction and m/s in longitudinal direction) averaged between

In response to anomalous cooling over the NIO
(Fig. 5b), strong anomalous eastward flow forms from the
NIO to the western North Pacific at low-level (Fig. 5a).
Anomalous westward flow is seen at upper-level (Fig. 5b).
This indicates that the NIO SST anomalies contribute to the
variability of the SCS summer precipitation by modulating
the regional east—west vertical circulation. Given negative
SST anomalies in the NIO, the atmospheric column is
cooled through turbulent surface heat fluxes, which induce
higher surface pressure and anomalous low-level diver-
gence (Lindzen and Nigam 1987). The corresponding
anomalous cooling may in turn leads to anomalous circu-
lation and convection in remote regions, such as the SCS
and the western North Pacific. This is demonstrated in

10N

100°E and 130°E (c). Thick contours indicate that the composite
anomalies are statistically significant at the 90 % confidence level.
Only wind vectors that are significant at the 90 % confidence level are
plotted

Fig. 5c that shows the composite anomalies of zonal-ver-
tical circulation averaged over 10°N-20°N. Following
negative SST anomalies in the NIO, there is obviously an
east—west vertical circulation from the NIO to the western
North Pacific with anomalous descending motion between
60°E and 80°E, and anomalous ascending motion between
100°E and 140°E. This leads to above normal precipitation
over northern SCS and the western North Pacific (Fig. 5a).

The role of the NIO SST anomalies in the climate var-
iability over the western North Pacific has been discussed
in previous studies (e.g., Yang et al. 2007; Xie et al. 2009).
These previous studies emphasized the Kelvin wave-
induced Ekman divergence mechanism. Here, our inter-
pretation using an east—west vertical circulation provides
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Fig. 5 JJA-mean more minus less composite anomalies for the NIO-
only case of precipitation (shading, mm/day) and 850 hPa wind
(vector, m/s) (a), SST (°C) and 200 hPa wind (vector, m/s) (b),
vertical-latitudinal circulation (unit: 1072 Pa/s in vertical direction

an alternative mechanism for the Indian Ocean SST influ-
ence on the SCS climate. This east-west vertical circula-
tion argument has been invoked by Wu et al. (2010) in
interpreting the influence of tropical Indian Ocean warming
on summer rainfall increase over southern China around
1992/93.

The anomalous low-level cyclone over the SCS and the
western North Pacific also appears as a Rossby-wave type
response to positive SST anomalies in the region of 10°N—
20°N, 150°E-170°W. The above SST anomalies form an
east—-west SST anomaly pattern with the NIO SST anom-
alies. The role of the east-west SST anomaly pattern in
summer SCS rainfall variability was emphasized by Wu
et al. (2014). Their numerical experiments with specified
SST forcing confirm the importance of the east—west SST
anomaly pattern.
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and m/s in latitudinal direction) averaged between 10°N-20°N (c).
Thick contours indicate that the composite anomalies are statistically
significant at the 90 % confidence level. Only wind vectors that are
significant at the 90 % confidence level are plotted

The Indian Ocean SST anomalies may be induced by
preceding Pacific Ocean forcing (Klein et al. 1999) and
thus they act as a “medium” for preceding Pacific SST
influence on the SCS summer rainfall. Here, we show the
correlation between the leading PC and the SST leading by
3- and 6-month (Fig. 6). Apparently, the SCS summer
precipitation displays strong negative correlation with the
equatorial eastern Pacific (EEP) SST in the preceding
winter (Fig. 6a). This negative correlation is largely
weakened in spring (Fig. 6b). For detailed examination, we
calculate the normalized winter EEP SST anomalies in the
region of 150°W-90°E, 5°S-5°N (Fig. 3). The relationship
of December—February (DJF) EEP SST with the JJA NIO
SST is included in Table 1. It is apparent that the NIO SST
anomalies are highly coherent with the EEP anomalies with
a strong tendency of same-sign relationship (Fig. 3). The



