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Abstract The interdecadal modulation of the relation-
ship between El Nifio—Southern Oscillation (ENSO) and
the South China spring rainfall (SCSR) by the Pacific Dec-
adal Oscillation (PDO) is investigated using long-term
observational datasets. When ENSO and PDO are in-phase
[i.e., El Nifio events during warm PDO (EN_WPDO) and
La Nifia events during cold PDO (LN_CPDO)], the posi-
tive correlations between ENSO and SCSR are enhanced
significantly, with above-normal (below-normal) SCSR
generally following EN_WPDO (LN_CPDO) events. In
contrast, the ENSO-SCSR relationship becomes ambigu-
ous when ENSO and PDO are out-of-phase [i.e., El Nifio
events during cold PDO (EN_CPDO) and La Niifia events
during warm PDO (LN_WPDO)]. The PDO modulates the
ENSO-SCSR relationship through the impact of variations
in the lower-tropospheric subtropical anticyclone over the
western North Pacific (WNP) and upper-tropospheric west-
erly jets over East Asia and the midlatitude North Pacific.
An EN_WPDO (LN_CPDO) event induces an enhanced
subtropical anticyclone (cyclone) over the WNP and
intensified (weakened) subtropical westerly jet around the
southern Tibetan Plateau due to modification by the PDO-
forced anomalous circulation. Thus, South China falls just
under the influence of the anomalous lower-tropospheric
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southwesterlies (northeasterlies) and upper-tropospheric
divergent (convergent) environment, leading to above-nor-
mal (below-normal) SCSR. In contrast, the SCSR anoma-
lies exhibit no wet or dry preference following EN_CPDO
(LN_CPDO) events, because ENSO-induced and PDO-
forced circulation anomalies tend to cancel each other out.
These modulating effects by the PDO on the ENSO-SCSR
relationship and related physical processes are also exam-
ined with coupled model simulations.

Keywords Interdecadal modulation - South China spring
rainfall - ENSO - Pacific Decadal Oscillation - Coupled
model simulation

1 Introduction

Over eastern China and extratropical East Asia as a whole,
the major rainy season is in summer (June—August, JJA),
beginning approximately with the onset of the East Asian
summer monsoon over the South China Sea around mid-
May (Tao and Chen 1987; Mao et al. 2004). With the
development of the prevailing monsoonal southwesterly
and its extension northward, the Meiyu front is estab-
lished over the Yangtze Basin around mid-June and heavy
rainfall occurs over northern China in late July to early
August (Lau and Li 1984; Tao and Chen 1987; Ding 2004).
However, another significant rainy season exists in spring
(March—-May, MAM) over South China (SC, specifically
south of the Yangtze Basin), known as the spring persistent
rains (Wan and Wu 2009). Linho et al. (2008) noted that
the rainfall in March and April accounts for one-quarter to
one-third of the annual total near the mountainous border
between Guangdong and Fujian provinces in SC. As shown
in Fig. 1a, the MAM total rainfall exceeds 500 mm over
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Fig. 1 Climatological distributions of boreal spring (March-May) a
total rainfall (color shading, mm), b percentage of the annual total
rainfall (color shading, %), and c¢ interannual standard deviation

SC, contributing more than 35 % of the annual total rainfall
over this region (Fig. 1b), approximately the same as the
contribution of JJA rainfall to the annual total (Yang and
Lau 2004). Thus, the South China spring rainfall (SCSR)
is as important as the summer rainfall. Furthermore, the
SCSR possesses strong interannual variability, with the
standard deviation exceeding 140 mm (Fig. Ic), nearly
30 % of the MAM total rainfall. Associated with such
strong interannual variability, severe floods and droughts
occur frequently over SC during MAM, directly causing
severe socioeconomic losses. Thus, it is of great impor-
tance to study the interannual variability of SCSR and
explore the processes responsible for the large variations.
Previous studies suggested that the interannual vari-
ability in SCSR is influenced by climatic factors from the
mid-high latitudes and the tropics (Wu and Kirtman 2007;
Feng and Li 2011; Shao and Zhang 2012; Zheng and Li
2012; Chen et al. 2013a, b). Shao and Zhang (2012) noted
that above-normal (below-normal) SCSR is usually pre-
ceded by a positive (negative) phase of the North Atlantic
Oscillation. A similar positive relationship exists between
SCSR and western Siberian spring snow cover (Wu and
Kirtman 2007). Both the North Atlantic Oscillation and
the western Siberian spring snow cover can affect SCSR
through a wave pattern over the eastern Atlantic through
Europe and midlatitude Asia (Wu and Kirtman 2007; Shao
and Zhang 2012). The midlatitude circulation anomalies in
the Southern Hemisphere may also influence SCSR. For
instance, the preceding winter Southern Hemisphere Annu-
lar Mode may impact the SCSR via sea surface tempera-
ture (SST) anomalies in mid-high latitudes in the Southern
Hemisphere as a manifestation of the “ocean—atmosphere
coupled bridge” (Zheng and Li 2012; Zheng et al. 2015).
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(color shading, mm) over eastern China based on rain-gauge sta-
tion data for the period 1951-2013. In (a) to (c), the red rectangle
encloses most of South China

Other studies have also shown that the distribution of SST
anomalies (SSTAs) is an important factor for the interan-
nual variability of SCSR, especially in the Pacific (Deng
and Wang 2002; Wu et al. 2003; Feng and Li 2011; Qiang
and Yang 2013). Thus, the relationship between SCSR and
interannual—interdecadal variations in Pacific SSTs requires
further study.

As the most dominant variability in air—sea interaction
on interannual timescales, the El Nifio—Southern Oscil-
lation (ENSO) has tremendous impacts on both sum-
mer rainfall (Huang and Wu 1989; Tao and Zhang 1998;
Karori et al. 2013) and winter rainfall (Tao and Zhang
1998; Zhou and Wu 2010; Zhou et al. 2010) in East Asia.
The key system that links the eastern tropical Pacific warm
(cold) SSTAs during EI Nifio (La Nifia) events and rainfall
anomalies over East Asia is an anomalous lower-tropo-
spheric anticyclone (cyclone) located in the western North
Pacific (WNP) (Wang et al. 2000). However, the impacts of
ENSO on SCSR have received little attention. In investi-
gating seasonal rainfall anomalies in East Asia during dif-
ferent phases of ENSO, Wu et al. (2003) suggested that a
weak positive relationship exists between ENSO and SCSR
during the decaying phases of ENSO. Similar results have
shown that the relationship between ENSO and rainfall
over eastern China is weakest in spring and that the rela-
tionship experienced a decadal change around the 1970s
(Gao et al. 2006). Since the late 1970s, the frequency of
ENSO Modoki events has clearly been increasing (Ashok
et al. 2007). Feng and Li (2011) demonstrated that typical
El Nifio and El Nifio Modoki events influence SCSR differ-
ently, with the El Nifio Modoki leading to a below-normal
SCSR and the typical El Nifio resulting in an above-normal
SCSR. However, Gong and Wang (1998) investigated the
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relationship between ENSO and seasonal rainfall in China
based on a longer time series from 1880 and found no sta-
tistically significant connection between ENSO and SCSR.
These results indicate that interdecadal changes may exist
in the SCSR-ENSO relationship.

