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ABSTRACT

Here we investigate the response of boreal spring precipitation over southern China (SPSC) to central Pacific
(CP) El Niño based on observational datasets.While there is enhanced precipitation over southern China during
the decaying boreal spring of eastern Pacific (EP) El Niño events, so far no clear precipitation response has been
detected during the same decaying stage for CPEl Niño composites. Here we show that around half of the CPEl
Niño events coincide with enhanced SPSC (wet CP El Niño), while the other half are accompanied by reduced
SPSC (dry CP El Niño). These two types of CP El Niño events bear dramatically different evolution features in
their respective tropical sea surface temperature anomaly (SSTA) patterns. Wet CP El Niño events are char-
acterized by an SSTA longitudinal position confined to the tropical central-eastern Pacific. In contrast, dry CPEl
Niño events exhibit a clear westward propagation of SSTAs during their evolution, with maximum SSTAs lo-
cated to the west of the date line after their mature phase. These different longitudinal positions of positive
SSTAs during their decaying phase result in distinct meridional structures of the tropical Pacific convection
anomalies as well as the ENSO combination mode (C-mode) response. An anomalous low-level anticyclone is
evident over the western North Pacific during wet CP El Niño events during their decaying phase, while an
anomalous cyclonic circulation is found for dry CPEl Niño events.We emphasize that the impacts of CPEl Niño
on the SPSC depend crucially on the simultaneous zonal location of warm SSTAs in the tropical Pacific.

1. Introduction

As an important transition period of the atmospheric
circulation from winter to summer season, boreal spring
usually corresponds to the first rainy season over southern
China, known as the ‘‘spring persistent rains’’ (Tian and
Yasunari 1998), accounting for more than 30% of the
annual accumulation in this region (LinHo et al. 2008;Wu
and Mao 2016). The spring precipitation over southern
China (SPSC) exhibits large year-to-year variability, often
associated with either severe droughts or floods, which

often brings about substantial economic and agricultural
losses (Murakami 1951; Lau and Li 1984; Chang et al.
2000a,b; Ding and Chan 2005). Studies on the SPSC var-
iability and associated mechanisms carry important im-
plications for regional seasonal prediction as well as
disaster prevention and mitigation efforts.
It has been known that the SPSC variability is closely

related to tropical sea surface temperature (SST) (e.g.,
Zhang et al. 1996; Wang et al. 2000; Wu et al. 2003;
Terray et al. 2007; Feng et al. 2014). Furthermore, SPSC
responses to snow cover variability over Eurasia and the
Himalayas (e.g., Wu et al. 1996; Fasullo 2004; Wu and
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Southern Hemisphere annular mode (Zheng et al. 2015)
have been hypothesized. In particular, El Niño–
Southern Oscillation (ENSO) exerts great impacts on
the interannual SPSC variability (e.g., Huang and Wu
1989; Wang et al. 2000; Zhou and Wu 2010). As the
predominant mode of climate variability arising from
coupled air–sea interaction in the tropical Pacific (e.g.,
Cane and Zebiak 1985; Jin 1997; Neelin et al. 1998;
Wallace et al. 1998; McPhaden et al. 2006; Timmermann
et al. 2018), ENSO impacts East Asian climate through
atmospheric teleconnections (e.g., Ropelewski and
Halpert 1987; Fu and Teng 1988; Tao and Zhang 1998;
Wallace et al. 1998; Wilson 2009; Wang et al. 2013;
Zhang et al. 2014; Ng et al. 2019).
FromElNiño developing fall to the following decaying

summer, an anomalous lower-tropospheric anticyclone is
evident near the Philippine Sea, which usually transports
more moisture to southern China and thereby increases
local precipitation (e.g., Zhang et al. 1996; Wang et al.
2000; Wang and Zhang 2002). Several dynamical mech-
anisms have been proposed to explain how ENSO affects
the atmospheric circulation anomalies near the Philip-
pine Sea. Early studies hypothesized that local SST
cooling over the western tropical Pacific initiates the
anomalous anticyclone over the western North Pacific
(WNP) as a Rossby wave response (Wang et al. 2000).
Recent studies demonstrated that an ENSO combination
mode, arising from the interaction between ENSO and
the warm pool annual cycle (Stuecker et al. 2013, 2015), is
responsible for the development ofWNP anticyclone and
thus the enhancement of SPSC during the decaying year
of traditional El Niño events (Zhang et al. 2015, 2016). In
boreal summer, the transition to La Niña (Stuecker et al.
2015), local WNP air–sea coupling (Wang et al. 2000),
and El Niño–induced delayed Indian Ocean warming
(e.g., Watanabe and Jin 2002; Yang et al. 2007; Xie et al.
2009) play important roles in extending the lifetime of this
anomalous circulation (Stuecker et al. 2015).
In recent decades, a new type of El Niño (the central