Indo-Pacific remote forcing in summer rainfall

2331

150W

————

1 1 1
o.1 o.2 o.3 O.<4

o = Oy s

60E

120W o0ow

90E
I |

1850E
1

150W
1

1 1
—0.8 —0.5 —0.4 —0.3 —0.2 —0.1

I |
o.1 o.2 o.3 o.4 o.5

Fig. 6 Correlations between the leading PC of SCS JJA precipitation and the SST anomalies leading by 6-month (a) and 3-month (b) for the
period of 1983-2012. Thick contours indicate that the correlation is statistically significant at the 90 % confidence level

correlation coefficients of DJF EEP SST-JJA SCS rainfall
and DJF EEP SST-JJA NIO SST are —0.50 and 0.73,
respectively. In the 10 years when the NIO SST anomalies
contribute to the SCS summer rainfall with an opposite-
sign NIO SST-SCS rainfall relationship, there are 9 years
in which an opposite-sign relationship exists between DJF
EEP SST and JJA SCS rainfall (Table 1). This strongly
suggests that the preceding winter Pacific Ocean SST
anomalies exert an indirect/delayed influence on the SCS
summer rainfall variability via the NIO SST anomalies.
The general influence of ENSO on the Indian Ocean
SST anomalies has been demonstrated in previous studies
(Klein et al. 1999; Lau and Nath 2003). Here, to validate
the occurrence of the NIO SST anomalies in the NIO-only
cases in relation to preceding winter EEP SST influence,
we show in Fig. 7 the evolution of more minus less com-

precipitation and vertical P-velocity from November to
August. The largest negative EEP SST anomalies occur
around December with the magnitude of about —1.3 °C.
Through the atmospheric bridge (Klein et al. 1999; Lau and
Nath 2003), the ascending motion is strengthened over the
NIO from January to June with an anomalous P-velocity of
about —3x 107> Pa/s. The enhanced convection leads to
more cloud cover, reducing the incoming solar radiation
reaching the ocean surface by about 4 W/m?. This con-
tributes to a decrease in the NIO SST from April to July by
about —0.4 °C. After entering the summer, the induced low
SST suppresses precipitation over the NIO. This “atmo-
spheric bridge” effect indicates that the preceding EEP
SST anomalies can pose an indirect impact on the SCS
summer rainfall through the Indian Ocean SST anomalies,
which is different from the direct impact of concurrent ECP

posite anomalies of short wave radiation, SST, SST anomalies discussed in Sect. 4.1.
1.4 10

EEP SST G— —O SWR | 5

14+——+ NIO SST B500hPa omega | 6

1.4

@®— —® NIO rainfall

ocCT NOv  DEC JAN FEB
Fig. 7 The evolution of more minus less composite anomalies by a
3-month-running mean from October to the following July according

to the selected years in the NIO-only case. Scale at left is for EEP SST

-10

MAR APR MAY JUN JUL
(°C), NIO SST (°C); scale at right is for short wave radiation (SWR,
1983 excluded for data missing, W/mz), 500 hPa vertical velocity (o,

1072 Pa/s) and precipitation (10~ mm/day) in the NIO region
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4.3 The co-existing ECP and NIO SST influence

Figure 8 shows composite anomalies for the 5 years (1988,
1994, 1998, 2007, and 2010) when the ECP and NIO SST
influences co-exist. Both positive ECP SST anomalies and
negative NIO SST anomalies can be seen in Fig. 8b. These
SST anomalies have approximately the same magnitudes
as those in the ECP-only cases (Fig. 4b) and the NIO-only
cases (Fig. 5b), respectively. Yet, the SCS precipitation
anomalies (Fig. 8a) appear more significant compared to
those in the ECP-only and NIO-only forcing cases
(Figs. 4a, 5a). The occurrence of precipitation anomalies
over the SCS is attributed to a combined effect of both
Pacific and Indian Ocean SST anomalies.

Given positive ECP SST anomalies (Fig. 8b), in the
lower troposphere, prominent eastward wind anomalies
prevail along tropical western and central Pacific with an
anomalous cyclone extending from northern SCS to the
western North Pacific (Fig. 8a). Consequently, more pre-
cipitation falls over the SCS, the Philippine Sea, and
equatorial western and central Pacific. Negative SST
anomalies are seen around the MC (Fig. 8b), accompanied
by less precipitation (Fig. 8a). These features are similar to
those in the ECP-only case. The result indicates the
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(b). Thick contours indicate the composite anomalies are statistically
significant at the 90 % confidence level. Only wind vectors that are
significant at the 90 % confidence level are plotted

contributions of both ECP and MC SST anomalies via a
Rossby-wave type response and an anomalous meridional
vertical circulation.