Indeed, some studies have shown that the impacts of
ENSO on climate are not stationary and could be modu-
lated by the Pacific Decadal Oscillation (PDO; Mantua
et al. 1997; Gershunov and Barnett 1998; Zhu and Yang
2003; Chan and Zhou 2005; Mao et al. 2011; Feng et al.
2014; Kim et al. 2014; Wang et al. 2014). The PDO may
modulate the ENSO-related tropical atmospheric circu-
lation, especially the spatial pattern and strength of the
ENSO-related anticyclone over the WNP. Wang et al.
(2008) suggested that the anomalous anticyclone displays
notable differences between warm and cold phases of the
PDO, with the anticyclone being confined south of the Phil-
ippines (shifting northward to the east of the Philippines)
during the warm (cold) phases of the PDO. Furthermore,
Kim et al. (2014) demonstrated that the negative relation-
ship between ENSO and the East Asian winter monsoon
is significant only when the ENSO and PDO are in-phase
(i.e., El Nifio—~warm PDO events and La Nifia—cold PDO
events), because the WNP anticyclone expands greatly in
El Nifio—~warm PDO combinations but dramatically shrinks
in La Nifla—cold PDO combinations. A similar modulat-
ing effect also exists during the early summer (May—June),
with monsoon rainfall anomalies over SC being signifi-
cantly below or above normal more often when ENSO and
PDO are in-phase, whereas no anomalous dry or wet pref-
erence is apparent when they are out-of-phase (Chan and
Zhou 2005). Under the different PDO backgrounds, the
evolution of ENSO-related SST anomalies shows signifi-
cantly different characteristics, which further influences the
WNP subtropical high and the East Asian monsoon rainfall
(Chen et al. 2013b; Lee et al. 2013). Alternatively, the PDO
may modulate the midlatitude teleconnection forced by
ENSO (Gershunov and Barnett 1998; Yu and Zwiers 2007,
Yoon and Yeh 2010). For example, when El Nifio and PDO
are in-phase (out-of-phase), the midlatitude Eurasian-like
pattern acts to enhance (reduce) the summer rainfall over
northeast Asia (Yoon and Yeh 2010). Chen et al. (2013a)
found that the relationship between SC winter—spring pre-
cipitation and ENSO exhibits interdecadal changes, and
suggested that such changes are related to increased SST
variability in the eastern South Indian Ocean and modula-
tion of the PDO. Because the East Asian monsoon exhib-
its multiscale variations, in which intraseasonal oscilla-
tions are an important variability in determining active
and break sequences within each summer or winter mon-
soon season (e.g., Tao and Chen 1987; Ha et al. 2012),
ENSO may lead to seasonal-mean rainfall anomalies of
the East Asian monsoon through affecting the intraseasonal

behaviors (Yun et al. 2010; Ha et al. 2012). As suggested
by Ha et al. (2012), the intraseasonal variability in EASM
plays a more important role in the explanations of the
interannual variability and climate change than does the
annual mean. Yun et al. (2010) noticed that the relation-
ship between ENSO and northward-propagating intrasea-
sonal oscillation (NPISO) shows a decadal change, with
the preceding winter ENSO influencing the early summer
(May to June) NPISO through ENSO-induced West Pacific
pattern before the late 1970s and the later summer (July to
August) NPISO through Pacific-Japan pattern after the late
1970s. The maximum rainfall over the Korean Peninsula
also shows a decadal shift from July to August after the
mid-1970s, resulting from the changes of the relationship
between August rainfall and ENSO (Lee et al. 2010). But
how does the PDO modulate the SCSR-ENSO relation-
ship? Given that both ENSO and PDO are the dominant
sources of predictability of interannual and interdecadal
climate variability, revealing the physical mechanism for
the PDO modulation of the SCSR-ENSO relationship is of
high value for improving seasonal predictions of SCSR.

In this context, the objective of the present study is to
explore the impact of ENSO on interannual variability of
SCSR under different PDO backgrounds, thereby under-
standing the physical mechanism by which the PDO modu-
lates the ENSO—SCSR relationship. Section 2 presents the
data and methods used in this study. In Sect. 3, we inves-
tigate the respective impacts of the PDO and ENSO on
the SCSR. The ENSO-related SCSR anomalies under dif-
ferent PDO backgrounds and the physical mechanism for
the PDO modification of the ENSO-SCSR relationship
are presented in Sect. 4. The findings are then verified by
examined in numerical simulation, as reported in Sect. 5.
Finally, Sect. 6 presents a summary of the results.

2 Data and methods
2.1 Observations and reanalysis data

Because the present study focuses on the interdecadal mod-
ulation of ENSO-related SCSR by the PDO, it is necessary
to utilize observational and reanalysis datasets over as long
a period as possible. Long-term gridded rainfall records
are available from the Climate Research Unit (CRU) Time-
Series (TS) version 3.22, covering the period 1901-2013,
with a high spatial resolution of 0.5° latitude x 0.5° longi-
tude (Harris et al. 2014). The CRU TS3.22 dataset is con-
structed from monthly observations at meteorological sta-
tions across the world’s land areas, with extensive manual
and semi-automated quality control measures. Monthly
rain-gauge precipitation datasets since 1951 at 160 Chi-
nese meteorological stations, provided by the China
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Fig. 2 As for Fig. 1 except for simulated rainfall from the CCSM4 CMIPS5 historical run for the period 1951-2005

Meteorological Administration, are also used to verify the
reliability of the CRU TS 3.22 reanalysis rainfall.

Monthly SST data for the period 1920-2013 are
extracted from the UK Met Office Hadley Centre Sea Ice
and SST dataset version 1.1 (HadISST 1.1). The HadISST
replaces the Global Sea Ice and Sea Surface Temperature
(GISST) dataset, and is a unique combination of monthly
globally complete fields of SST and sea ice concentration
on a 1° x 1° latitude-longitude grid from 1870 to the pre-
sent (Rayner et al. 2003). To ensure the consistency of the
PDO and ENSO, the PDO and Nino3.4 indices are recalcu-
lated using the HadISST 1.1 (see Sect. 2.3).

