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East China has experienced positive precipitation anomalies in post-El Niño summers,
mainly in the Yangtze-Huaihe River Valley. This kind of monsoonal rainfall change induced
by El Niño, however, is not always the same due to El Niño diversity and mean state
change. Here, we use cluster analysis on the post-El Niño (PE) East China summer
precipitation anomalies to identify the diversity of this El Niño-induced monsoon change.
The result shows that PE East China summer rainfall anomalies mainly display three
different modes for all selected 20 El Niño events from 1957 to 2016. Cluster 1 shows the
middle and lower reaches of the Yangtze River demonstrate strong wet anomalies, while
South and North China are dominated by dry anomalies, similar to a sandwich mode.
Cluster 2 is distinguished by dry anomalies over South China andwet anomalies over North
China, exhibiting a dipole mode. Compared with Cluster 1, the change caused by Cluster 3
is different, showing negative anomalies over the Yangtze-Huaihe River Valley. The three
clusters are correlated with successive events of El Niño, a quick transfer to a strong La
Niña and a quick transfer to a weak La Niña respectively. The associated anomalous
anticyclone (AAC) focuses on (120°E, 20°N) in Cluster 1, which expands southward for
Cluster 2 and moves eastward for Cluster 3. The feedback of AAC-sea surface
temperature (SST) mainly works for supporting the AAC in Cluster 1, but it is weak for
Cluster 2; the strong easterly anomalies related to La Niña contribute to the AAC location
change for Cluster 2. Both AAC-SST feedback and easterly anomalies support the AAC of
Cluster 3. The CMIP5 output can capture these diverse responses in circulation except
that their simulated AAC for Cluster 1 is significant to the east of the observed.

Keywords: summer rainfall, post-El niño, western north pacific, anomalous anticyclone, anomalous anticyclone-sea
surface temperature feedback, equatorial easterly

INTRODUCTION

East Asian summer monsoon (EASM) plays a significant role in Asianmonsoon system. The weather
and climate in a large part of the East Asian region are affected by the variability and evolution of
EASM (Chen et al., 1992; Wang et al., 2003). Rain bands distribution changes and a wide range of
precipitation anomalies in China caused by the EASM often lead to floods, droughts and other
meteorological disasters, damaging the ecological environment and GDP as well (Li, 2014; Xue et al.,
2015). One of the most robust signals in air-sea coupling system over some tropics is the appearance
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of El Niño/Southern Oscillation (ENSO), which is of great
importance in modulating the EASM change (Zhang et al.,
1996; Tao and Zhang, 1998; Yang and Lau, 2006).

In the western North Pacific (WNP), the anomalous
anticyclone (AAC) is a vital system connecting ENSO and
climate changes in East Asia. With plenty of researches, it is
indicated that the stable presence ofWNPAAC in the decay years
of El Niño suppresses the convective activity in the WNP, while
EASM will be enhanced two seasons later (Zhang et al., 1996;
Wang et al., 2000). Three mechanisms for maintaining
anomalous WNP AAC have been proposed. The first
mechanism reveals the importance of the AAC interacting
with the WNP sea surface temperature (SST) cooling under
the control of background average flow (Wang et al., 2000),
which has been confirmed by coupled general circulation model
(CGCM) experimental test (Wang et al., 2013). The northeast
wind anomaly to the southeast of the AAC strengthens the
average east wind. Besides, the upward latent heat flux
(evaporation) there tends to be enhanced and SST, cooled.
Conversely, the resultant ocean cooling will generate
descending Rossby waves that reinforce the AAC and suppress
local convection. The second mechanism is named the Indian
Ocean capacitor effect, which indicates that the importance of
SST anomalies in the tropical Indian Ocean (IO) is emphasized. It
regards IO warming as a capacitor. The western North Pacific
subtropical high (WNPSH) is enhanced by eastward propagation
of Kelvin waves (Xie et al., 2009). This mechanism has been
confirmed by numerical experiments, which include an
atmospheric general circulation model (AGCM) (Huang et al.,
2010) and a CGCM model (Chowdary et al., 2010; Chowdary
et al., 2011). The coupling between the WNP AAC and ocean
shifts from the WNP to the North Indian Ocean (NIO) as season
changes. This influence which is named Indo-western Pacific
ocean capacitor (IPOC) can further show the reason why the
WNP AAC maintains (Kosaka et al., 2013; Wang et al., 2013).
Besides, the twomechanisms are linked together and the feedback
of AAC-SST is summarized, shown as a mode of coupled ocean-
atmosphere, including WNP cooling and NIO warming (Xie
et al., 2016).

