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ABSTRACT

Using a high-resolution precipitation dataset, the present study detected that the mountainous area of central China
(MACA) is a hotspot of ENSO’s impact on the summer rainfall variability. Further analysis suggests that both ENSO and
atmospheric forcing make contributions to the summer rainfall variability in MACA. The dominant rainfall-related SST
mode features as a seasonal transition from an El Nifio-like warming in the preceding winter to a La Nina-like cooling in
the following autumn, and it explains about 29% of the total variance of the rainfall during 1951-2018. It indicates that
ENSO with a rapid phase transition is responsible for inducing summer rainfall anomalies in MACA. Besides, an upper-
level circumglobal wave mode in the Northern Hemisphere during summer also explains about 29% of the summer rainfall
variance. Contributions of both the SST and the atmospheric modes have experienced interdecadal changes. The influence
of the SST mode gradually increases and plays a dominant role in the recent decades, suggesting that ENSO with a rapid
phase transition becomes more important for rainfall prediction in MACA.
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Article Highlights:

* MACA is a hotspot of ENSO’s impact on the summer rainfall variability.
¢ ENSO with a rapid phase transition becomes more important for summer rainfall variability in MACA.

1. Introduction

Summer (June—August) is the major rainy season for
East Asia (Tao and Chen, 1987). Rainfall variability during
summer is of great socioeconomic importance for China.
Central China (box in Fig. 1a) has a special mountainous loca-
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tion. It includes the two largest rivers of China—the Yel-
low and the Yangtze—and has a population of more than
100 million. Heavy rainfall over such steep mountainous re-
gions can cause landslides and floods, bringing huge dam-
age to the local and downstream residents. Hence, it is import-
ant to understand the causes of the year-to-year variations of
summer rainfall over the mountainous area of central China
(MACA).

ENSO is widely considered as an important factor for
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China’s summer rainfall (Fu and Ye, 1988; Huang and Wu,
1989; Shen and Lau, 1995; Chang et al., 2000; Wang et al.,
2000; Wu et al., 2003, 2009, 2010; Xie et al., 2009; Ye and
Lu, 2011; Kosaka et al., 2013; He and Wu, 2014; Zhang et
al.,2016; Heetal.,2017; Lietal.,2017). A low-level anomal-
ous anticyclone over the tropical Northwest Pacific often de-
velops in the El Nifio mature phase and persists into the fol-
lowing summer (Zhang et al., 1996; Wang et al., 2000;
Yang et al., 2007; Li et al., 2008; Xie et al., 2009; Stuecker
et al.,, 2013). The anomalous anticyclone strengthens the
northward vapor transport from the tropics to China, and is
considered to be an important source of predictability for
Chinese summer rainfall (Kosaka et al., 2013; Wang et al.,
2013).

Using a newly released high-resolution dataset from
1979 to 2014, Hu et al. (2017) detected that a considerable
number of stations in MACA show positive correlations of
summer rainfall with the preceding winter Nifio3 index dur-
ing 1979-2014. They argued that ENSO could anchor its in-
fluence on the summer rainfall anomaly pattern in MACA
via the orographic effects associated with anomalous atmo-
spheric circulation. In central China, there are several
east—west-oriented mountain ranges, including the Wushan,
Bashan and Qinling Mountains and the Loess Plateau. In
the post-El Nifio summer, anomalous Northwest Pacific anti-
cyclones intensify the moisture advection from the tropics,
causing increased rainfall when arriving at these mountain
ranges.

However, there are still some key issues to be ad-
dressed. Previous studies have implied that teleconnection
between ENSO and remote areas is not always stable. For ex-
ample, ENSO’s impact on the Northwest Pacific summer
monsoon strengthens after the mid-1970s (Wang et al.,
2008; Huang et al., 2010; Xie et al., 2010), and its relation-
ship with the Indian Ocean SSTs and the Indian summer mon-
soon weakens in recent decades (Kumar et al., 2006; He and
Wu, 2018). In addition, the midlatitude atmospheric intern-
al modes, such as the low-frequency wave train, are as import-
ant factors as ENSO for the East Asian climate variability
(Lu et al., 2002; Ding and Wang, 2005; Kosaka et al., 2009;
Li and Sun., 2015; Hu et al., 2018). Does the relationship
between ENSO and summer rainfall in central China experi-
ence significant interdecadal changes? If so, are there any oth-
er factors affecting the interannual variability of summer rain-
fall in MACA? These questions remain to be answered.