The twentieth century atmospheric reanalysis (ERA-
20C) products are analyzed to demonstrate the ENSO-
related anomalous teleconnection patterns under recent
warm and cold PDO epochs. These data are provided by
the European Centre for Medium-Range Weather Forecasts
(ECMWEF) and are currently available for the period 1901-
2010 (Stickler et al. 2014). Although there is another rea-
nalysis product covering the entire twentieth century, the
twentieth century reanalysis version 2 (20CR V2; Compo
et al. 2011) from the National Oceanic and Atmospheric
Administration—Cooperative Institute for Research in
Environmental Sciences (NOAA-CIRES), it differs from
ERA-20C in terms of assimilated surface observations. The
boundary SST and surface pressure datasets assimilated
in ERA-20C are HadISST version 2.1, the International
Surface Pressure Databank (ISPD) version 3.2.6, and the
International Comprehensive Ocean—Atmosphere Data Set
(ICOADS) version 2.5.1, whereas 20CR V2 only uses the
earlier versions of these data (namely HadISST vl1.1, ISPD
v2, and ICOADS v2.4). This is first reason to utilize the
ERA-20C rather than 20CR V2 products. Another reason
for using ERA-20C is its higher horizontal resolution with
a ~125 km (spectral truncation T159) latitude—longitude
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grid and vertical resolution with 37 levels from 1000 to
1 hPa, because the higher resolution reanalysis can repro-
duce more realistic spring rainfall pattern over SC (Li et al.
2015).

2.2 Simulation data

The “twentieth century” simulations forced by observed
atmospheric composition changes (reflecting both anthro-
pogenic and natural sources) from the Coupled Model
Intercomparison Project Phase 5 (CMIPS) offer opportu-
nities to understand air—sea interactions and atmospheric
responses to SST anomalies at regional and global scales
(Taylor et al. 2012). As evaluated by Sperber et al. (2013),
of the 25 CMIP5 coupled general circulation model simula-
tions for the late twentieth century climate, those derived
from the Community Climate System Model (version 4,
CCSM4) perform well in simulating both the climatology
and interannual variability of the boreal Asian summer
monsoon, including precipitation and lower-tropospheric
circulation. The CCSM4 also performs well in reproducing
the spatial pattern and temporal evolution of the PDO and
ENSO (DeFlorio et al. 2013). Thus, Krishnamurthy and
Krishnamurthy (2014) used CCSM4 simulations to study
the influence of the PDO on the South Asian summer mon-
soon—ENSO relation. More importantly, CCSM4 also has
a reasonable representation of the climatology and interan-
nual variability of SCSR. The distribution of the CCSM4-
simulated climatological spring rainfall over eastern China
(Fig. 2a) shows heavy rainfall (>500 mm) mostly over SC,
bearing some resemblance to the observational distribu-
tion (Fig. la), although the simulated rainfall amount is
somewhat underestimated over the coastal area, and the
belt of heavy rainfall extends slightly northward into the
Yangtze Basin. The simulated percentage of spring rainfall
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Fig. 3 Detrended Nino3.4 index (bars) and normalized PDO index
(black line) averaged for December—February (DJF) for the period
1920-2013. The green dashed line represents the decadal-scale fluc-
tuations of the PDO index as indicated by the 11-year running mean
(the reflective condition is utilized to calculate the start and end
points of running mean). Red and blue bars denote El Nifio and La
Nifia years, respectively

relative to annual total (Fig. 2b) is also similar to observa-
tions (Fig. 1b). Furthermore, the region of large interan-
nual standard deviation (Fig. 2¢) of the CCSM4-simulated
rainfall concentrated mostly over SC is also consistent with
observations (Fig. 1c). Thus, the CCSM4 CMIPS5 histori-
cal simulations are used to validate the physical mechanism
for the PDO modulation of the ENSO-SCSR relationship
in Sect. 5.

2.3 Analysis methods

The PDO index used in this study is reconstructed accord-
ing to the definition given by Mantua et al. (1997). For this
purpose, an empirical orthogonal function (EOF) analy-
sis is performed on detrended monthly SST anomalies
over the domain 20°-60°N, 120°E-120°W for the period
1920-2013. The data are detrended by subtracting the
globally averaged SST anomalies. The normalized prin-
ciple component (PC1) is defined as the monthly mean
PDO index. In this study, we focus on the winter (Decem-
ber-February, DJF) averaged PDO index (defined as the
average of the DJF monthly means), as shown in Fig. 3.
The 11-year running mean of the DJF-averaged PDO
index is used to represent the interdecadal variability of
the PDO, which exhibits two positive epochs (1921-1945

and 1978-2006) and two negative epochs (1946-1977
and 2007-2013) (Fig. 3). Because most ENSO events
tend to reach their peak in winter months, in this study
ENSO events are defined to occur when the detrended
DJF Nino 3.4 SST anomalies are more than 0.6 standard
deviations (0.60 is approximately equal to 0.55 °C) away
from the long-term mean. The detrended Nino3.4 index is
employed to avoid the possible influence of phase shifts
in the PDO (Gershunov and Barnett 1998). Following this
definition, 26 El Nifio winters and 26 La Nifa winters are
identified for the period 1922-2013. As the interannual
variability of the Nino3.4 index is modulated by interdec-
adal fluctuations of the PDO (Fig. 3), these ENSO events
are classified into four categories based on whether they
are in warm or cold PDO epochs (Table 1). For conveni-
ence, an El Nifio event occurring in a warm PDO epoch is
represented as El Nifio-warm PDO (EN_WPDO). Simi-
larly, other categories are denoted as El Nifio—cold PDO
(EN_CPDO), La Niiia—warm PDO (LN_WPDO), and
La Nifia—cold PDO (LN_CPDO). The ENSO events and
different ENSO-PDO combinations are defined based on
the Nifio3.4 SST index averaged over the winter months
(DJF) when an ENSO event typically matures. The influ-
ences of these events on rainfall anomalies during the
subsequent spring, i.e., when ENSO decays, are then
examined. Unless otherwise stated, ENSO-related circula-
tion and rainfall anomalies in the following text refer to
those in the spring following the peak of ENSO events.
To demonstrate the ENSO-related circulation anomalies
associated with anomalous SCSR under different PDO
backgrounds, composite and sub-composite analyses are
performed for the four ENSO categories. The statisti-
cal significance of the composite differences is estimated
through bootstrap resampling (Efron 1982; Gershunov
and Barnett 1998). Bootstrap resampling is a nonparamet-
ric statistical method that is superior to other statistical
test methods in terms of its being applicable to both small
and large sample sizes. The composite difference at each
grid is computed repeatedly 5000 times using the resam-
pled variable series derived from random permutations
of the original series. The 0.025th and 0.975th quantiles
are the lower and upper bounds of the bootstrapped 95 %
confidence interval.