SST cooling or warming’s control over the central Pacific is the
third mechanism for maintaining the WNP AAC. Xiang et al.
(2013) found that a developing La Niña is associated with a
stronger western Pacific subtropical high (WPSH) anomaly.
Wang et al. (2013) also put forward that Walker circulation
can be shifted by the central equatorial Pacific cooling, leading to
convection over the Maritime Continent been reinforced while
that over the WNP been suppressed. Therefore, AAC can be
enhanced by descending Rossby waves and strengthened by the
equatorial easterly winds, which pass over the western Pacific,
with the former being stimulated by reduced convection around
160°E and the latter being induced by the increased Maritime
Continent convection.

Atmospheric circulation at mid-to-high latitudes also affects
changes in East Asian circulation. Thompson andWallace (1998)
found that the mainmode of sea level pressure (SLP) variability to
the 20°N in the North shows a “seesaw” structure. This mode is
named the Arctic Oscillation (AO), existing not only near the

ground, but also in the lower stratosphere. It has been shown that
the AO is in linkage with the climate of East Asia (Gong et al.,
2001; Park et al., 2011). With positive AO and strengthening
polar vortex as well as the mid-latitude westerly, the cold air is
confined to the polar region. But if AO appears in negative phase,
the polar vortex weakens, and westerly weakens and moves
southward. As a result, the Arctic cold air is prone to erupt to
the south, affecting Asia (Wu et al., 2004). Furthermore, the
spring AO can affect the EASM via influencing East Asian jet
stream (Gong et al., 2002) and stimulating tropical air-sea
feedback in the WNP (Gong et al., 2011). Gong et al. (2002)
and other researchers, such as Gong and Ho (2003), Liu et al.
(2019), pointed out that with positive phase of AO inMay,WPSH
moved northwest due to the northward movement of the East
Asian jet stream, which enhanced EASM and reduced rainfall in
the Yangtze River Basin in summer.

Many studies have shown that the circulation and
precipitation of EASM are different under different categories
of ENSO in their decaying phases, such as different intensity (Xue
and Liu, 2008; Lee et al., 2014), onset location (Feng et al., 2011;
Yuan and Yang, 2012), decay speed (Zhou et al., 2019), which all
show the diversity of EASM. In addition, various kinds of El Niño
cases correspond to different decaying speeds. For instance, in the
decaying summer of eastern-Pacific type, the abnormal negative
precipitation occurs in the north of Yangtze-Huaihe River region,
while anomalous positive precipitation occurs in South China
because El Niño decays slowly. However, opposite rainfall
patterns are found in the decaying summer of central-Pacific
type due to the quick decay (Feng et al., 2011). Moreover, El Niño
cases are separated into four types in Wang et al. (2017): super,
major, moderate, and minor ones, recognizing that the
distributions of rainfall over East Asia are quite different due
to various strength and evolution of El Niño. Zhou et al. (2019)
divided El Niño decay into early stage and late stage. For an early
transition, positive rainfall anomalies mainly emerge over East
China with SST anomaly result over the middle-east Pacific
transiting to the state analogous to La Niña during the
decaying summer. For a late transition, a tripolar negative-
positive-negative rainfall anomaly pattern appears over China
with the SST anomalies remained.

The classifications are not only related to the complex ENSO
properties, but also related to the average state. Compared with
the negative Pacific decadal oscillation (PDO) phase, the EASM
becomes more vigorous after a weak East AsianWinter Monsoon
associated with ENSO during the positive PDO phases (Chen
et al., 2013). Feng et al. (2014) focused on El Niño decadal
modulation and pointed out that during the negative PDO
phase, most regions in China are dominated by positive
anomalies of rainfall because El Niño decays quickly. When
PDO is in its positive phase, suppressed rainfall occurs over
South and North China and reinforced rainfall occurs over
Central China because El Niño decays slowly.

Seasonal evolution of the ENSO-EASM relationship is also of
great importance since the rainfall responses may not be fully
represented by June-August (JJA) mean rainfall anomalies (Ding,
2004; Ding and Chan, 2005). It is shown that the ENSO can affect
the early stage and late stage of summer rainfall anomalies in a
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different way in East Asia (Chang et al., 2000; Wang et al., 2009;
Xing et al., 2016; Xing et al., 2017). From June to August, the rain
belt conducts northward movement in El Niño decay stage (Ye
and Lu, 2011; Wang et al., 2017). Feng et al. (2014) not only
researched the EASM behaviors in PE summer, but also found the
rainfall pattern has great subseasonal variation. From June to
August, the northward migration of anomalous positive rainfall
moves from South China to North China in the negative PDO
phase due to two clearly northward shifts of the WPSH. Hu et al.
(2017) put forward that the subseasonal variation of precipitation
anomalies are attributed to the northward movement of theWNP
AAC and subtropical jet anomalies in PE summer.