This study aims to address the above questions to gain in-
sight into the mechanism of MACA summer rainfall vari-
ations. Firstly, we diagnose whether the relationship
between ENSO and summer rainfall in MACA is stable in
the period 1951-2018. Then, we investigate the principal
sea surface temperature (SST) and the atmospheric modes re-
lated to the summer rainfall variability in MACA, and fi-
nally estimate the relative contributions of each factor.

2. Data

Two observed rainfall datasets are used in this study.
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One is a newly released high-resolution precipitation data-
set containing 2400 observation stations in China. The earli-
est record goes back to 1 January 1951 and updates to 31
December 2014. The number of available stations increases
gradually from 165 in 1951 to 2298 in 1979. After 1979, the
spatial resolution is high enough to capture the orographic ef-
fect on rainfall. The other is a relative coarse-resolution pre-
cipitation dataset that contains 75 observation stations in
China from 1 January 1951 to 31 December 2018. Both of
these two sets of observed rainfall data are obtained from
the China Meteorological Data Service Center (http://data.
cma.cn/en). The first dataset has a higher spatial resolution,
while the second has a longer record. As shown in section 3,
the interannual variabilities of area-mean MACA summer
rainfall derived from the two datasets are highly consistent
during 1979-2014. Thus, we use the 1979-2014 high-resolu-
tion dataset to identify the ENSO-related rainfall pattern in
China, while we use the 1951-2018 coarse-resolution data-
set to check whether ENSO influences summer rainfall in
China steadily. The monthly mean winds and water vapor
fluxes are derived from the 2.5° latitude x 2.5° longitude
monthly NCEP-1 reanalysis data (Kalnay et al., 1996)
provided by the NOAA/OAR/ESRL PSD, Boulder, Color-
ado, USA (https://www.esrl.noaa.gov/psd/). The monthly
SST data are from the global gridded monthly SST dataset
from the UK Met Office Hadley Centre (Rayner et al.,
2003), which has the resolution of 1° x 1° and is available
since 1870. Statistical significance in this study is evalu-
ated by the two-sided Student’s z-test.

3. Results

3.1. ENSO’s impact on MACA summer rainfall

Figure la shows the stations with significant correla-
tion between the June—August (JJA) mean rainfall and the pre-
ceding November—January [NDJ(0)] mean Nifio3 (5°S-
5°N, 90°-150°W) SST index during 1979-2014 based on
the high-resolution dataset. Most stations with significant pos-
itive correlation above the 95% confidence level are loc-
ated in MACA. The MACA summer rainfall anomalies
should be partly caused by the ENSO-induced anomalous anti-
cyclone from the Bay of Bengal to the Northwest Pacific, as
it intensifies southwesterly vapor flux from the tropics to
MACA and causes vapor convergence in the mountainous
area (Hu et al., 2017). For convenience, we use a rectangu-
lar area of (28°-37°N, 103°-113°E) (shown in Fig. 1a) to rep-
resent MACA. In this area, 126 out of 430 stations show posit-
ive correlations above the 95% confidence level. It is clear
that the JJA rainfall anomaly in MACA closely coincides
with the NDJ(0) Nifio3 SST anomaly, with the correlation
reaching as high as 0.54 (above the 99% confidence level)
(Fig. 1b). The evidence indicates that the summer rainfall in
MACA is closely related to ENSO during 1979-2014.