Table 1 EI Nifio or La Nifia years sorted by PDO phase for the period 19222013

Cold PDO

‘Warm PDO
El Nifio 1924, 1926, 1931, 1940, 1941, 1942, 1978,1980, 1983, 1987,
1988, 1992, 1998, 2003, 2005
La Nifia 1923, 1925, 1934, 1939, 1943, 1984, 1985, 1989, 1996, 1999,

2000, 2001, 2006

1952, 1953, 1958, 1964, 1966, 1969, 1970, 1973, 1977, 2007,
2010

1950, 1951, 1955, 1956, 1965, 1968, 1971, 1974, 1976, 2008,
2009, 2011, 2012

A calendar year such as 1924 refers to the 1923/1924 El Nifio event
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Fig. 4 Composite differences (a) (b)
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3 Respective impacts of the PDO and ENSO
on SCSR

Before exploring the interdecadal modulating effect of
the PDO on the ENSO-SCSR relationship, the impacts on
SCSR of each of the PDO and ENSO are first examined
in turn in this section. Composite differences (Fig. 4a)
between El Nifio and La Nifia years show that the follow-
ing spring rainfall tends to be above-normal over most
of East Asia, but below-normal over southwestern China
and the Indo-China Peninsula. Note that the larger posi-
tive rainfall anomalies in southeastern China just north
of 25°N are significant, but those over the SC coastal
region are not, which is consistent with previous results
(Wu et al. 2003). However, the composite differences
(Fig. 4b) between warm and cold PDO epochs demon-
strate that the spring rainfall tends to be below-normal
over East Asia during warm PDO epochs but with sig-
nificant positive rainfall anomalies around the SC coastal
region, almost the opposite of the rainfall anomaly pattern
shown in Fig. 4a. This suggests that both the PDO and
ENSO indeed exert significant impacts on the spring rain-
fall anomalies over eastern China, with a greater preva-
lence of positive anomalies over eastern China in El Nifio
years than in warm PDO years. Note that over SC where
the same positive rainfall anomalies occur, the anoma-
lies are more significant in warm PDO years than in El
Nifio years, indicating the dominant impact of the PDO
on SCSR. It can be speculated that the significant positive
rainfall anomalies over SC would be enhanced and extend
northward if an El Nifio event arose in the warm PDO
epoch, while enhanced negative rainfall anomalies would
be associated with a La Nifia event occurring in cold PDO
epochs, as discussed later.
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Such different rainfall anomaly patterns are actually
induced by the different circulation anomalies related to
ENSO and PDO. In the spring following the ENSO mature
phase, the SSTA pattern retains typical features of El Niflo,
with strong positive SSTAs over the central and eastern
equatorial Pacific and weak negative SSTAs over the cen-
tral North Pacific (Fig. 5a). As a response to the El Nifio-
related SSTAs, strong positive sea level pressure (SLP)
anomalies occur over the western tropical Pacific and WNP,
extending northward along the coast of East Asia (Fig. 5b),
in association with a massive anomalous anticyclone cover-
ing both the tropics and mid-latitudes from the western to
central North Pacific, extending to nearly 45°N and 170°W
(Fig. 5c). Such an anomalous anticyclone results from a
Rossby-wave response to the suppression of convective
heating, which is induced by both in situ ocean cooling
and subsidence forced remotely by central Pacific warming
(Wang et al. 2000). Furthermore, the northward-extending
anticyclonic anomalies force anomalous southwesterlies
over East Asia (Fig. 5c), favoring above-normal rainfall
over most regions of East Asia including SC and central
China. In comparison with ENSO-induced SLP anomalies,
the PDO-related positive SLP anomalies are only observed
over the western tropical Pacific south of 20°N (Fig. 5f),
associated with zonal anticyclonic anomalies extending
from the WNP eastward to 150°W in the lower tropo-
sphere (Fig. 5f). Note that significant negative SLP anoma-
lies exist over the North Pacific, extending southwestward
to East Asia (Fig. 5f). Such an anomalous SLP pattern is
a typical feature of the PDO, characterized by a negative
SLP anomaly in the central North Pacific and a deepened
Aleutian low (Mantua et al. 1997). Thus, a dipole-like
anomalous circulation pattern with an anomalous zon-
ally elongated anticyclone in the subtropical Pacific and
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Fig. 5 Composite differences between (left panels) El Nifio and La
Nifia years in spring (March-May) for a SST (color shading, °C),
b SLP (color shading, hPa), ¢ 850-hPa horizontal winds (vectors,
m s1), and d 200-hPa zonal winds (color shading, m s~'). Right
panels (e) to (h) are as in (a) to (d), but for the composite differences

an anomalous cyclone over the North Pacific dominates
the subtropical and northern Pacific (Fig. 5g). As a result,
the anomalous southwesterlies resulting from the subtropi-
cal anticyclone and the northerlies from the midlatitude
cyclone converge over SC, leading to above-normal SCSR.
However, the anomalous northeasterlies prevail over most
of the East Asian regions north of SC, resulting in below-
normal spring rainfall over these regions. In the upper-
troposphere, both the ENSO and PDO are accompanied
by a strengthened East Asian subtropical jet, though the jet

between warm PDO and cold PDO epochs. The stippling in (a), (b),
(d-f), and (h) denotes statistical significance at the 95 % confidence
level, while the shading in (c¢) and (g) indicates the areas where at
least one of the anomalous zonal and meridional wind components is
statistically significant at the 95 % confidence level

anomaly forced by ENSO is stronger than that forced by
the PDO (Fig. 5d, h). The strengthening of the subtropical
jet can enhance the upper-tropospheric divergence over SC,
contributing to the above-normal SCSR.

Note that since ENSO is modulated by the PDO (Fig. 3),
the interannual SCSR anomalies associated with a given
ENSO event may actually result from a synthesis of the
effects caused by a particular ENSO-PDO combination.
That is, the anomalous SCSR resulting from the ENSO-
induced strong anomalous WNP anticyclone or cyclone
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Fig. 6 Composite distributions of the spring (March—May) detrended
rainfall (color shading, mm) in the period 1922-2013 for a all El
Nifio events (EN_ALL), b El Nifio-warm PDO events (EN_WPDO),
and ¢ El Nifio—cold PDO events (EN_CPDO). d Difference between

and subtropical jet over East Asia, may be modified by the
somewhat different PDO-induced anomalous circulation,
which is therefore examined in the next section.