Pacific type, hereafter CP El Niño) has been frequently
detected in the central tropical Pacific, differing dramat-
ically from the conventional El Niño (the eastern Pacific
type, hereafter EP El Niño), which has an SST anomaly
(SSTA) center in the eastern Pacific (e.g., Larkin and
Harrison 2005; Ashok et al. 2007; Kao and Yu 2009;
Weng et al. 2009; Yu andKim 2010). A number of studies
have demonstrated that the East Asian climate responses
to CPEl Niño events are considerably distinct from those
to EP El Niño events (e.g., Feng et al. 2011; Wang and
Wang 2013; Zhang et al. 2011, 2013, 2014; Xu et al. 2013,
2019). Specifically, during the El Niño decaying spring
season, the SPSC is reduced in CP years, opposite to the
precipitation increase that is usually observed during EP

years (Feng and Li 2011). However, another study argued
that no statistically significant ENSO signal can be de-
tected during the CP El Niño decaying spring (Feng et al.
2011). One recent study documented that the composite
atmospheric combination mode (C-mode) response to
CP El Niño SSTA forcing does not exhibit a pronounced
meridional asymmetry (Zhang et al. 2015), thus poten-
tially explaining the absences of a WNP anomalous an-
ticyclone and SPSC signal during CP El Niño events.
Given these differing results, it seems that whether CPEl
Niño events can exert significant impacts on the SPSC is
not well understood. In this study, we investigate the
SPSC responses during CP El Niño events based on
the latest observational datasets and find that around half
the CP El Niño events correspond to enhanced SPSC
(wet CPElNiño), while the other half are associated with
reduced SPSC (dry CP El Niño). These different climate
responses are closely associated with different longitudi-
nal locations of positive SSTAs during the decaying
spring seasons for the wet and dry CP El Niño events.
In the remainder of the paper, section 2 introduces the

data and methodology. Section 3 displays the charac-
teristics of SPSC during different flavors of decaying El
Niño spring seasons. In section 4, the SSTA evolution of
the two types of CP El Niño events are investigated and
compared. Then, in section 5 we propose a possible
mechanism that explains how different SSTA patterns
associated with wet and dry CP El Niño events lead to
distinct SPSC. Finally, a summary and discussion are
provided in section 6.

2. Data and methodology

a. Observations

In this study, the global sea ice and SST analyses
(1971–2017) from the Hadley Centre (HadISST1) pro-
vided by the Met Office Hadley Centre are used
(Rayner et al. 2003). The precipitation data from the
Global Precipitation Climatology Centre (GPCC; 1971–
2017) are utilized to investigate precipitation over land
(Rudolf et al. 1994; Becker et al. 2013). We also use
monthly 160 station gauge-based precipitation data
(1971–2017) supplied by the China Meteorological Ad-
ministration (CMA) to test the robustness of the GPCC
data over southern China. In addition, the global pre-
cipitation (over land and ocean) product from the
Climate Prediction Center Merged Analysis of Pre-
cipitation (CMAP) is used (Xie and Arkin 1996) to ex-
amine the convection anomalies over the tropical
Pacific. CMAP precipitation is used only for the period
of 1979–2017 because no data are available before 1979.
To examine the variation of El Niño–related wind
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anomalies, we use monthly 10-m winds (1971–2017)
from the National Centers for Environmental Pre-
diction (NCEP)–National Center for Atmospheric Re-
search (NCAR) reanalysis dataset (Kalnay et al. 1996).
The horizontal resolution is 18 3 18 for the SST and
GPCC precipitation datasets and 2.58 3 2.58 for the wind
and CMAP precipitation datasets. We also use the
subsurface ocean temperature and ocean currents from
the Global Ocean Data Assimilation System (GODAS)
(Behringer and Xue 2004) at a horizontal resolution of
18 longitude 3 1/38 latitude.