The NIO SST anomalies are significant as well. Given
negative NIO SST anomalies (Fig. 8b), precipitation is
reduced over the Arabian Sea and southern Bay of Bengal
(Fig. 8a). Though the magnitude of the NIO SST anomalies
is nearly the same as that in the NIO-only cases, the pre-
cipitation anomalies over the Arabian Sea are much larger
compared to the NIO-only cases. There are anomalous low-
level westerlies (Fig. 8a) and upper-level easterlies
(Fig. 8b) from the Bay of Bengal to the western North
Pacific. These features resemble those in the NIO-only
cases. The results indicate that the NIO SST anomalies
strengthen the SCS summer rainfall by modulating the
east—west vertical circulation north of the equator.

5 Forced CESM experiments

In this section, numerical experiments using the CESM are
conducted to address the influences of the Indo-Pacific
SST forcing on the variability of SCS summer climate.
Previous studies have evaluated the performance of the
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CESM and applied the model in the study of climate
change and monsoon variability (Collins et al. 2006; Cook
et al. 2012; Kay et al. 2012; Meehl et al. 2012; Mufioz
et al. 2012; Neale et al. 2013). The atmospheric compo-
nent of the CESM—-CAM is used in the present study.
Since the CAM is just a special configuration of CESM, it
can be run using the CESM scripts (Eaton 2012) with
default stand-alone CAM component and prescribed
ocean/sea-ice component. Here, we employ regular lati-
tude—longitude finite volume grids at a horizontal resolu-
tion of about 1.9° x 2.5° and with 26 vertical levels. The
control run is based on a 30-year integration with clima-
tological SSTs prescribed as the lower boundary condition
in the global oceanic domain. The observed climatological
precipitation and atmospheric circulation during summer
are well represented by the control run. Though the sim-
ulated precipitation is weaker than the observations in the
eastern Indian Ocean-western Pacific region, the pattern of
precipitation is highly coherent with the observations
(figures not shown).

In the present study, six CESM experiments are carried
out, which are divided into three groups of runs. In the
ECP-forced runs, the SST forcing is specified only in the
ECP region and climatological SSTs are imposed in other
regions. In the NIO-forced runs, the SST forcing is pre-
scribed only in the NIO region and climatological SSTs are
imposed in other regions. While in the CO-forced runs, the
SST forcing is specified in both the NIO and ECP regions.
The SST forcing consists of climatological mean SST and
SST anomalies. The SST anomalies in the Indo-Pacific
regions (Fig. 9) are prescribed according to composite
anomalies in the ECP-only case (Sect. 4.1) and the NIO-
only case (Sect. 4.2). In Fig. 9, we impose the SST forcing
with the ECP SST anomalies ranging from 0.2 to 1.2 °C
(—0.2° to —1.2 °C) as positive (negative) forcing, and the
SST forcing with the NIO SST anomalies ranging from
—0.2 to —0.5 °C (0.2 to 0.5 °C) as the positive (negative)
forcing. For both the positive and negative forcing cases,
we perform ten 1-year simulations in each group.

Comparison of the forced run and the control run pro-
vides information about how the atmosphere responds to
the imposed SST forcing. The differences of JJA mean
between the control run and the forced runs with positive
SST forcing (left figures) and negative SST forcing (right
figures) are shown in Fig. 10a, b for the ECP-forced runs,
Fig. 10c, d for the NIO-forced runs, and Fig. 10e, f for the
CO-forced runs. During summer, precipitation and low-
level wind differences display highly symmetric (with
opposite signs) distributions between the positive and
negative forcing cases in the ECP-forced (Fig. 10a, b) and
CO-forced (Fig. 10e, f) runs.

The ECP-forced run captures well the circulation and
precipitation features seen in the observational ECP-only
cases. In the positive SST forcing case, low-level anoma-
lous westerlies and above-normal precipitation prevail over
the Bay of Bengal, the SCS, the western North Pacific, and
equatorial central Pacific (Fig. 10a). Anomalous low-level
cyclone is seen over northern SCS. These wind and pre-
cipitation anomalies feature a Rossby-wave type response
to positive ECP SST anomalies as well. In the negative
SST forcing case, opposite wind and precipitation anom-
alies are produced in the above regions (Fig. 10b).