4 PDO modulation of ENSO-related SCSR
4.1 Rainfall anomalies

As shown in Table 1, 26 El Nifo events occurred dur-
ing the period 1922-2013, comprising 15 El Nifio—warm
PDO events and 11 El Nifio—cold PDO events. To dem-
onstrate how the PDO modifies the relationship between
ENSO and SCSR, Fig. 6a—d show the MAM rainfall
anomalies over eastern China for the El Nifio compos-
ite and the sub-composites according to the PDO phase,
together with the difference between in-phase and out-of-
phase combinations. If all 26 events are considered with
no reference to PDO-ENSO combination, the El Nifio-
related rainfall shows above-normal amounts over East
China, but this is barely significant at the 95 % confi-
dence level (Fig. 6a). When the PDO epoch is considered,
significant differences are observed between the spatial
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ENSO in-phase and out-of-phase with PDO; i.e., (b) minus (c¢). The
lower panels (e)—(h) are the corresponding distributions for La Nifia
events. Stippling denotes statistical significance at the 95 % confi-
dence level

distributions of El Nifio-related rainfall under warm and
cold PDO epochs. During warm PDO epochs, significant
positive rainfall anomalies occur over SC (Fig. 6b) that
are much stronger than those without considering the
PDO backgrounds (Fig. 6a). In contrast, El Nifio—cold
PDO events produce positive rainfall anomalies over the
Yangtze basin and North China (Fig. 6¢), with somewhat
negative anomalies over SC, although they are insignifi-
cant at the 95 % confidence level (Fig. 6¢). In addition,
the El Nifio-related rainfall differences between warm
and cold PDO epochs (Fig. 6d) show significant positive
rainfall anomalies over SC, with less significant nega-
tive anomalies over the Yangtze Basin and North China.
The situation is reversed in the springs following La Niifia
events, for all La Nifia cases, La Nifla—warm PDO, La
Nifia—cold PDO combinations, and the composite dif-
ference between La Nifla—cold PDO and La Nifia—warm
PDO (Fig. 6e-h). Note that the significant negative
anomalies cover a much larger area over SC in the in-
phase combination of La Nifia with cold PDO (Fig. 6g)
than the area covered by significant positive anomalies
in the in-phase combination of El Nifio with warm PDO
(Fig. 6b).



Interdecadal modulation of ENSO-related spring rainfall over South China by the Pacific Decadal... 3211
(a) EN_WPDO (b) EN_CPDO
400 400
£ £
~— 2004 ~— 200
= =
< <
g IS
e 0 8 0 1
< <
< =
£ 2001 £ 2001
© ©
o o
'400 Ib‘IbI\IQI\I‘_LI%IQIQ)I/\I%Iqll%lq’l63 '400 '(l, Ifb I% Ib( Ib lg IQ '(b I,\ l/\ IQ
RCLARC UG S IR G QR IR R R S D FFF F FFE S S
Time (year) Time (year)
(c) LN_WPDO (d) LN_CPDO
400 400
£ £
— 2004 ~— 200 1
> >
© ©
g £
e 0 8 0
< <
T IS
:'é -200 E -200
© ©
o o
‘400 IO_) lo)lk Ig I(b Ih IG_) Iq I@ lQ lQl\l6 '400 IQ I\ 'O) Ib I63 I\ Ik l6 l% IO-) I\ Iq/
I FF T F FFF P f),QQ f19° f),QB & & FF P \é\ COCA f?,QQ Q,QQ ‘79\ ‘?/Q\
Time (year) Time (year)

Fig. 7 Time series of the SCSR index for different combinations of
PDO and ENSO events. a El Nifio-warm PDO, b El Nifio—cold PDO,
¢ La Nifla—warm PDO, and d La Nifa—cold PDO. The red and blue
bars denote positive and negative values, respectively. The SCSR

These comparisons of the four sub-composites dem-
onstrate that the PDO indeed plays an important role in
modulating the ENSO-SCSR relationship. When ENSO
and PDO are in-phase, the positive ENSO-SCSR relation-
ship becomes much stronger, with above-normal SCSR
following El Nifio-warm PDO events and below-normal
SCSR following La Nina—cold PDO events. The modu-
lating effect can be further confirmed by examining year-
by-year variations of the SCSR index. The SCSR index is
defined as the area-averaged MAM total rainfall anomaly
over SC (red rectangle in Fig. 1). The SCSR indices are
shown separately in Fig. 7 for the four classified groups.
When ENSO and PDO are in-phase, the SCSR index
exhibits positive anomalies for 13 of the 15 El Nifio-warm
PDO years (Fig. 7a), and negative anomalies for 9 of the 12
La Nifia—cold PDO years (Fig. 7d), corresponding to 75 %
of the in-phase combinations. No significant preference of
anomalous SCSR is evident when ENSO and PDO are out-
of-phase (Fig. 7b, c).

index is defined as the area-averaged spring rainfall anomalies over
SC (as shown by the red rectangle in Fig. 1). Anomalies are calcu-
lated as departures from the long-term mean for the period 1922-
2013

4.2 SST and circulation anomalies

To explore the physical mechanism by which the PDO
modulates the ENSO-SCSR relationship, the ENSO-related
anomalous circulation is examined separately under warm
and cold PDO epochs. Firstly, we analyze the El Nifio-
related circulation anomalies under different PDO back-
grounds. As shown in Fig. 5 and suggested by previous
studies, although the PDO and ENSO have similar SSTA
patterns, the strong SSTAs in the midlatitude North Pacific
associated with the PDO greatly influence the atmospheric
transients, and hence the mean westerly jet in such a way
as to reinforce the original SSTAs (Namias 1988; Gershu-
nov and Barnett 1998). Significant SSTAs in the tropical
Pacific related to ENSO mostly affect the Walker circula-
tion and resultant Hadley circulation in the East Asian mon-
soon region, and hence the subtropical high in the lower
and middle troposphere over the WNP (Wang et al. 2000).
When an El Nifio event takes place in a warm PDO epoch,
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Fig. 8 Composite anomalies of spring (March—-May) a SST (color
shading, °C), b SLP (color shading, hPa), and ¢ 850-hPa winds (vec-
tors, m s~ for El Nifio-warm PDO years. The stippling in (a) and
(b) denotes statistical significance at the 95 % confidence level, while
the shading in (c¢) indicates areas where at least one of the anoma-