b. Methods

Anomalies for all variables are computed by removing
the monthly mean climatology (1971–2017). The linear
trends were removed from all datasets to avoid possible
influences associated with global warming. The Niño-3.4
index, the area-averaged SSTAs in the Niño-3.4 region
(58S–58N, 1208–1708W), is used to measure ENSO in-
tensity. El Niño events are identified according to Cli-
mate Prediction Center’s definition. If the 3-month
running mean of the Niño-3.4 index is larger than 0.58C
for five consecutive months, this year will be categorized
as an El Niño year. With this method we identify 13 El
Niño events (Table 1).We further identify EP andCPEl
Niño events based on the cold tongue (NCT) and warm
pool (NWP) indices (Ren and Jin 2011), respectively
(Table 1), with NCT and NWP defined as follows:

!
NCT 5N3 2aN4

N
WP

5N
4
2aN

3

,a5

!
0:4,N

3
N

4
. 0

0, otherwise
. (1)

Here N3 and N4 denote Niño-3 and Niño-4 indices,
which are defined as the area-averaged SSTAs in the
Niño-3 (58S–58N, 908–1508W) and Niño-4 (58S–58N,
1208–1708W) region, respectively. The El Niño events
with NWP greater than NCT are defined as CP El Niño
events while those with NCT greater than NWP are
identified into EP El Niño events. For some events with
comparable NWP and NCT (1986 and 1991), we classify
them into CP events considering that the central Pacific
SSTAs are much easier to excite convection here and
have climate impacts over East Asia similar to the typ-
ical CP El Niño events (Zhang et al. 2013, 2014). To
measure the intensity of Indian Ocean (IO) basin
warming during theElNiño decaying phase, an IO index

is calculated as an area average of the SSTAs in the
region of 108S–108N and 408–1008E (Xie et al. 2009).
Based on our previous work (Zhang et al. 2015), the
C-mode index is defined as the zonal surface wind dif-
ference between the southeastern equatorial Pacific (08–
108S, 1208–1708W) and the northwestern equatorial
Pacific (08–108N, 1208–1708E). To extract the contribu-
tion of local (non-C-mode-related) WNP SST cooling
to the SPSC, we remove the temperature signal from
C-mode induced air–sea interactions from the area-
averaged SSTAs in the WNP (08–158N, 1208–1608E)
via linear regression (referred to as the WNP index). To
avoid the possible influence of the decadal signal of CP
El Niño (e.g., Ren and Jin 2013), we also apply a 3–120-
month filter to each dataset and find that our main
conclusion remains almost the same. All statistical sig-
nificance tests are performed using the two-tailed Stu-
dent’s t test (Wilks 2006).

c. Model simulations

The numerical model used here is the Geophysical
FluidDynamics Laboratory (GFDL)Global Atmospheric
Model version 2.1 (AM2.1) at a horizontal resolution of
2.58 longitude 3 28 latitude. The seasonal varying clima-
tological SSTs were used as the forcing to obtain the cli-
matological state (CTRL). Two sensitivity experiments
(EXP-WCP and EXP-DCP) were conducted with the
composite SSTAs of the wet and dry CP El Niño over the
tropical Pacific (208S–208N, 1508E–908W) from February
to April, respectively (similar results can be obtained by
forcing from February toMay). SSTAs outside the forcing
area were set to zero and only the positive loading in the
region was used. Each run was integrated for 30 years, and
the output from the last 20 years of the integration was
averaged to reduce the possible impact of the internal
variability.

3. Different SPSC characteristics for different El
Niño flavors

Figure 1 shows composite SPSC anomalies during the
decaying spring phase [March–May (MAM)] of all El
Niño, EP El Niño, and CP El Niño events. Southern
China usually experiences a wetter than normal spring
when El Niño occurs (Fig. 1a), consistent with previous
studies (Wang et al. 2000; Feng et al. 2011). However,
there are contrasting SPSC characteristics between EP
and CP El Niño events. EP El Niño events are often
accompanied by pronounced positive precipitation
anomalies over southern China (Fig. 1b), whereas al-
most no statistically significant precipitation responses
are detected during the decaying spring of CP El Niño
events (Fig. 1c). Similar results can also be obtained

TABLE 1. El Niño events for the 1971–2017 period.