Previous studies all started from El Niño, while few attention
was placed on El Niño-induced monsoon diversity itself. In this
study, the goal is to identify the diversity of China summer
rainfall change in PE summers first; then to analyze possible
mechanisms related to the variations of the WNP AAC. The

structure of this paper is arranged in the following way. The
collection of data and research methods used in the study are
depicted in Data and Methods. For Results, the precipitation over
East China in PE summers is classified into three types, and the
causes of different rainfall responses are explained. Subseasonal
migration of rainfall anomalies in these three types are also
discussed. Finally, whether model outputs support our
discovery has been checked. In Discussion and Conclusions,
the above conclusions are integrated together.

DATA AND METHODS

This study includes five datasets. For rainfall background
information, 160 observational stations of the Chinese
Meteorological Data Center ranging from 1951 to 2016 are
used; and the data set of the Climatic Research Unit (CRU,

TABLE 1 | Detail information in 38 CMIP5 models applied in this study.

Institute Model Resolution
(latitude ×longitude)

Commonwealth scientific and industrial research organisation/Bureau of meteorology, CSIRO-BOM ACCESS1-0 145 × 192
CSIRO-BOM ACCESS1-3 145 × 192
Beijing climate center, BCC Bcc-csm1-1 64 × 128
BCC Bcc-csm1-1-m 160 × 320
Canadian center for climate modeling and analysis, CCCMA CanESM2 64 × 128
National center for atmospheric research, NCAR CCSM4 192 × 288
NCAR CESM1-BGC 192 × 288
NCAR CESM1-FASTCHEM 192 × 288
NCAR CESM1-WACCM 96 × 144
Centro euro-mediterraneo sui cambiamenti climatici, CMCC CMCC-CESM 48 × 96
CMCC CMCC-CM 240 × 480
CMCC CMCC-CMS 96 × 192
Center national de recherches météorologiques, center européen de recherche et formation avancée en calcul scientifique,
CNRM-CERFACS

CNRM-CM5 128 × 256

CNRM-CERFACS CNRM-CM5-2 128 × 256
Commonwealth scientific and industrial research organisation/Queensland climate change center of excellence, CSIRO-
QCCCE

CSIRO-MK3-6–0 96 × 192

Geophysical fluid dynamics laboratory, NOAA-GFDL GFDL-CM3 90 × 144
NOAA-GFDL GFDL-ESM2G 90 × 144
NOAA-GFDL GFDL-ESM2M 90 × 144
Goddard institute for space studies, NASA/GISS GISS-E2-H-CC 90 × 144
NASA-GISS GISS-E2-R 90 × 144
NASA-GISS GISS-E2-R-CC 90 × 144
National institute of meteorological research, korea meteorological administration, NIMRKMA HadGEM2-AO 145 × 192
UK met office hadley center, MOHC HadGEM2-CC 145 × 192
MOHC HadGEM2-ES 145 × 192
Institute for numerical mathematics, INM inmcm4 120 × 180
Institut pierre simon laplace, IPSL IPSL-CM5A-LR 96 × 96
IPSL IPSL-CM5A-MR 143 × 144
IPSL IPSL-CM5B-LR 96 × 96
Atmosphere and ocean research institute (university of tokyo), national institute for environmental studies, and Japan agency
for marine-earth science and technology, MIROC

MIROC-ESM 64 × 128

MIROC MIROC-ESM-CHEM 64 × 128
MIROC MIROC5 128 × 256
Max planck institute for meteorology, MPI-M MPI-ESM-LR 96 × 192
MPI-M MPI-ESM-MR 96 × 192
MPI-M MPI-ESM-P 96 × 192
Meteorological research institute, MRI MRI-CGCM3 160 × 320
MRI MRI-ESM1 160 × 320
Norwegian climate center, NCC NorESM1-M 96 × 144
NCC NorESM1-ME 96 × 144
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TS4.01), which covers terrestrial rainfall data between 1901 and
2016 (Harris et al., 2014). Manual verification and correction
were generally given to the suspicious and incorrect station
rainfall data, and quality control codes were finally marked for
them (Wang et al., 2007). Monthly wind and geopotential height
fields come from the reanalysis data set of the National Centers of
Environmental Prediction–National Center for Atmospheric
Research (NCEP-NCAR), with the time range from January
1948 to the present (Kalnay et al., 1996). The monthly SST
data comes from the data set of the Hadley Center Global Sea
Ice and Sea Surface Temperature (HadISST), which is run by the
UKMet Office’s Hadley Center (Rayner et al., 2003) from 1870 to
2016. The years from 1957 to 2016 are chosen as the research
period in this study, mainly to consider consistency and
reliability. To eliminate possible effect of long-term trends, we
detrended each field before analysis by removing the least squares
linear trend of the dimension from all grid points.