the El Nifio-related positive SSTAs in the equatorial eastern
Pacific are strongly enhanced and the accompanying nega-
tive SSTAs in the midlatitude North Pacific are also intensi-
fied (Fig. 8a), so an El Nifio—warm PDO event is charac-
terized by both stronger positive SSTAs in the equatorial
eastern Pacific and stronger negative SSTAs in the mid-
latitude North Pacific. This occurs because the warm PDO
gives a background SSTA distribution similar to the El Nifio
event, meaning the SSTAs of the same sign in the equato-
rial Pacific and in the midlatitude North Pacific are super-
imposed, and are thus both further enhanced (Fig. 8a). In
contrast, for El Nifio—cold PDO events the El Nifo-related
positive SST anomalies in the equatorial eastern Pacific
weaken as they are offset by the negative background SSTAs
(Fig. 8d). Note, however, that weak positive anomalies are
present in the central equatorial Pacific, exhibiting some
features of El Nifio Modoki (Ashok et al. 2007). However,
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lous zonal and meridional wind components is statistically signifi-
cant at the 95 % confidence level. Panels in the middle column (d—f)
and right column (g—i) show corresponding anomalies for El Nifio—
cold PDO years and El Nifilo~warm PDO minus El Nifio—old PDO,
respectively

the cold PDO-related positive SST anomalies still remain
in the midlatitude North Pacific (Fig. 8d), for the amplitude
of PDO-related SSTAs being larger than that of El Nifio-
related SSTAs in the North Pacific. Furthermore, the typical
SSTA pattern associated with the warm PDO may be iden-
tified clearly in the difference between the El Nifio—warm
PDO and El Nifio—old PDO events (Fig. 8g), in which both
negative SSTAs in the midlatitude North Pacific and posi-
tive SSTAs in the equatorial eastern Pacific are dominant
and significant. This result indicates that the PDO indeed
modifies the distribution of El Nifio-related SSTAs.

Namias et al. (1988) emphasized that persistent SSTA
patterns in the North Pacific are often associated with persis-
tent atmospheric teleconnection patterns, as the atmosphere
has a shorter memory than the ocean. Thus, different SSTA
patterns may force different atmospheric teleconnection pat-
terns. The composite distributions of spring SLP anomalies
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show that the atmospheric response to SSTAs in an El Nifio—
warm PDO event is characterized by negative SLP anoma-
lies over the Aleutian Basin and positive SLP anomalies over
the WNP, indicating an enhanced Aleutian low and a simul-
taneously enhanced WNP subtropical high (Fig. 8b). This
dipole-like SLP anomaly pattern with a northeast—southwest
orientation may be a typical response of the El Nifio—warm
PDO combination, as suggested by Mao et al. (2011). Note
the occurrence of negative SLP anomalies over the tropical
eastern Pacific induced by locally positive SSTAs. As com-
pared with the situation in Fig. 5b, the northwestern portion
of the positive SLP anomalies over the WNP clearly shrinks
southeastward (Fig. 8b), countered by the warm-PDO-
induced negative SLP anomalies over coastal areas of East
Asia (Fig. 5f). Consequently, the corresponding anomalous
anticyclone over the WNP in the lower troposphere also con-
tracts eastward in such a manner that SC is just under the
influence of the anomalous southwesterlies (Fig. 8c), thus
leading to above-normal rainfall over SC (Fig. 6b). Note that
the anomalous cyclone over the Aleutian Basin is stronger
than in El Nifio (Fig. 5¢) or warm PDO (Fig. 5g) events.

On the contrary, for El Nifio—cold PDO events, positive
SLP anomalies with larger amplitude are present over the
Aleutian Basin but are not statistically significant (Fig. 8e).
They extend southwestward to connect with the weak posi-
tive SLP anomalies over the WNP. Note that less significant
anomalous SLP covers much larger areas including almost
all coastal regions in East Asia (Fig. 8e); thus, the anomalous
southwesterlies intrude farther northward into central China
(Fig. 8f). However, the superposition of the El Nifio-related
anticyclonic anomalies with the cold PDO-related cyclonic
anomalies over the WNP makes the anomalous southwester-
lies much weaker and less significant over SC, resulting in less
predictable SCSR (Figs. 6¢, 7b). Moreover, the differences in
the low-tropospheric circulation anomalies between El Nifio—
warm PDO and El Nifio—cold PDO (Fig. 8h, i) illustrate the
typical features of PDO-related circulation anomalies (Fig. 5f,
2), which further indicates that the El Nifio-related anomalous
circulation is affected by the PDO, and that El Niflo—warm
PDO events are more favorable for above-normal SCSR.

The El Nifio-related upper-tropospheric circulation is
also modified by the PDO, which further influences the
SCSR anomalies. For El Niflo-warm PDO events, the
SSTAs show an obvious meridional contrast, with positive
anomalies in the tropical Pacific and negative anomalies
over the midlatitude North Pacific (Fig. 8a), forcing a simi-
lar meridional contrast in anomalous 200-hPa geopotential
height (Fig. 9a) and intensifying the upper-tropospheric
westerly jets over subtropical East Asia around the south-
ern Tibetan Plateau and over the midlatitude North Pacific
(Fig. 9b). An anomalous cyclone is observed over central
China, accompanied by the intensified upper-tropospheric
subtropical East Asian westerly jet on its southern side

(Fig. 9b), forming an upper-tropospheric divergent environ-
ment over SC, thus inducing anomalous ascending motion
over the region (Fig. 9c). However, for the El Nifio—cold
PDO events, in response to the positive SSTAs over both
the central and North Pacific (Fig. 8d), the 200-hPa geo-
potential height exhibits positive anomalies south of 45°N
and weak negative anomalies to the north, enhancing the
midlatitude westerly jet (Fig. 9¢) and forcing anomalous
ascending motion over central China. However, no sig-
nificant anomalies in the upper-tropospheric winds occur
in the subtropics. As a result, there is no significant verti-
cal motion over SC, resulting in unpredictable SCSR. To
highlight the modulating effect of PDO on the El Nifio-
related upper-tropospheric circulation, the differences
of upper-tropospheric circulation anomalies between El
Nifio-warm PDO and El Nifio—cold PDO are also shown
(Fig. 9g, h). As a response to the warm PDO-like SSTAs
(Fig. 8g), the 200-hPa geopotential height also exhibits an
enhanced meridional contrast between the tropics and the
midlatitudes (Fig. 9g), resulting in an enhanced subtropical
East Asian westerly jet (Fig. 9h). The enhanced subtropi-
cal westerly jet further strengthens the upper-tropospheric
divergence over SC and induces anomalous ascending
motion over SC (Fig. 9i), contributing to the above-nor-
mal SCSR. Clearly, the composite differences of upper-
tropospheric circulation between El Nifio-warm PDO and
El Nifio—cold PDO events show some resemblance to the
composite of El Nifio-warm PDO events, so the El Nifio-
related upper-tropospheric circulation is more favorable to
above-normal SCSR during warm PDO phases.