However, the relatively short record of the high-resolu-
tion rainfall dataset limits us to understand whether or not
this ENSO-rainfall relationship has interdecadal changes.
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Fig. 1. (a) Stations (dots) with significant correlations between
the JJA rainfall and the preceding NDJ(0) Nifio3 SST index,
and regressions (vectors; units: kg m~! s~1) of the vertically
integrated (from surface to 200 hPa) moisture flux with the
NDJ(0) Nifio3 SST index during 1979-2014. (b) Normalized
JJA rainfall (blue line) averaged in the rectangular box in (a)
and the NDJ(0) Nifio3 SST index (red line). The gray shading
in (a) denotes the topography (units: m). The magenta and the
orange solid (hollow) dots represent positive (negative)
correlations exceeding the 95% and the 99% confidence levels,
respectively. Only flux anomalies that are significant at the
90% confidence level are plotted. The rectangular area denotes
MACA.

Here, another rainfall dataset with a coarse resolution that
has a longer record from 1951 to 2018 is used, which con-
tains 12 stations in the rectangular area of (28°-37°N,
103°-113°E). The distributions of stations in the two data-
sets are shown in Fig. 2. The 12-station-averaged JJA rain-
fall anomaly during 1951-2018 is shown in Fig. 3a, de-
noted as P index. The correlation of P index and the area-
mean JJA rainfall anomaly based on the high-resolution data-
set during 1979-2014 is as high as 0.87 (Fig. 2a), above the
99% confidence level. Thus, the P rainfall index is con-
sidered as a good proxy to represent the summer rainfall vari-
ability in MACA. To examine the evolution of the ENSO-
rainfall relationship in a longer period, Fig. 3b shows the cor-
relation in a 21-year sliding window between the NDJ(0)
Nifo3 SST index and the P rainfall index from 1951 to 2018.
It is evident that the 21-year sliding correlation is weak
(=0.1 to 0.3) before the mid-1970s and during the period of
198288, and it is significant at the 90% confidence level in
most other periods. Here, another feature to be noted is that
the correlation coefficient rises rapidly after the 2000s and it
reaches up to 0.64 in 2008. The result denotes that the rela-
tionship between ENSO and the summer rainfall in MACA
has experienced significant interdecadal changes.
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Fig. 2. The distribution of stations (orange dots) in the coarse-
resolution observed dataset with 74 stations (a) and in the
high-resolution rainfall dataset (b), superimposed on elevation
(gray shading; units: m). Blue lines mark the Yellow and
Yangtze rivers. The rectangular area denotes MACA.

We further select two periods, 1951-79 and
1990-2018, to document the interdecadal change. The correla-
tion coefficients between P index and the NDJ(0) Nifio3
SST index during the two periods are 0.10 and 0.54, respect-
ively. Figures 3c and d present the regression of JJA wind ve-
locity at 850 hPa onto the NDJ(0) Nifo3 SST index for
1951-79 and 1990-2018. Notable differences can be found
between these two periods. During 1990-2008, the lower-
level wind anomaly forms a dipole pattern over the Indian
Ocean—western Pacific. A strong cyclonic anomaly devel-
ops along the tropical Maritime Continent and the Indian
Ocean, and a significant anticyclonic anomaly extends from
the subtropical Northwest Pacific to China. In this case, the
anomalous anticyclone over the Northwest Pacific favors
moisture transport from the tropics to MACA and causes in-
creased rainfall via the orographic lifting effect (Hu et al.,
2017). In contrast, the ENSO-related anomalous anticyc-
lone over the Northwest Pacific is much weaker and locates
far to the east during 1951-79. Consequently, the impact of
ENSO on the summer rainfall in MACA is weaker in the
pre-period than the post-period. The result is consistent with
previous studies pointing out that ENSO’s impact on the
Northwest Pacific anticyclone strengthens in the recent dec-
ades (Wang et al., 2008; Huang et al., 2010; Xie et al., 2010).