Considering Taylor’s et al. (2012) research, we also use the
historical outputs from 38 coupled general circulation models
(CGCMs) that took part in the Coupled Model Intercomparison
Project phase 5 (CMIP5) during 1901–2004 (Taylor et al., 2012)
to test if the findings based on observations are reproduced by
these models. Only ensemble 1 of all the models is used. In
Table 1, the model names, resolutions and organizations that
provide the data are shown.

First, El Niño events from 1957 to 2016 are selected. The
selection of the observed El Niño events is according to the
Niño3.4 index, which is defined by the average SST anomalies in
the region (120°–170°W, 5°S–5°N), which acquires anomalies
through removing climatological average value and annual
cycle for 1957–2016. When the normalized Niño3.4 index of
an event exceeds 0.5 in the winter (DJF), the event is called an El
Niño event. Following this definition, 20 events of El Niño are
picked out, which include 1957/1958, 1963/1964, 1965/1966,
1968/1969, 1969/1970, 1972/1973, 1976/1977, 1977/1978,
1979/1980, 1982/1983, 1986/1987, 1987/1988, 1991/1992,
1994/1995, 1997/1998, 2002/2003, 2006/2007, 2009/2010,
2014/2015, and 2015/2016.

Then, the K-means cluster analysis (Wilks, 2011) is applied to
classify these 20 events based on China rainfall anomalies in PE
summer (JJA) during 1957–2016. Cluster analysis is a significant
statistical method for pattern recognition. The operation process
is simple, with high efficiency and scalability in data management;
the time complexity is nearly linear, and it is suitable for mining
large-scale datasets (Zhang et al., 2008). Compared with the
symmetry characteristics of EOF analysis, this method can also
realize the diversification of mode. In this method, for the
purpose of evaluating how similar each member and the
corresponding centroid, squared Euclidean distance is
calculated. The silhouette clustering assessment criteria is
applied to measure whether the skill of this statistical method
is appropriate. The silhouette value ranging from −1 to +1 for
each member can measure how similar a member is to the other
members in its own cluster. When silhouette value is high, it
means that the member matches with its own cluster well and is
not a good match with its neighboring clusters (Kaufman et al.,
2009). In general, we use the rainfall anomalies of these 20 events

as the cluster analysis data, and as a result, these events are
classified into three clusters. In this paper, composite analysis is
used in analyzing different responses of these three types and the
method of significance test is Student’s t-test.

RESULTS

Rainfall Anomalies in China
This algorithm is sensitive to the selection of initial cluster
centroid and the results can be influenced by it. To overcome
this defect, we first estimate the range of k value and then find
optimum value (Liu, 2016). Based on the stability and physical
meanings, we found it is better to classify the selected events into
three clusters, with six events (1968/1969, 1976/1977, 1977/1978,
1979/1980, 1982/1983, 1986/1987, and 2014/2015) in cluster 1,
nine events (1963/1964, 1969/1970, 1977/1978, 1987/1988, 1997/
1998, 2002/2003, 2006/2007, 2009/2010, and 2015/2016) in
cluster 2, and five events (1957/1958, 1965/1966, 1972/1973,
1991/1992, and 1994/1995) in cluster 3.

The composite summer rainfall anomalies in China are shown
in Figure 1 for three clusters. For the average of 20 events, most
regions are controlled by positive anomalies except for South and
Northeast China, and for some eastern coastal areas (Figure 1A).
In cluster 1, in the middle and lower reaches of the Yangtze River
(MLRYR), there are positive anomalies of heavy rainfall and
negative anomalies in South and North China, showing a tripolar
pattern (Figure 1B). In cluster 2, the precipitation anomalies in
South China and the lower reaches of the Yangtze River are
negative. From the north of these areas to North China, the
positive precipitation is abnormal (Figure 1C). In cluster 3, the
Yangtze-Huaihe River Valley are dominated by negative rainfall
anomalies; to the southern and northern area, it presents wet
anomalies (Figure 1D). The strongest rainfall anomalies happen
in the MLRYR in cluster 1.