EP El Niño events CP El Niño events

1972/73, 1982/83, 1997/98,
2015/16

1977/78, 1979/80, 1986/87, 1991/92,
1994/95, 2002/03, 2004/05, 2006/
07, 2009/10
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by using the station precipitation data from CMA
(Figs. 1d–f)
To further investigate the relationship between SPSC

and El Niño, a SPSC index is defined as an area average
of the precipitation anomalies over southern China
(208–308N, 107.58–1208E), where the spring precipitation
accounts for around 35% of the annual total and has a
large standard deviation (Wu et al. 2003; Feng et al.
2011). The qualitative conclusions remain the same for
slight changes in the area (such as 1058–1208E or 1108–
1208E). As shown in Fig. 2a, all the EP El Niño events
are accompanied by precipitation surplus over southern
China during decaying spring, suggesting a robust re-
lationship between EP El Niño and SPSC. However, the
picture is much more complicated when looking at CP
El Niño events. Around half the CP events (5 of 9; i.e.,
1977/78, 1979/80, 1986/87, 1991/92, 2009/10) correspond
to a positive SPSC index, while the other half (4 of 9; i.e.,
1994/95, 2002/03, 2004/05, 2006/07) are associated with a
negative SPSC index (the EP events are also shown as
reference). It seems that these CP El Niño events nat-
urally fall into two groups, one associated with a pre-
cipitation surplus (wet CP El Niño hereafter) and the
other with a precipitation deficit (dry CP El Niño

hereafter) in the region. The composite SPSC responses
for these CP El Niño types further highlight their dis-
tinct precipitation anomalies over southern China
(Figs. 2b,c).

4. Different SSTA evolutions for the wet and dry
CP El Niño events

It is compelling to ask whether the wet and dry CP El
Niño events exhibit different SSTA structures in the
tropical Pacific. To answer this scientific issue, we com-
pare the tropical SSTA patterns associated with wet and
dry CP El Niño and EP El Niño events in terms of their
intensity and zonal position (Fig. 3). Compared to the
EP El Niño composite with positive SSTAs centered
around 1208W, the two types of CP El Niño have SSTA
centers that are shifted westward to the central Pacific
and weaker amplitude. For the wet CP El Niño, the
positive SSTAs are located in the central-eastern Pacific
during the entire period and reach their largest ampli-
tude around December(0). The maximum SSTA center
is mainly confined to the east of 1608W with no pro-
nounced longitudinal migration during the time evolu-
tion of the event. During dry CP El Niño developing

FIG. 1. Spatial distribution of the composite GPCC precipitation anomalies (mm day21) during the decaying spring phase of (a),(d) all
El Niño, (b),(e) EP El Niño, and (c),(f) CP El Niño events by using the (top) GPCC and (bottom) CMA datasets. Hatching indicates
composite values that exceed the 90% significance level.
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autumn and mature winter positive SSTAs are also
present in the central-eastern Pacific, which resembles
the wet CP El Niño pattern but with a westward dis-
placement of the maximum SSTAs (Fig. 3b). However,
after January(1), the maximum SSTA center of the dry
CP El Niño propagates westward to the central-western
Pacific, while rapidly decaying in amplitude. During
decaying spring phase, the tropical Pacific shows a pos-
itive and negative SSTA dipole between the central-
western and eastern Pacific, different from thewet CPEl
Niño pattern during this season.
To further demonstrate the SSTA differences associ-

ated with the two types of CP El Niño events, we ex-
amine the SSTA distribution along the equator for wet
and dry CP El Niño, as well as for EP El Niño, from the
developing autumn to decaying spring phase (Fig. 4).
From the developing autumn to mature winter EP El
Niño exhibit maximum SSTAs in the eastern equatorial
Pacific. In contrast, the CP El Niño’s SSTA center is
located around 1608W. The two types of CP El Niño are
similar during this phase and cannot be clearly distin-
guished by their equatorial SSTA pattern. However,
during the decaying spring phase, wet and dry CP El
Niño events are easily separated according to their dif-
ferent equatorial SSTA patterns. The equatorial SSTA
structure of wet CP El Niño is similar to that of EP El
Niño, characterized by relatively high positive SSTAs in

the eastern Pacific. In contrast, the SSTA amplitude of
the dry CP El Niño is reduced to be about half of the wet
CP event amplitude, and the longitudinal location of its
anomaly center is shifted westward by;408 compared to
the position during wet CP events. In addition, the far
eastern Pacific shows negative SSTAs during this phase
of dry CP events. These results show distinct SSTA
patterns for wet and dry CP events during the decaying
spring, especially in their amplitude and longitudinal
position (Fig. 5).
To further confirm that different SSTA patterns