In the NIO-forced run, the distribution of wind and
precipitation anomalies displays noticeable differences
between the positive and negative forcing cases (Fig. 10c,
d). In the positive forcing case, negative precipitation
anomalies in the NIO (Fig. 10c) are much larger than those
seen in observations (Fig. 5a), likely because the specified
SST simulation overestimates the atmospheric response
(Wu and Kirtman 2007). An anomalous cyclone is seen
over northern SCS and the western North Pacific, which is
accompanied by positive precipitation over the SCS
(Fig. 10c). The wind and precipitation anomalies, however,
are weak. In the negative SST forcing case, an anomalous
anti-cyclone is induced over 70°E-12°E, 0°N-20°N, which
leads to less rainfall in the SCS (Fig. 10d).

In the CO-forced run, the response in the positive SST
forcing case is characterized by low-level westerly
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Fig. 10 The difference of JJA-mean 850 hPa wind (vector, m/s) and
precipitation (shading, mm/day) between the control run and the
forced runs with positive SST forcing (left panels) and negative SST

anomalies extending from the SCS to equatorial central
Pacific with an anomalous cyclone over northern SCS and
the western North Pacific (Fig. 10e). Accordingly, positive
precipitation anomalies occur over northern SCS. Opposite
wind and precipitation anomalies appear in the negative
SST forcing case (Fig. 10f) though the magnitude of
anomalies tend to be smaller over the Indian Ocean and the
SCS.

The composite anomalies in observations in Sects. 4.1
and 4.3 indicate the contribution of SST anomalies
around the MC to the SCS summer rainfall anomalies.
Here, we conduct another experiment to confirm the
impact of the MC SST anomalies. In this experiment,
negative SST anomalies are specified around the MC
region (Fig. 9). With these negative MC SST forcing,
both northward cross-equatorial flows from the MC to
the SCS and westerlies from the MC to the ECP are
apparent at low-level (Fig. 11a). In the upper tropo-
sphere, anomalous convergence develops over the MC
and anomalous divergence forms over the SCS and the
tropical Pacific (Fig. 11b). This circulation pattern vali-
dates the modulation of negative MC SST anomalies on
regional north—south and east—west circulations, which
contributes to summer rainfall anomalies over northern
SCS (Fig. 11a).

@ Springer

forcing (right panels): ECP-forced run (a-b), for NIO-forced run
(c—d), for CO-forced run (e-f)

6 Summary and discussions

The variability of summer rainfall over the SCS is corre-
lated with simultaneous SST anomalies in both the Indian
and Pacific Ocean regions. The present study investigates
the individual and combine effects of the Indian and Pacific
Ocean SST forcing in the SCS summer rainfall variability
and the direct and indirect influences of the Pacific SST
anomalies. Both observational analyses and numerical
experiments with specified SST forcing are utilized to
demonstrate the influences of the Indo-Pacific SST forcing
and the corresponding processes. The influences of ECP
and NIO SST anomalies are distinguished by examining in
detail the relationship of these SST anomalies with the SCS
rainfall anomalies. Three types of cases are extracted for
composite analysis: the ECP SST-only influence, the NIO
SST-only influence, and the co-existing ECP and NIO SST
influence. The ECP SST influence is dominant after 1990
and the NIO SST impact is relatively more important
during 1980s.

In the ECP-only case, positive ECP SST anomalies
induce anomalous low-level cyclone over the western
North Pacific and northern SCS through a Rossby-wave
type response, leading to above-normal precipitation from
the equatorial Pacific to northern SCS. Meanwhile,
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Fig. 11 The difference between the control run and the forced run with negative MC SST anomalies of JJA-mean 850 hPa wind (vector, m/s)
and precipitation (shading, mm/day) (a), JJA-mean velocity potential (shading, 10° m?/s) and divergent wind (m/s) at 200 hPa (b)

negative MC SST anomalies work together with positive
ECP SST anomalies, enhancing the SCS summer rainfall
variability by modulating regional meridional and zonal
vertical circulations. In the NIO-only case, the NIO SST
anomalies contribute to the SCS summer rainfall variability
by modulating a regional east—west vertical circulation
over the NIO through the western North Pacific. The
summer NIO SST anomalies are closely correlated to the
EEP SST anomalies via an “atmospheric bridge”, and thus,
they serve as a “medium” for an indirect impact of the
preceding Pacific SST anomalies on the SCS summer
rainfall variability. In the co-existing case, the ECP and
NIO SST influences concur, and the occurrence of pre-
cipitation anomalies over the SCS is due to a combined
effect of both the Pacific and Indian Ocean SST anomalies.