Response of WNP AAC
The stable presence of the WNP AAC strongly influences East
Asia monsoon in PE, especially in China (Zhang et al., 1999; Lin
and Lu, 2009). Figure 2 shows composite SST and wind
anomalies of 850-hPa for three clusters. In cluster 1, the WNP
AAC goes through the South China Sea and the Philippine Sea,
while its center is located at (120°E, 20°N) (Figure 2A). The
precipitation over South China is suppressed by the westward
expansion of the AAC through Rossby wave propagation (Lin,
2008). Flows from the southwestern side of the WNP AAC
transport moisture to MLRYR. The warm and moist air
converges with the cool air from the high latitude, causing
strong positive rainfall anomalies in this area. In cluster 2, the
WNP AAC expands southward, which is associated with
equatorial easterly wind anomaly, and Southeast China is
controlled by the AAC (Figure 2B). The southwesterly wind
anomaly, however, penetrates to North China and causes positive
precipitation anomalies there. In cluster 3, the WNP AAC moves
eastward and is centered at (150°E, 25°N) (Figure 2C), with its
convergence center over Southeast China. These different AAC
locations result in different types of rainfall responses.
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Mechanisms to Maintain the WNP AAC
The local interaction of atmosphere-ocean has an impact on
WNP AAC. In cluster 1, there are obvious positive SST anomalies
in the middle-east equatorial Pacific and the whole IO. Westerly
anomalies correlated with the SST anomalies exist in the central
equatorial Pacific. Over the WNP, Northeasterly anomalies
appear and the situ underlying SST anomalies are negative
(Figure 2A). The anomalous northeasterlies strengthen the
mean, resulting in SST cooling near the southeastern side of
WNP AAC, thereby further increasing evaporation/entrainment
(Wang et al., 2000). Deep convection can be suppressed by the
cooling, which can generate atmospheric Rossby waves
propagating westward, and strengthen the WNP AAC. The
easterly anomaly over the NIO in the decaying summer
weakens the southwest monsoon and maintains the NIO

warming (Du et al., 2009). The Kelvin wave in the equatorial
area is stimulated over the western Pacific by the warming of NIO
to reinforce WNP AAC, which is called the “Indian Ocean
capacitor” (Xie et al., 2009; Xie et al., 2016).

One of the unique features of cluster 2 events is that there is a
remarkable strong La Nina phenomenon in the central-east
Pacific, and there are anomalous easterlies over the Maritime
Continent and the central equatorial Pacific. The NIO is occupied
by easterly anomaly, and SST shows positive anomaly (Figure 2B).
In terms of coupled NIO warming-WNP cooling mode, the WNP
cooling is absent and only NIO warming exists. The strong easterly
strengthens a convergence zone, thus positive rainfall anomaly
extending westward and appearing over India. The intensive
equatorial Pacific cooling leads to strong equatorial easterly
anomalies, which help maintain the AAC and pull it southward.

FIGURE 1 | Composite El Niño decaying summer rainfall (shading; mm/day) anomalies in East China which locates at 105°E to 140°E and 15°N to 55°N in (A) all
20 (B) cluster 1 (C) cluster 2, and (D) cluster 3 during 1957–2016. Number of events in each cluster is included in the parentheses. Stippling indicates that more than 2/3
of the events have the same sign in their own cluster.
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In the NIO, the warm SST is seen in cluster 3, and from central
area to eastern Pacific, the cold one is shown. They are similar to
cluster 2, but the La Niña-like cooling is weaker in cluster 3.
Correspondingly, from central area of equatorial Pacific to the
Maritime Continent, easterly anomaly is also weak. The resulted
AAC is shifted eastward compared with that in cluster 2. The
convergence zone is also shifted eastward and positive anomalies
of the rainfall occur in the Maritime Continent and South China.
A weak cold SST anomaly is found in the WNP, combined with
northeasterly wind anomalies (Figure 2C).

Figure 3 shows seasonal development of Niño 3.4 index for
these three clusters. For all 20 events, the central-eastern
equatorial Pacific SST has peaked in developing winter; and
for decaying summer, it decays to neutral condition. For
cluster 1, the SST remains warm from the developing winter
through the decaying summer. For cluster 2, this SST decays
quickly to zero in the late spring and reaches a cold condition in

FIGURE 2 | Composite El Niño decaying summer land precipitation anomalies (shading; mm/day), SST anomalies (shading; °C), and wind anomalies of 850-hPa
(vector; m/s) in (A) cluster 1 (B) cluster 2, and (C) cluster 3 during 1957–2016. The Northwest Pacific (150°–170°E, 10°–20°N), NIO (40°–100°E, 5°–25°N), and Indo-
western equatorial Pacific (100°–160°E, 5°S–5°N) are represented by green, red, and blue boxes, respectively. The black dots indicate the anomalous SST and rainfall
above confidence level of 90% in Student’s t-test.