associated with the wet and dry CP El Niño events
(Figs. 6a,b) are responsible for different SPSC re-
sponses, two sensitivity experiments (EXP-WCP and
EXP-DCP) are conducted (see experimental designs
in section 2). Figures 6c and 6d show differences in
low-level wind and precipitation in the EXP-WCP and
EXP-DCP runs relative to the CTRL run. In the EXP-
WCP experiment, an anomalous anticyclone is forced
over the WNP, which transports more moisture to
southern China and thus causes more SPSC (Fig. 6c).
In contrast, the dry CP El Niño–associated SSTAs
(the EXP-DCP experiment) in the tropical Pacific,
can produce an anomalous cyclonic circulation over
the WNP and thus the northeasterly wind anoma-
lies prevail over south China, inhibiting moisture
transported into China and leading to less SPSC. It

FIG. 2. (a) Scatterplot between MAM SPSC and preceding DJF Niño-3.4 (8C) indices for EP (red hollow circle)
and CP El Niño (blue hollow circle) events. Solid circles denote the corresponding composite values. Red and blue
error bars represent 0.5 standard deviation error estimates for EP and CP events, respectively. The spatial distri-
bution of the composite GPCC precipitation anomalies (mm day21) during decaying spring of (b) wet and (c) dry
CP El Niño events. Hatching indicates composite values that exceed the 90% significance level. Years in all
scatterplots indicate the developing year of each El Niño event (e.g., 2002 indicates the 2002/03 El Niño event).
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can be seen that the tropical Pacific SST forcing can
well simulate the observed responses, which further
confirm that the different CP El Niño types can pro-
duce the different WNP atmospheric anomalies and
thus different SPSC.
During wet CPEl Niño decaying spring, corresponding

to the high positive SSTAs in the central-eastern Pacific
and negative SSTAs in the WNP, westerly wind anoma-
lies are observed with a maximum south of the equator at
around 58S (Fig. 5), resembling the positive phase of the
C-mode wind pattern (Stuecker et al. 2013; Stuecker et al.
2015; Zhang et al. 2015). In contrast, during the same
phase of dry CP El Niño events, positive SSTAs are
confined to the central equatorial Pacific around the date
line, with negative SSTAs in the eastern equatorial Pa-
cific. Meanwhile, the negative SSTAs over the WNP are
muchweaker compared to anomalies in this region during
wet CP events. Correspondingly, no clear C-mode wind
pattern is evident during this phase of dry CP events.

5. Possible mechanisms for the distinct
precipitation responses

In the previous sections we showed that the two types
of CP El Niño events show distinct tropical SSTA
evolutions and associated atmospheric circulation

characteristics. The next question remaining to be an-
swered is how these two different CP El Niño types
bring about different SPSC responses. According to
previous studies, the C-mode is the prime driver for the
development of an anomalous low-level anticyclone
over the WNP region during the El Niño decaying
phase (Stuecker et al. 2013, 2015), which usually
transports more moisture to East Asia and thereby
causes more precipitation over southern China (Zhang
et al. 2015). This relationship is very robust for EP El
Niño events; however, for CP El Niño, the C-mode
response shows typically a more meridionally sym-
metric wind pattern (absence of an anticyclonic WNP
circulation) (McGregor et al. 2013) and there is no
clear SPSC response evident during the decaying
spring phase (Zhang et al. 2016). The tropical atmo-
spheric responses during the two types of CP El Niño
decaying spring phase manifest distinct C-mode fea-
tures, which may provide some clue to explain their
different impacts on the SPSC (Fig. 5).
We next investigate the temporal evolution of

C-mode indices (i.e., the aforementioned metric for a
meridionally antisymmetric surface wind response)
from September(0) to June(1) for the wet and dry CP El
Niño events (Fig. 7a). For wet CP El Niño, the com-
posite C-mode index is negative during the developing