Since the modifications of La Nifa-related SSTAs and
circulation by the different PDO phases are similar to those
of the El Nifio-PDO cases, only the composite differences
between La Nifla—cold PDO events and La Nifia—warm
PDO events are shown in Fig. 10. The SSTA pattern is char-
acterized by strong positive SSTAs in the midlatitude North
Pacific and weak negative SSTA in the tropical Pacific
(Fig. 10a), exhibiting some features of cold PDO events.
The lower atmospheric response to the strong positive
SSTAs over the North Pacific is a zonally stretched posi-
tive SLP anomaly over the North Pacific extending south-
westward to the SC coastal area (Fig. 10b). Note that weak
negative SLP anomalies over the western tropical Pacific
may be induced by the negative tropical SSTAs (Wang et al.
2000). Thus, a meridional dipole-like circulation anomaly
develops, characterized by an anomalous cyclone with a
northeast—southwest orientation over the central tropical—
subtropical Pacific and an anomalous elongate anticyclone
stretching from SC to the midlatitude eastern North Pacific
(Fig. 10c). As a result, SC is just under the divergent envi-
ronment associated with the dipole-like circulation, result-
ing in negative SCSR anomalies (Fig. 6h). In the upper
troposphere, a clear meridional contrast exists between the
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Fig. 9 Same as Fig. 8 but for (a), (d) and (g) 200-hPa geopotential height (color shading, gpm), (b), (e) and (h) 200-hPa winds (vectors, m s7h,

and (c), (f) and (i) 500-hPa vertical velocity (color shading, Pa s7h

negative geopotential height anomalies over the tropics and
positive anomalies over the midlatitudes from the Eurasian
continent to the eastern North Pacific (Fig. 10d), producing
anomalous easterlies along 30°N (Fig. 10f). Thus, the East
Asian subtropical westerly jet over the southern Tibetan Pla-
teau may be weakened. This weakening further reduces the
divergence on the southern side of the jet entrance region
(Uccellini and Kocin 1987), leading to convergent and
descending anomalies over SC (Fig. 10e), and hence below-
normal SCSR (Fig. 6h). Thus, the PDO also modifies the
La Nifia-related SSTAs and atmospheric teleconnections,
and the in-phase combination (La Nifia—cold PDO) is more
favorable for below-normal SCSR.

5 Modulating effects in coupled models

Based on the classification method outlined in Sect. 2.3, the
ENSO events in the CCSM4 historical simulation for the
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period 1901-2005 are categorized into four groups, with 14 El
Niflo—warm PDO events, 13 El Nifio—cold PDO events, 14 La
Nifia—warm PDO events, and 16 La Nifia—cold PDO events.
As shown in Fig. 11, for the SC region the ENSO-related
spring rainfall anomalies are considerably more significant
when ENSO and PDO are in-phase, with positive anoma-
lies during El Nifio~warm PDO events (Fig. 11a) and nega-
tive anomalies during La Nifia—cold PDO events (Fig. 11d).
Note that corresponding to the slight northward shift of the
heavy rain belt in the climatological MAM rainfall distribu-
tion simulated by the CCSM4 model (Fig. 2a), the simulated
ENSO-related rainfall anomalies also extend into the Yangtze
Basin, especially for the El Nifio-warm PDO events. How-
ever, for out-of-phase combinations the ENSO-related rainfall
anomalies show no significant wet or dry preference over SC
(Fig. 11b, c). These results indicate that the modulating effect
of the PDO on the ENSO-SCSR relationship is robust.

As mentioned above, the El Nifio (La Nifa)-related
low-tropospheric anomalous anticyclone (cyclone) over
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Fig. 10 Composite differences between La Nifia—cold PDO events
and La Nifia—warm PDO events in spring (March-May) for a SST
(color shading, °C), b SLP (color shading, hPa), ¢ 850-hPa winds
(vectors, m s~"), d 200-hPa geopotential height (color shading, gpm),
e 500-hPa vertical velocity (color shading, Pa s71), and f 200-hPa

the WNP is the key system linking ENSO with SCSR.
Figure 12a shows the composite difference of the CCSM4-
simulated SSTAs for El Nifio-warm PDO minus El Nifio-
cold PDO. The difference is characterized by features typi-
cal of a warm-PDO-related SSTA pattern, with negative
anomalies in the midlatitude North Pacific and positive
anomalies in the eastern equatorial Pacific and in an off-
shore belt along the west coast of North America and the
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winds (vectors, m s~1). The stippling in (a), (b), (d) and (e) denotes
statistical significance at the 95 % confidence level, while the shad-
ing in (c) and (f) indicates areas where at least one of the anomalous
zonal and meridional wind components is statistically significant at
the 95 % confidence level

Gulf of Alaska, strongly resembling observations (Fig. 8g).
Similarly, as a response to the SSTAs an extensive anoma-
lous anticyclone is present over the WNP accompanied by
a strong anomalous cyclone centered over the North Pacific
and stretching southwestwards to eastern China (Fig. 12b),
inducing anomalous convergence over SC (Fig. 12c¢) and
thus leading to above-normal SCSR (Fig. 11a). Likewise,
the composite difference of the simulated SST anomalies
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Fig. 11 Composite distributions of the CCSM4-simulated spring
(March—-May) detrended rainfall anomalies (color shading, mm) for
the period 19012005 for a El Nifio-warm PDO, b El Nifio—cold
PDO, ¢ La Nifla—warm PDO, and d La Nifa-cold PDO. Stippling

for La Nifia—cold PDO minus La Nifia—warm PDO is char-
acterized by the features of a cold PDO (Fig. 12d), associ-
ated with an anomalous cyclone over the western subtropi-
cal Pacific and an anomalous anticyclone over the North
Pacific (Fig. 12e), resulting in anomalous northeasterlies
over SC (Fig. 12¢) and leading to below-normal SCSR.
This confirms that the PDO indeed modulates the strength
and spatial pattern of El Nifio (La Nifia)-related anticy-
clonic (cyclonic) circulation anomalies over the WNP,
which further influences the SCSR.