FIGURE 3 | Seasonal evolution of Niño3.4 index for the three clusters.
The red, blue, green, and grey colors denote the composites of cluster 1,
cluster 2, cluster 3, and all events, respectively. Thick lines indicate anomalies
above the confidence level of 90% in Student’s t-test. Superscripts −1,
0, 1 on the abscissa represent El Niños are in previous, developing, and
decaying stages, respectively.
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the following summer. For cluster 3, the overall trend is close to
that in cluster 2, but the decay speed of SST is relatively slower
and reaches zero in the early summer. Thus, we conclude that
cluster 1 is related to successive El Niño, while clusters 2 and 3 are
related to fast-decaying El Niño.

In summary, two feedbacks are found to maintain the WNP
AAC in these three clusters, related to SST and atmospheric
circulation contributions. One is the AAC-SST feedback, which
means the mode of NIO warming coupling with WNP cooling;
and second is the equatorial easterly feedback. To better illustrate

two feedback mentioned above, we define three indices to
represent them. For the AAC-SST feedback in the WNP
section, the SST index refers to the WNP mean SST anomalies
ranging (150°–170°E, 10°–20°N). For IO section of the dipole
mode, the SST index refers to the averaged SST anomalies over
the NIO, covering (40°–100°E, 5°–25°N). In addition, the mean
easterly anomaly of the western equatorial Pacific (100°–160°E,
5°S–5°N), called the equatorial easterly index, is used to represent
the equatorial easterly feedback. Figure 4 shows the seasonal
evolutions of the three indices for the three clusters respectively.
In the decaying summer, the negative SST anomaly still exists in
the WNP in clusters 1 and 3, while it disappears since the late
spring in cluster 2 (Figure 4A). Furthermore, compared with
cluster 1, the cold SST anomaly in cluster 3 is weaker. And SST
anomalies for NIO are positive in the previous autumn and
remain positive in the following summer in all three types
(Figure 4B), meaning the AAC-feedback only exits in clusters
1 and 3. The equatorial easterly index reaches its peak in the
previous autumn in all three types. The westerly anomaly remains
positive in cluster 1 but the westerly anomalies turn to easterly
anomalies from the late autumn in clusters 2 and 3. Additionally,
the easterly anomaly is stronger in cluster 2 in the following
summer (Figure 4C), meaning the easterly feedback in equatorial
area only appears in clusters 2 and 3. In general, theWNP cooling
and NIO warming are both notable in cluster 1 in the PE summer.
In cluster 2, the NIO section of the AAC-SST feedback and the
easterly feedback in equatorial are the main factors maintaining
theWNPAAC. In cluster 3, theWNP cooling, NIO warming, and
the equatorial easterly jointly support the WNP AAC; however,
the feedbacks are relatively weak.

Middle-To-High-Latitude Response
Different rainfall responses are also affected by atmospheric
circulation in the mid-to-high latitude. Figure 5 presents the
composite anomalous circulation field in upper troposphere for
these clusters. In cluster 1, negative geopotential height anomaly
appears at mid-high latitudes in Northern Hemisphere while
positive anomaly appears over the polar region, similar to AO’s
negative phase (Figure 5A). The north-high and south-low
situation is favorable for the polar cold air invading southward
(Wu et al., 2004). The downward cold, dry air and the warm,
moist air on west flank of the subtropical high encounter in
MLRYR and bring heavy rainfall there. In clusters 2 and 3, the
geopotential height anomaly is negative over the polar region and
positive in mid and high latitude, which is in accordance with
positive phase in the AO (Figures 5B,C). This south-high and
north-low situation traps the cold air in the polar region by the
high pressure, and it is difficult for the cold air to invade
southward. Therefore, the southwesterly wind anomaly can
penetrate to North China without the obstruction of the cold
air, and causes rainfall in North China. In addition, westerly
anomalies are found over the Tibetan Plateau in cluster 1 and
cluster 3 (Figures 5A,C), which can transport warm advection to
the lower reaches, causing ascending movement and enhancing
precipitation over East China (Sampe and Xie, 2010; Hu et al.,
2017). Role of subtropical front should be considered in the future
(Wang et al., 2019).