FIG. 3. Time–longitude sections of the composite equatorial (58S–58N) SSTAs (8C) for (a) wet CPElNiño, (b) dryCPElNiño, and (c)EPEl
Niño events. Numerals ‘‘0’’ and ‘‘1’’ in the ordinate denote El Niño developing and decaying years, respectively. Hatching indicates composite
values that exceed the 90% significance level. White crosses mark the longitudinal positions of the maximum SSTAs.
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phase and then reverses its sign to positive after No-
vember. It reaches its peak value in decaying March,
indicating the location of central Pacific westerly wind
anomalies to the south of the equator during this season
(McGregor et al. 2012; Stuecker et al. 2013). The time
evolution is similar for all the five events despite some
differences in their relative amplitude. However, for the
dry CP El Niño events, from the developing autumn to
the decaying spring, the composited C-mode index re-
mains at negative values. All the four dry CP El Niño
events exhibit a similar time evolution of the C-mode

index. The remarkable differences in C-mode responses
during the decaying phase of these two types of CP El
Niño can be further confirmed by a scatterplot between
the C-mode and SPSC induces (Fig. 7b). Here we show
the February–April (FMA) C-mode index since the
C-mode pattern generally reaches its largest amplitude
during the early spring (Stuecker et al. 2015; Zhang et al.
2015). These two indices exhibit a strongly linear re-
lationship with a correlation coefficient of 0.89 (ex-
ceeding the 99% significance level). The C-mode indices
are positive for all wet CP El Niño and negative for all
dry CP El Niño events. These results further indicate
that distinct SPSC responses to the two types of CP El
Niño can be largely attributed to the C-mode; that is, the
characteristic meridionally asymmetric C-mode wind
pattern (and corresponding anomalous anticyclonic
WNP circulation) is absent for dry CP El Niño events.
To better understand different C-mode anomalies

associated with the two types of CPElNiño, we composite
the monthly evolution of zonal mean (1408E–1408W)
wind anomalies during the wet and dry CPEl Niño events,
respectively (Fig. 8), following our previous study (Zhang
et al. 2015). The central Pacific (1408E–1408W) region is
chosen because in this region the combination of ENSO
SSTAs and high background SSTs can easily excite at-
mospheric convection anomalies. For wet CP El Niño
events, the equatorial westerly anomalies develop rapidly
during the developing autumn season, and then shift to the
south of the equator in next few months. These west-
erly anomalies prevail at about 58S during the decaying
spring phase. This characteristic evolution of the westerly
anomalies is absent for the dry CP events (Fig. 8b).
Instead, even during the decaying spring, there exists a
weak easterly wind south of the equator in the central
Pacific. The C-mode associated southward wind shift of
westerly anomalies has been suggested to be associated
with anomalous convection. The enhanced precipitation
south of the equator during the spring season results
in pronounced atmospheric subsidence north of the
equator, especially over the WNP, which contributes to
the enhancement of SPSC (Stuecker et al. 2015; Zhang
et al. 2015).
To further explore the different wind responses to

convection anomalies for wet and dry CP El Niño, we
show the composite precipitation, wind, and SSTAs over
the tropical Pacific during the decaying FMA season
(Fig. 9). Because of the annual cycle of solar radiation, the
climatological SSTs exhibit a high meridional asymmetry
with regards to the equator in the warmpool region.High
climatological SSTs are mainly located south of the
equator with the South Pacific convergence zone
(SPCZ) extending eastward to;1308Wduring the spring
season. For the wet CP El Niño, the meridionally

FIG. 4. Zonal distributions of SSTAs (8C) along the equator (58S–
58N) that are smoothed zonally using a 5-point runningmean of wet
CP El Niño (black solid line), dry CP El Niño (black dashed line),
and EP El Niño (red solid line) composites during (a) developing
autumn, (b) mature winter, and (c) decaying spring.
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quasi-symmetric positive ENSO SSTAs extend from the
coast of South America to about 1658E during the de-
caying spring phase (Fig. 9a). These quasi-symmetric
positive SSTAs superimposed on the meridionally

antisymmetric background SSTs lead enhanced convec-
tion and precipitation in the southern part of the central
Pacific and increased subsidence and decreased pre-
cipitation in the WNP. Over the WNP, negative local

FIG. 6. (top) Averaged SST anomaly patterns specified in the (a) EX-WCP run and (b) EX-DCP run from decaying January to April.
(c),(d) Ensemble-mean spring (MAM) response of 850-hPa wind (vectors; m s21) and precipitation (shading; mm day21) to the tropical
Pacific SST forcings in (a) and (b), respectively. Hatching indicates composite precipitation that exceeds the 90% significance level.