3.2. Principal modes for the summer rainfall variability

As shown in Fig 3a, ENSO’s teleconnection with the
summer rainfall variability in MACA features significant in-
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Fig. 3. (a) Normalized JJA rainfall anomalies averaged in the rectangular box of MACA derived from the coarse-
resolution (black line) and the high-resolution (blue line) precipitation datasets, and their correlation is 0.87 during
1979-2014. (b) The 21-year sliding correlation between the normalized JJA rainfall anomaly averaged in the
rectangular box derived from the coarse-resolution precipitation dataset and the NDJ(0) Nifio3 SST index during
1951-2018, and the dotted horizontal lines denote the 95% and 99% confidence levels respectively. (c) Regressions
(vectors; units: m s~1) of JJA mean winds at 850 hPa onto the NDJ(0) Nifio3 SST index during 1951-79. (d)
Regressions (vectors; units: m s~!) of JJA mean winds at 850 hPa onto the NDJ(0) Nifio3 SST index 1990-2018. The
rectangular area in (c) and (d) denotes MACA. Only wind anomalies that are significant at the 90% confidence level

are plotted.

terdecadal changes. This implies that the summer rainfall an-
omalies may also be governed by other factors. In this subsec-
tion, a statistical method called partial least-squares (PLS) re-
gression (Abdi, 2010) is employed to identify the principal
factors for the rainfall variability in MACA. PLS regres-
sion has been widely used to identify factors for East Asian
climate variations (Wu and Yu, 2016).

Evidence shows that East Asian summer climate is not
only affected by the amplitude of the SST modes but also
by the decaying or developing paces of them (Chen et al.,
2016b; Jiang et al., 2017). To obtain the seasonally evolving
principal SST patterns associated with the JJA rainfall variab-
ility in MACA, we conduct PLS regression by the follow-
ing procedure. First, we construct a predictor array X (¢, j, k)
of year-to-year variations in four consecutive seasons’ tropic-
al SST (30°S-30°N) from the preceding winter DJF(0) to
the following autumn (September—November, SON), where
t, j and k respectively denote the years (from 1951 to 2018),
the four consecutive seasons, and the grid point in the trop-
ics. Then, the array X (¢, j,k) is regressed onto the normal-
ized P rainfall index to obtain a regression map Z(j,k).
Here, the SST fields in the four consecutive seasons are
treated as an integral block in the regression analysis. After
the regression, the yearly block is divided into four consecut-
ive seasonal SST anomalies, so that the regression map
Z (j,k) contains a set of seasonally evolving patterns of SST
anomalies from DJF(0) to SON. The regression map Z (j, k)
is the first leading SST mode associated with the P rainfall in-

dex. Second, we project the array X (¢, j,k) onto the Z(j,k)
to obtain a score array PSLggr(f) using the pattern regres-
sion method. The score array PSLggr(?) is the time series of
the first leading SST mode. The part of the P rainfall index
linearly related to PSLggr(?) is considered as the component
contributed by the SST mode. Third, the PSLggr(?) is re-
gressed out of both in the array X (z, j, k) and the P rainfall in-
dex to obtain residual arrays X;(t, j,k) and P,. The above
three steps are repeated using the residual arrays X;(t, j, k)
and P, until the successive SST modes no longer explain a
sizeable fraction of the variance of the rainfall. This proced-
ure is similar to that used by Wallace et al. (2012).

The first SST mode Z (j, k) features an El Nifio-like pat-
tern in the preceding winter (Fig. 4a). This pattern weakens
in spring, turns negative in the central equatorial Pacific in
summer, and transitions to a La Nina-like pattern in the fol-
lowing autumn, which explains about 29% of the total vari-
ance of the P rainfall index during 1951-2018. Accompan-
ied by the SST mode, there are prominent anticyclonic anom-
alies at 850 hPa from the Northwest Pacific to China in sum-
mer, which is likely a key bridge to link the SST mode with
the summer rainfall in central China. The correlation coeffi-
cient of the P rainfall index with the time series of the first
SST mode is 0.54 (above the 99% confidence level) during
1951-2018, which is much higher than the correlation (r =
0.33) with the NDJ(0) Nifio3 SST index. The result sug-
gests that ENSO events with rapid phase transition tend to
have a tighter relationship with MACA summer rainfall,
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Fig. 4. Seasonally varying SST anomalies (color shading; dotted areas pass the 95% confidence level; units:
K) from the preceding winter [DJF(0)] to the following autumn (SON) in the first (a) and the second (b)
leading SST PLS regression modes. The vectors in (a) are the regressions of JJA mean winds at 850 hPa onto
the time series of the first leading SST PLS regression modes during 1951-2018. (c) Regression of 200 hPa
JJA wind (vectors; only those exceeding the 90% confidence level are shown) and the correlation of the 500-
hPa JJA omega field (gray shading) with the time series of the first leading v200 PLS regression mode
(PSL,50) during 1951-2018. The dark (light) gray shading in (c) represents positive (negative) correlations
above the 90% confidence level. The method of PLS regression is described in section 3.