FIGURE 4 | Seasonal evolutions of three indices (A)WNP index (B) NIO
index, and (C) Equatorial easterly wind index in three clusters. The WNP index
and NIO index refer to the mean SST anomalies in the WNP (150°–170°E,
10°–20°N) and NIO (40°–100°E, 5°–25°N), respectively. The easterly
index is represented by mean zonal wind anomalies in the equatorial area of
western Pacific (100°–160°E, 5°S–5°N). The red, blue, green, and grey colors
represent composite cluster 1, cluster 2, cluster 3, and all events, respectively.
Thick lines indicate anomalies above the confidence level of 90% in Student’s
t-test. Superscripts 0 and 1 on the abscissa represent El Niños are in
developing and decaying stages, respectively.
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Subseasonal Migration of Rainfall
The diversity of China summer rainfall change may also be
related to subseasonal migration of rainfall anomalies, because
JJA averaged anomalies cannot completely represent the
responses of precipitation. This is due to a northeast-
southwest oriented subtropical front mainly controls the
rainfall over China even the whole East Asia, which makes the
region a distinct monsoon region. This convergence zone of
the mean state migrates from southern part of China in June
to northern part in August (Ding and Chan, 2005). For all 20
events (Figures 6A,B,C), the positive rainfall anomaly appears in
parts of South China and southern part of the Yangtze River in
June, and moves northward in next month to the Yangtze River
Valley, and continues migrating to North China in August. The
migration is similar to the northward movement in the mean
state. At June, the AAC locates in the South China Sea, and after
that moves toward north in July and August. For cluster 1

(Figures 6D,E,F), the positive rainfall anomalies remain in the
MLRYR for the whole summer. The stabilization of the AAC
around 22°N provides continuous rainfall in the mid-latitude
region and leads to the JJA mean pattern in cluster 1. For cluster 2
(Figures 6G,H,I), the northward migration of rainfall anomalies
is analogous to the observations in all events. The positive rainfall
anomaly occurs in South China, and an AAC appears in the South
China Sea at June for cluster 3 (Figure 6J). In July, the AAC
moves to the east side, causing a tripolar rainfall mode
distinguished by anomalous negative phase in the Yangtze-
Huaihe River Valley while anomalous positive phases for the
North and South (Figure 6K). In August, the AAC expands
westward and the rainfall anomaly shows a dipole pattern
(Figure 6L). These give rise to the positive-negative-positive
sandwich rainfall pattern in JJA mean in cluster 3. The
prominent subseasonal rainfall anomalies are caused by the
rainfall concentrated in the subtropical frontal zone, and the

FIGURE 5 | Composite El Niño decaying summer geopotential height anomalies of 200-hPa (shading; m) and wind anomalies (vector; m/s) in (A) cluster 1 (B)
cluster 2, and (C) cluster 3 during 1957–2016. The black dots indicate anomalous SST and rainfall above the confidence level of 90% in Student’s t-test.

Frontiers in Earth Science | www.frontiersin.org December 2020 | Volume 8 | Article 5955488

Zhang et al. El Niño Impact on China Rainfall

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles#articles


subtropical front migrates northward continuously. Correct
prediction of this seasonal evolution is important to improve our
subseasonal prediction of China summer rainfall (Liu et al., 2020),

and the role of intraseasonal variability and synoptic perturbations
over the monsoon trough should be studied in the future (Liu and
Wang, 2013; Gao et al., 2018; Guan et al., 2019).

FIGURE 6 |Composite El Niño decaying summer rainfall anomalies (shading; mm/day) and wind anomalies of 850-hPa (vector; m/s) over East China in (A) June (B)
July, and (C) August for all 20 events during 1957–2016 (D) (E) (F) and (A) (B) (C) are alike, respectively, but for cluster 1 (G) (H), and (I) are for cluster 2; and (J) (K), and
(L) are for cluster 3. The number of events in each cluster is included in the parentheses. The black dots reveal anomalous rainfall above the confidence level of 90% in
Student’s t-test.
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Different Responses in CMIP5 Models
We use 38 CMIP5 model outputs during 1901–2004 to test if the
responses exist in PE. Based on the above analysis results, clusters
1, 2, and 3 correspond to a successive El Niño, quick transition to
a strong La Niña, and quick transition to the weak one in PE
summers respectively. The successive El Niño means normalized
Niño 3.4 index exceeding 0.5 in the preceding winter (DJF), as
well as following summer (JJA). A quick transition to a strong La
Niña refers to normalized Niño 3.4 index exceeding 0.5 in the
preceding winter (DJF) and falling below −0.5 in the following
summer (JJA). A quick transition to a weak La Niña refers to
normalized Niño 3.4 index exceeding 0.5 in the preceding winter
(DJF), and falling below 0 and exceeding −0.5 in the following
summer (JJA). There are totally 490 successive El Niños, 289
strong La Niñas, and 194 weak La Niñas in these outputs.