FIG. 5. Composite SST (8C) and 850-hPa wind (m s21) anomalies during (a) wet and (b) dry
CP El Niño decaying spring.
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SSTAs can further reduce convection and precipitation
here and reinforce the anticyclonic circulation anomalies
(Wang et al. 2000).
During the dry CP El Niño decaying season, the

SSTAs are highly symmetric about the equator, small in
amplitude, and displaced westward compared to wet CP
ElNiño events (Fig. 9b). Although the background SSTs
are slightly warmer south of the equator than north of
the equator in the far western tropical Pacific, the cli-
matological SSTs north of the equator are still around
288C, exceeding the threshold for deep convection

(Fig. 9b). In this case, the westward shift of warm SSTAs
can easily excite strong convection anomalies both to
the north and south of the equator, and the associated
precipitation anomalies are highly symmetric about the
equator. Consequently, no strong meridional shift of
zonal wind anomalies is observed in the central Pacific.
As a response to the positive convection anomalies over
the western Pacific, cyclonic wind anomalies over the
WNP reduce the moisture transport from the tropical
oceans to southern China and result in a decrease
of SPSC.

FIG. 8. Latitude–time sections of zonalmean (1408E–1408W) 10-mwind anomalies (vectors; m s21) for the (a) wet
and (b) dry CP El Niño event composites. The shading displays the corresponding zonal 10-m wind anomalies
(m s21). Hatching indicates composite values that exceed the 90% significance level.

FIG. 7. (a)Monthly evolutions of the C-mode index (3-month running mean) during the wet (thin red lines) and dry (thin blue lines) CP
El Niño events. Solid circles indicate the composite values (thick lines) that exceed the 90% significance level. (b) Scatterplot of the FMA
C-mode index with the MAM SPSC index during the wet (red hollow circle) and dry CP El Niño (blue hollow circle) events. Solid circles
denote the corresponding composite values for the wet and dry CP El Niño events, respectively. Error bars represent 0.5 standard
deviation error estimates for the wet and dry CP El Niño events, respectively.
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To quantify the effect of the positive SSTA longitudinal
position on the SPSC response, we show a scatterplot of the
SPSC index with the longitudinal position of the maximum
SSTAs averaged from 58S to 58N (between 1408E and
1408W) (Fig. 10). A statistically significant positive linear
relationship can be detected (r5 0.67, exceeding the 95%
significance level). It suggests that the MAM SPSC re-
sponses to CP El Niño events are closely related to the
longitudinal position of positive equatorial SSTAs. Besides,
the correlation coefficient between theFMAC-mode index
and the longitudinal SSTA position is 0.63, which exceeds
the 90% significance level (not shown). Therefore, the
SSTA longitudinal position during different CP El Niño
events largely determines the C-mode response, which in
turn is responsible for the different SPSC responses.

6. Conclusions and discussion

Previous studies suggested that the SPSC responses to
different El Niño events vary and that the El Niño type

should be taken into consideration (Feng et al. 2011;
Feng and Li 2011). During the EP El Niño decaying
spring phase, there typically exists a prominent low-level
anticyclonic atmospheric circulation in the WNP that is
associated with the C-mode (Stuecker et al. 2013, 2015).
This WNP anticyclone favors increased moisture trans-
port to East Asia and thus results in enhanced pre-
cipitation over southern China (Wang et al. 2000; Feng
and Li 2011). In contrast, the SPSC responses to CP El
Niño are controversially debated in previous studies
(Feng et al. 2011; Feng and Li 2011). Here we showed
that while one type of CP event is accompanied by en-
hanced SPSC (wet CP El Niño), a second type is asso-
ciated with reduced SPSC (dry CP El Niño). We find
that distinct C-mode responses are largely responsible
for different SPSC responses to the wet and dry CP El
Niño events. Furthermore, the C-mode and SPSC re-
sponses are closely associated with the SSTA longitu-
dinal position during the CP El Niño decaying spring
phase. Because of the different meridional structure of

FIG. 9. Composite FMA-mean SSTAs (shadings; 8C), precipitation anomalies (green
contours at intervals of 1.5mm day21 with zero contours omitted), and 10-m wind anomalies
(vectors; m s21) for (a) wet and (b) dry CP El Niño event composites. Black contours display
the climatological FMA-mean SST at 288 and 298C.