likely because summer equatorial Pacific cooling
strengthens the lower-level anomalous anticyclone in the
Northwest Pacific (Xiang et al., 2013; Chen et al., 2016a;
Fan et al., 2016; Jiang et al., 2017). Moreover, anomalous
warm SST in the northern tropical Atlantic region are found
in the boreal spring (Fig. 4a), which could trigger a La Nifia
event in the following winter (Ham et al., 2013; Wang et al.,
2017), thus leading to the rapid phase transition from El
Nifio to La Nifia. The SST anomalies in the second SST
mode (Fig. 4b) are very weak and insignificant in all four sea-
sons, and the variance of rainfall explained by the second
SST mode is relatively small (about 10.6%). The variance
of rainfall explained by other SST modes (not shown) is negli-
gible.

The first two SST modes explain only about 39.6% of

the total variance of the P rainfall index during 1951-2018,
leaving a large fraction of unexplained variance. Observation-
al evidence shows that low-frequency wave activities in the
midlatitudes are another important source for East Asian sum-
mer climate variability (Lu et al., 2002; Ding and Wang,
2005; Kosaka et al., 2009). We thus further look for the prin-
cipal atmospheric modes associated with the residual rain-
fall variability via PLS regression. The procedure is similar
to that used to detect the SST modes. However, here, the pre-
dictor array X (t, k) refers to the yearly varying JJA-mean me-
ridional wind v at 200 hPa in the Northern Hemisphere from
1951 to 2018, and the predictand time series is the residual
rainfall index P,, with the first leading SST mode contribu-
tions having been removed, where ¢ and k respectively de-
note the years during 1951-2018 and the grid points in the
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Northern Hemisphere (0°-90°N). We utilize the v field as
the predictor array because it would preferentially emphas-
ize the wave trains (Branstator, 2002). Following the proced-
ure, we calculate the first two leading modes of v and their
corresponding time series PSL1,,0oand PSL2,,(,. The correla-
tions of P rainfall index with PSL1,,99 and PSL2,,, are
0.54 and 0.35, respectively. So, the first and second leading
v modes can explain 29% and 12% of the total variance in
the P rainfall index. In this study, we mainly focus on the
first leading v modes.

The regression (Fig. 4c) of JJA 200-hPa winds onto the
PSL1,,q features as a circumglobal wave train structure,
with cyclonic centers in Europe, the Middle East, East Asia,
the west and east coast of North America, and anticyclonic
centers over Kazakhstan, the central North Pacific and
North America. Around MACA, there are significant anomal-
ous westerly winds along the latitude of around 30°N from
90°E to 150°E, which may intensify warm advection from
the climatological temperature maximum over the Tibetan

0.54*PSL1_SST
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Plateau, inducing additional upward motion (gray shading
in Fig. 4c) in favor of increased rainfall in central China
(Sampe and Xie, 2010; Hu et al., 2017). For convenience,
this regression map is denoted as the first leading atmospher-
ic mode. The correlation of PSL1,,o, with PSL1ggr is near
zero, indicating the impacts from the first SST and the first
atmospheric modes on MACA summer rainfall change are
mutually orthogonal. The correlation of PSL1,,, with the P
rainfall index is 0.54 (above the 99% confidence level) dur-
ing 1951-2018, suggesting that the first atmospheric mode ex-
plains about 29% of the total rainfall variance.