In the PE summer of successive El Niños (Figure 7A), the NIO
warming accompanied by the easterly wind anomaly is well
stimulated while the WNP cooling is weaker than observed.
The WNP AAC associated with subtropical, cold SST
anomalies in the models, however, moves too far to the east
compared with the observation, which locates at 150°E and 25°N.

For the quick transition to a strong La Niña (Figure 7B), the
strong easterly wind anomaly connected with the cooling of SST
over middle-east Pacific is simulated, as well as NIO warming.
While WNP AAC’s location is similar with that in the
observations. Compared with the successive El Niño, the
easterly wind anomalies also pull the AAC southward. For
the quick transition to a weak La Niña (Figure 7C), the weak
equatorial easterly wind anomaly and NIO warming are
simulated. However, the SST cooling in the WNP is not
significant. The WNP AAC also appears further to the east
than in cluster 2.

The models can simulate different mechanisms associated
with these three clusters (Figure 8). Consistent with
observations, the models present stronger WNP cooling for
successive El Niños and weak La Niñas than for strong La
Niñas. Significant NIO warming is shown for all three clusters.
The large equatorial easterly wind anomalies are also simulated
for the quick transition.

In conclusion, the CMIP5 models can well capture the
observed characteristics in three clusters of El Niños, which
correspond to three clusters of rainfall respectively, except that

FIGURE 7 | Similar to Figure 2, but for (A) 490 successive El Niños (B) 289 strong La Niñas, and (C) 194 weak La Niñas during 1901–2004 in the selected 38
CMIP5 models.
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they simulate an AAC too much to the east, compared with the
observations for the successive El Niño.

DISCUSSION AND CONCLUSIONS

The study finds that East China summer rainfall changes can
be divided into three types in PE summers, and that different
mechanisms contribute to the diversity of the rainfall.
Figure 1B indicates that cluster 1 is characterized by a
tripolar pattern with distinct wet anomalies in the MLRYR,
while dry anomalies in North and South China. Dry anomaly
in the South and wet anomaly in the North are obvious
for cluster 2, exhibiting a dipole pattern (Figure 1C). The
rainfall pattern of cluster 3 is opposite to that of cluster 2
(Figure 1D).

The most important reason for these three different clusters of
rainfall responses is the location of the WNP AAC. In cluster 1,
the AAC locates at the Philippine Sea and South China Sea,
transporting moisture to MLRYR (Figure 2A). In cluster 2, the
AAC is pulled southward through the easterly wind anomalies in
equatorial area, suppressing South China’s rainfall and enhancing
the rainfall in the northern part (Figure 2B). As for cluster 3, the
WNP AAC is farther eastward but its convergence center is
located in Southeast China (Figure 2C).

Two underlyingmechanisms are responsible for themaintenance
of the WNP AAC in the three clusters. For cluster 1, it is related to
the successive El Niño (Figures 2, 3), and the WNP cooling and the
NIO warming form an AAC-SST feedback to support the WNP
AAC (Figure 4). For cluster 2, it transfers to strong La Niña in the
decaying summer (Figure 2, 3), and easterly anomalies caused by
SST cooling in the middle-east Pacific collaborate with NIO
warming to contribute to the WNP AAC (Figure 4). For cluster
3, which transfers to weak LaNiña in the decaying summer (Figures
2, 3), the AAC-SST feedback interacts with the easterly feedback in
equator to support the WNP AAC (Figure 4).

We also find that the AO has an influence on the rainfall
responses. The AO is negative for cluster 1, guiding cold air to the
south (Figure 5A), while the AO is positive in clusters 2 and 3,
blocking the cold air in the polar region (Figure 5B,C). The heavy
precipitation in the MLRYR is partly due to the southward cold
air reaching there.

Furthermore, subseasonal rainfall migration is quite variable
in the three clusters. In cluster 1, the positive rainfall anomalies
are stable in theMLRYR (Figures 6D,E,F). In cluster 2, from June
to August, the anomalous positive precipitation move toward
north (Figures 6G,H,I). In cluster 3, as for June and July, the wet
anomalies remain in South China, and in August, they move
toward north (Figures 6J,K,L).

The observed circulation responses could be reproduced by
CMIP5 models in terms of the three clusters, but they stimulate
an AAC farther to the east, compared with the observations for
successive El Niños (Figures 7, 8).
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Niñas, 194 weak La Niñas, and all events in the CMIP5 models, respectively.
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