The impacts of the Indian and Pacific Ocean SST
anomalies on the SCS summer rainfall variability are fur-
ther investigated by numerical experiments with specified
SST forcing. Based on the three types of observational
cases, three groups of numerical experiments are con-
ducted: the ECP-forced, NIO-forced, and CO-forced runs in
which SST anomalies are imposed in the ECP only, the NIO
only, and both regions. The experiments include both
positive and negative SST forcing cases. The results of the
numerical experiments are consistent with the observations,

which confirm the importance of the Indo-Pacific SST
anomalies in the SCS summer rainfall variability.

The influence of the Indian and Pacific SST anomalies is
discussed based on the positive minus negative composite
fields. It should be stressed that the atmospheric and SST
anomalies may exhibit nonlinearities between the warm
and cold SST anomaly cases. The nonlinearity in the
atmospheric response has been noticed in previous studies
(Hoerling et al. 1997; Larkin and Harrison 2002). In the
present study, owing to the limited observational samples,
the nonlinearity in observations is not considered. Yet, the
numerical experiments distinguish the positive and nega-
tive SST forcing cases. Based on results of numerical
experiments, the ECP SST influence appears to be sym-
metric, whereas the NIO SST influence displays a strong
nonlinearity.

As suggested in Fig. 2, the SCS summer rainfall
anomalies appears to be part of a large-scale rainfall
anomaly pattern encompassing most of the northwestern
Pacific. To see how consistent the rainfall variations are
between the SCS and Northwestern Pacific, we further
examine their relationship (figures not shown). The pre-
cipitation anomalies averaged over the northern SCS and
the western North Pacific region, with a correlation coef-
ficient of 0.47, are opposite in 1991, 1995, 2004, 2006,
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2008, 2011. Thus, the precipitation variations over the
SCS display both coherent and different features compared
to those over the northwestern Pacific. Similar mecha-
nisms for equatorial Pacific and North Indian Ocean SST
influences on the northwestern Pacific basically work for
the SCS. However, it should be noted that the regional air-
sea relationship displays difference between the SCS and
the central North Pacific (10°N-20°N, 150°E-170°W).
The SST features a response to precipitation change in the
SCS, whereas in eastern part of northwestern Pacific the
SST anomalies may contribute to the precipitation anom-
alies through a Rossby-type response by inducing an
anomalous low-level cyclone (anti-cyclone). Moreover,
distinguishing from previous studies on the interannual
variability of the northwestern Pacific summer monsoon,
our study examines the individual roles of tropical Indian
and Pacific Ocean SST anomalies in the SCS—western
North Pacific climate, distinguish the direct and indirect
ENSO influence by considering the summer NIO SST
anomalies as a “medium” of ENSO influence, consider
the MC SST forcing which co-works with the CEP SST
influence, and propose an alternative explanation for the
NIO SST influence via an anomalous east-west
circulation.

The present study mainly focuses on the influence of
SST anomalies in two regions—the ECP and NIO. In
addition to these two regions, the central North Pacific
(150°E~170°W, 10°N-20°N) and the MC SST anomalies
may also contribute to the SCS summer rainfall variability,
as shown by previous studies (Wu et al. 2012, 2014; Chen
et al. 2014b) and numerical experiment conducted in the
present study. The role of the NIO SST anomalies as a
medium for an indirect influence of preceding Pacific SST
anomalies on the SCS summer rainfall variability is
inferred based on the NIO SST influence on the SCS
rainfall and observational evidence for the preceding
Pacific SST-summer NIO SST connection. The preceding
Pacific Ocean SST influence involves complicated regional
air-sea interaction processes. Further experiments with
coupled models need to be conducted in the future to
address the impacts of preceding Pacific SST anomalies in
the variability of the SCS summer climate.
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