3.3. Relative role of the SST and atmospheric modes

To quantitively evaluate the relative role of the two dom-
inant modes in explaining the MACA summer rainfall variab-
ility, we calculate the component of rainfall change from
these two modes. The component of rainfall linearly related
to the first leading SST mode (Fig. 5a) is denoted by
PSL1g41x0.54. Here, PSL1ggr is the normalized time series
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Fig. 5. Component of rainfall linearly related to the (a) first SST PLS regression modes
(PSL1g¢71x0.54) and (b) first leading v200 PLS regression mode (PSL1,,09%0.54). (c) Normalized P
summer rainfall index (red dashed line) and the sum (black solid line) of PSL1,,0px0.54 and
PSL1ggrx0.54. (d) 21-year sliding correlation of the P summer rainfall index with PSL1ggrx0.54
(black line), PSL1,,00x0.54 (red line) and PSL1ggrx0.54+PSL1,50px0.54 (blue line) during
1951-2018, where the dotted horizontal lines denote the 95% and 99% confidence levels,
respectively.
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of the SST mode and 0.54 is the regression coefficient of
the rainfall index P onto the PSL1ggr. Similarly, the linear
component of rainfall related to the first leading atmospher-
ic mode (Fig. 5b) is denoted by PSL1,,0,x0.54, and
PSL1,,¢ is the normalized time series of the atmospheric
mode and 0.54 is the regression value of the residual rain-
fall index P, onto the PSL1,,y. The contribution of the SST
mode and the atmospheric mode are independent of each oth-
er because PSL1ggt and PSL1,,,, are mutually orthogonal
during 1951-2015. The two modes both explain about 29%
of the total rainfall variance during 1951-2018, suggesting
their influences on summer rainfall in MACA is of equal im-
portance. However, their influences in MACA summer rain-
fall change are noticeable in different years. For example,
the rainfall anomalies in the years of 1959, 1960, 1961,
1961, 1989 and 1993 are mainly contributed by the atmo-
spheric mode, while the rainfall anomalies in the years of
1997, 1998, 2007, 2010 and 2016 are largely due to the SST
mode. The total contribution of the first SST mode and the at-
mospheric mode is denoted by PSL,,= PSL1ggrx0.54+
PSL1,599x0.54 (Fig. 5c). The combined index PSLy,, is
highly correlated with the rainfall index P, with the correla-
tion coefficient up to 0.76 (above the 99% confidence level)
during 1951-2018. Therefore, the two modes together can ex-
plain most year-to-year variance of MACA summer rainfall.

Figure 5d shows the 21-year sliding correlation of
PSL1g4g7x0.54, PSL1,,00%0.54 and PSL,,,, with the rain-
fall index P during 1951-2018. The correlation (black line)
between PSL1g¢gpx0.54 and the P rainfall index is above the
90% confidence level in most periods, especially after the
mid-1960s. After 1986, it rises dramatically and reaches to
0.75 in 2008. Similarly, the 21-year sliding correlation (red
line) between PSL1,,40x0.54 and the rainfall index P also ex-
ceeds the 90% confidence level in most periods. However,
it peaks around the early 1960s and the 1990s, and de-
creases dramatically after the late 1990s. The result shows
that both the SST mode and the atmospheric mode influ-
ences on summer rainfall in MACA display substantial inter-
decadal change during 1951-2018. It is worth noting that in
the recent decades the influence from the SST mode on sum-
mer rainfall in MACA increases while the role of the atmo-

21-year sliding correlation
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spheric mode decreases, suggesting evolved roles of the
SST and atmospheric modes over time. The 21-year sliding
correlation of the P rainfall index (black line) with the com-
bined index PSL_sum ranges from 0.62 to 0.86 through the
whole period, which is higher and more stable than that
with PSL1ggrx0.54 and PSL1ggrx0.54 alone. In addition,
we calculate the sliding correlations of PSLIggr and
PSL1,,99 with the NDJ(0) Nifio3.4 SST index during
1951-2018 (Fig. 6). The relationship between the NDJ(0)
Nifio3.4 SST index and the SST mode is tight and stable dur-
ing 1951-2018, with the 21-year sliding correlations above
0.6 in most periods. Consequently, the interdecadal changes
in ENSO’s impact on MACA summer rainfall are consist-
ent with the interdecadal changes in the relationship
between rainfall and the SST mode. The relationship
between the NDJ(0) Nifio3.4 SST index and the atmospher-
ic mode is weak, suggesting their impacts on MACA sum-
mer rainfall are generally independent of each other.