6 Summary and discussion

Spring rainfall over South China (SCSR) accounts for more
than 35 % of the annual total and exhibits strong interan-
nual variability, with the standard deviation exceeding
140 mm. This variability is linked to ENSO-related SSTAs
in the tropical Pacific, but the positive relationship between
ENSO and SCSR may not always be stable with time, and
is modulated by PDO-related decadal-scale fluctuations
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denotes statistical significance at the 95 % confidence level. The rain-
fall anomalies are calculated as departures from the seasonal mean of
the base period 1901-2005

of the North Pacific SSTAs. Therefore, the objective of
the present study is to examine the physical mechanism
responsible for the interdecadal modulation of the ENSO-
SCSR relationship by the PDO. For this purpose, several
long-term observational datasets for the period 1922-2013
were analyzed, including the Climate Research Unit grid-
ded rainfall records CRU TS3.22, the Hadley Centre sea
surface temperature (SST) dataset HadISST1.1, and the
ECMWEF twentieth century atmospheric reanalysis ERA—
20C. The modulating mechanism thus identified was fur-
ther examined with historical simulations derived from the
Community Climate System Model version 4 (CCSM4).
Since ENSO is modulated by the PDO, the spring rain-
fall anomalies associated with an individual ENSO event
on interannual timescales are actually the synthesis of the
effects caused by a particular ENSO-PDO combination.
When ENSO and PDO are in phase, the positive ENSO-
SCSR correlation becomes much stronger, with above-
normal SCSR following El Nifio-warm PDO events and
below-normal SCSR following La Nifia—cold PDO events.
The physical mechanism by which the PDO modulates the
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ENSO-SCSR relationship is through the impact of vari-
ations in the subtropical anticyclone over the WNP and
the upper-tropospheric westerly jet around the southern
Tibetan Plateau and the midlatitude North Pacific. When an
El Nifio event occurs in a warm PDO epoch, the El Nifio—
warm PDO event is characterized by both stronger posi-
tive SSTAs in the equatorial eastern Pacific and stronger
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where at least one of the anomalous zonal and meridional wind com-
ponents is statistically significant at the 95 % confidence level. Right
column panels (d—f) are as (a—c), respectively, but for La Nifia—cold
PDO minus La Nifia—warm PDO

negative SSTAs in the midlatitude North Pacific, because
the warm PDO itself has a similar background SSTA dis-
tribution to the El Nifio event, and corresponding SSTAs
with the same sign are superimposed. The atmospheric
response to such an El Nifio-warm PDO SSTA pattern is
characterized by an enhanced Aleutian low and a simulta-
neously enhanced WNP subtropical anticyclone, forming a
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dipole-like SLP anomaly pattern oriented northeast—south-
west. Due to counteraction by the warm-PDO-induced
negative SLP anomalies over coastal areas of East Asia,
the corresponding anomalous anticyclone over the WNP
in the lower troposphere contracts eastward so that SC is
just under the influence of the anomalous southwesterlies,
leading to above-normal SCSR. In the upper troposphere,
the westerly jets over both subtropical East Asia around the
southern Tibetan Plateau and the midlatitude North Pacific
are intensified due to the enhanced meridional contrast in
anomalous 200-hPa geopotential height. The intensified
subtropical East Asian westerly jet produces an upper-
tropospheric divergent environment on its southern side
over SC, driving anomalous ascending motion over SC,
and hence above-normal SCSR. A similar situation occurs
when a La Nifia event occurs in a cold PDO epoch, except
that the La Nifla—cold PDO event leads to below-normal
SCSR. Because both enhanced negative SSTAs in the equa-
torial eastern Pacific and enhanced positive SSTAs in the
midlatitude North Pacific force an anomalous cyclone over
the NWP along with a weakened westerly jet over East
Asia, the result is significant descending motion over SC.

In contrast, when ENSO and the PDO are out-of-phase,
the ENSO-SCSR relationship is weakened and less sig-
nificant. For El Nifio—cold PDO events, the El Nifio-related
positive SST anomalies in the equatorial eastern Pacific
become much weaker due to counteraction by the negative
PDO background SSTAs, exhibiting some of the features
of El Nifio Modoki. Although positive SLP anomalies with
larger amplitude are present over the Aleutian Basin, they
are not statistically significant. These anomalies extend
southwestward to connect with the weak positive SLP
anomalies over the WNP. Because the El Nifio-induced
anticyclonic anomalies are to some extent counteracted by
the cold PDO-induced cyclonic anomalies over the WNP,
the anomalous southwesterlies become much weaker and
insignificant over SC. In terms of the upper-tropospheric
winds, there are no significant anomalies in the subtropics,
so no significant vertical motion exists over SC, leading
SCSR to become unpredictable. Likewise, the La Nifla—
warm PDO events also lead to unpredictable SCSR, with-
out any anomalous wet or dry preference of SCSR.

The CCSM4 simulations perform well in reproducing
the SSTAs and low-tropospheric circulation differences
between El Nifio-warm PDO events and El Nifio—cold
PDO events. There are positive SSTAs in the eastern Pacific
and negative SSTAs in the midlatitude North Pacific, which
confirms that the El Nifio-related SSTAs are enhanced
(weakened) during warm (cold) PDO phases. Further-
more, the extensive anomalous anticyclone over the west-
ern subtropical Pacific is also captured well by CCSM4, as
is the anomalous zonally stretched cyclone over the North
Pacific and eastern China, although their intensities are
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weaker than those in the observations. Thus, the anticy-
clone over the WNP and the cyclone over the midlatitude
North Pacific are actually the key systems through which
the PDO modulates the ENSO-related SCSR. The simu-
lated differences between La Nifia—cold PDO events and
La Nifia—warm PDO also confirm the modulating process
derived from the observations.

This study demonstrated that the PDO could modify
the relationship between ENSO and seasonal-mean spring
rainfall over SC. However, the rainfall distribution in
any one year or season is made up of a series of low-fre-
quency sequences of rainy periods (“active” periods) with
intervening dry periods (monsoon “breaks”) each lasting
10-30 days (Webster and Hoyos 2004). SCSR also pos-
sesses a significant 10-20-day intraseasonal variability
for most springs (Pan et al. 2013), thus such intraseasonal
behaviors of SCSR may be influenced by different ENSO-
PDO combinations, with their influences to happen similar
to the situations of the ENSO events on the intraseasonal
variability of the EASM in different PDO phases, as was
suggested by Yun et al. (2010) and Lee et al. (2010). Thus,
an investigation of how ENSO affects the intraseasonal
SCSR under different PDO backgrounds could be helpful
to understand the interannual variability of seasonal-mean
SCSR and to improve its predictability, which will be
explored in the future. Furthermore, besides the SSTAs in
the Pacific, the SSTAs in the Indian Ocean have recently
been found to have a large impact on East Asian climate
variability (Watanabe and Jin 2003; Yang et al. 2007; Ding
et al. 2010). As suggested by Chen et al. (2013a), the dec-
adal change of SSTs in the South Indian Ocean around the
mid-1970s may also modulate the relationship between SC
winter—spring rainfall and ENSO. Thus, to further explore
the predictability of SCSR, the influence of SSTAs in the
Indian Ocean in association with the PDO modulation of
the ENSO-SCSR relationship will be the subject of further
research.
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