7832 JOURNAL OF CL IMATE VOLUME 32



climatological SSTs in the tropical far western and
central Pacific, the different longitudinal position of
positive SSTAs leads to different meridional structures
of convective anomalies, which in turn cause distinct
C-mode responses and therefore different SPSC
responses.
It is emphasized in previous studies that the potential

roles of local air–sea interaction in the WNP (Wang
et al. 2000) and Indian Ocean delayed warming (Yang
et al. 2007) for the atmospheric WNP and SPSC re-
sponses to ENSO. However, it remains unclear to what

extent these two processes contribute to SPSC anoma-
lies during the decaying phase of CP El Niño events.
Here we discuss possible influences associated with the
Indian Ocean (IO) and WNP indices on the SPSC dur-
ing the decaying spring phase of the two types of CP El
Niño events. It has been demonstrated that the C-mode
atmospheric circulation pattern is mainly responsible for
remote SSTA changes, specifically cooling in the WNP
region (Stuecker et al. 2015; Zhang et al. 2016). Thus, we
next remove the C-mode-induced signal from the WNP
SSTAs using linear regression (see section 2) to examine
the effect of local non-C-mode-related WNP SSTAs on
the atmospheric circulation anomalies. We find no sta-
tistically significant linear relationship between the
SPSC anomalies with both the IO and WNP SSTAs
(Fig. 11). Different from the C-mode index, the com-
posite values of these two indices in the wet and dry CP
El Niño events are both of same sign, which fails to ac-
count for the distinct SPSC responses. It is also sup-
ported by our modeling experiments, in which we do not
specify cold SSTAs in the WNP and warm SSTAs in
the IO, and avoid the possible impact of cold WNP
and warm IO SSTAs. The observed differences in the
WNP circulation and SPSC associated with wet and dry
CP El Niño can be well simulated by the modeling
experiments.
In addition, it remains unclear why CP El Niño events

evolve into different SSTA patterns in the decaying
spring from similar previous tropical SSTA patterns. To
figure out possible reasons, we conduct heat budget
analyses in the eastern Pacific (58S–58N, 1008W–1808)
for the wet and dry CP El Niño (Fig. 12) following Jin
et al. (2006):

FIG. 10. Scatterplot of the MAM SPSC index with the MAM
zonal location of maximum SSTAs averaged from 58S to 58N
during the wet (red hollow circle) and dry CP El Niño (blue hollow
circle) events.

FIG. 11. Scatterplots of the MAM (a) IO and (b) WNP index with the MAM SPSC index during the wet (red
hollow circle) and dry CPEl Niño (blue hollow circle) events. Solid circles denote the corresponding composites for
the different CP El Niño events. Error bars represent 0.5 standard deviation error estimates for the wet and dry CP
El Niño events, respectively.

15 NOVEMBER 2019 J I ANG ET AL . 7833



Tt5MC1ZA1EK1TH1NDH1TD1R, (2)

where Tt denotes the mixed layer (5–45m) averaged
temperature tendency, MC the effect of mean circulation,
ZA the zonal advective feedback, EK the Ekman pump-
ing feedback, TH the thermocline feedback, NDH the
nonlinear dynamical heating, TD the thermodynamical
damping, and R the residual. Note that two CP El Niño
events (1977 and 1979) are not included because GODAS
data are only available since 1981. For the dry CPElNiño,
the ZA term turns its phase from a positive to negative
contribution aroundDecember. In contrast, the wet CPEl
Niño is lagged by about two months. From January to
April, theZA term for both twoCPElNiño typesmakes a
positive contribution to the decaying despite larger values
for the dry than wet CP El Niño. The TH term exhibits a
much bigger difference than the ZA term. In the spring,
the TH term of the dry CPEl Niño is reduced to near zero
while the wet CP El Niño still exhibits a positive value for
the TH term, which plays an important role for the slower
decaying speed. It seems that the TH differences make a
relatively dominant contribution to their different decay-
ing features. This TH difference could be related to a
farther westward location and weaker SSTAs for the dry
than wet CP El Niño events.
In this study, we emphasize that distinct C-mode re-

sponses are largely responsible for the opposite SPSC
responses to different CP El Niño flavors, which pro-
vides important information for seasonal climate pre-
dictions. However, it is undeniable that SPSC can also
influenced by other factors outside the tropical Pacific
(Wu and Kirtman 2007; Zheng et al. 2015; Senan et al.
2016). More research is needed to further quantify var-
ious contributions to SPSC.
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