4. Summary and discussion

Using a high-resolution precipitation dataset, the
present study detected that the summer rainfall variability
over MACA is highly related to ENSO. Further, based on a
coarse-resolution rainfall dataset with a longer time period,
we found that the relationship between the NDJ(0) Nifio3
SST index and the summer rainfall anomaly in MACA experi-
ences interdecadal changes, weakened in the 1950s and
1960s and strengthened after the late 1980s. Changes in the
ENSO-rainfall relationship are likely attributable to the en-
hancement of ENSQO’s impact on the summer Northwest Pa-
cific anticyclone in the recent decades (Wang et al., 2008;
Huang et al., 2010; Xie et al., 2010). After the mid-1980s,
the anomalous anticyclone over the subtropical Northwest Pa-
cific in the post-El Nifio summer turns to be stronger and ex-
tends further west, compared with that in the 1950s, 1960s
and 1970s. This results in enhanced vapor transport from
the tropics to MACA. Consequently, the summer rainfall vari-
ability in MACA is more closely related to ENSO forcing
after the mid-1980s.

According to the PLS regression analysis, we identi-

T T~

0.8 -
0.4 —
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Fig. 6. 21-year sliding correlation of the NDJ(0) Nifio3 SST index with
PSL1ggr (black line) and PSL1,,, (red line) during 1951-2018. The dotted
horizontal lines denote the 95% and 99% confidence levels, respectively.
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fied the dominant SST and atmospheric circulation modes
that contribute to the JJA rainfall variability in MACA. The
SST mode features as a seasonal transition from an El Nifio-
like warming in the preceding winter to a La Nina-like cool-
ing in the following autumn. The time series of the first SST
mode presents a higher correlation with the P rainfall index
than the NDJ(0) Nifio3 SST index. It signifies that the sum-
mer rainfall variability in MACA is mainly contributed by
ENSO events with a rapid phase transition. ENSO’s season-
al phase transitions should be considered for the rainfall pre-
diction in MACA. The atmospheric circulation mode fea-
tures as a circumglobal wave train structure in the Northern
Hemisphere. The contributions of the first SST mode and
the first atmospheric mode are mutually independent, and
they explain the majority of the rainfall variance with a contri-
bution of 29%, respectively.

Both the contributions of the SST mode and the atmo-
spheric mode have experienced interdecadal change during
1951-2018. The 21-year sliding correlation of the JJA rain-
fall index with the time series of the first SST mode gener-
ally rises gradually from 0.25 in 1961 to 0.75 in 2008, and
the correlation with the time series of the first atmospheric
mode peaks around the 1990s and declines afterward. The res-
ult suggests that the influence of the SST mode on the sum-
mer rainfall anomaly in MACA is strengthened, while the in-
fluence of the atmospheric mode decreases during recent dec-
ades. There may be some possible reasons for the inter-
decadal changes. First, ENSO amplitudes enhance after the
late 1970s, so the relation between eastern Pacific SST and
the summer monsoonal circulation over the East Asian—North-
west Pacific region becomes tighter (Wang et al., 2008).
Second, the interdecadal change is partly due to changes in
the tropical Indian Ocean (TIO) response to ENSO (Huang
et al., 2010; Xie et al., 2010). After the late 1970s, the El
Niflo-induced TIO warming persists larger than that before.
Third, the decadal change may be partly due to the rise of in-
fluences from the Atlantic Ocean SST during recent dec-
ades (Yu et al., 2015; Wang et al., 2017; Wang and Yu,
2018). Given the increasing importance of ENSO’s role
since the recent decades, monitoring ENSO’s amplitude and
its phase transition may help summer rainfall prediction in
MACA.
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