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Abstract: The interdecadal change in the relationship between the East Asia-Pacific (EAP) telecon-
nection pattern and rainfall over East China during boreal summer (June–August) was investigated
using observation and reanalysis datasets during 1951–2018. As proposed in a previous study,
summer rainfall in the Yangtze-Huaihe River (YH-R) valley is below (above) normal when a positive
(negative) EAP event occurs. Based on the close relationship with the rainfall anomalies, the EAP
teleconnection pattern has been widely used in the prediction of summer rainfall variations in the
YH-R valley. However, we found that the rainfall anomalies in the YH-R basin associated with the
EAP pattern were weaker and less evident after the late 1980s. This finding indicates a decreased
relationship between the EAP pattern and YH-R basin summer rainfall after the late 1980s, and a
decrease in the quality and skill of seasonal predictions of YH-R basin summer rainfall related to
the EAP pattern. This pronounced weakening in the YH-R summer rainfall-EAP pattern connection
is attributed to the northeastward displacement of the Japanese action center of the EAP pattern
after the late 1980s, which caused weaker anomalous vertical motion and moisture transportation
over the YH-R valley. The present research reveals that the interdecadal expansion in the size of
the Indo-Pacific warm pool in the late 1980s is likely responsible for the northeastward shift in
the Japanese action center of the EAP teleconnection pattern by modulating anomalous convective
activities and the northward propagation of the EAP pattern.

Keywords: East China summer rainfall; East Asia-Pacific pattern; interdecadal shift; Indo-Pacific
warm pool

1. Introduction

Over East China, the summer (June–August (JJA)) rainfall anomaly is an important
climate change variable that causes severe droughts and floods [1]. The catastrophic flood
that occurred in the Yangtze River valley in the summer of 1998 resulted in immense
damage to the local economy, society, and people’s lives [2]. Therefore, it is important to
improve the understanding of summer rainfall variability over East China, which may
contribute to reductions in damage and losses caused by anomalous droughts and floods.

Substantial effort has been devoted to understanding the variations in summer rainfall
over East China [3–8]. The East Asia-Pacific (EAP) pattern [3], also known as the Pacific-
Japan (PJ) pattern [9], is one of the most important factors that has crucial influences on
summer rainfall anomalies in East China, especially in the Yangtze-Huaihe River (YH-R)
basin [10–15]. Huang [10] found a close negative relationship between the interannual
variations in YH-R valley summer rainfall and the EAP teleconnection pattern. Li et al. [13]
revealed the critical impacts of the low-frequency EAP pattern oscillations on persistent,
heavy precipitation over the YH-R valley. Extreme rainfall anomalies occur in negative
EAP events, such as the major floods in the Yangtze River basin in the summer of 1998 [2].
Based on the close relationship with rainfall anomalies, the EAP teleconnection pattern
has been widely used in the prediction of summer rainfall in the YH-R valley over East
China [10,13,16].
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The EAP pattern, which is characterized by a zonally elongated meridional dipole
of anomalous centers, displays negative height anomalies near the Philippines over the
tropical western North Pacific (WNP) and positive height anomalies over extratropical East
Asia around southern Japan in its normal positive phase [17–20]. This pattern can force a
remote seesaw-like relationship between summer rainfall anomalies over the midlatitudes
of East Asia, namely, the mei-yu/baiu/changma (Meiyu) band stretching from the YH-R
valley to southern Japan and regions over the SCS and Philippine Sea [4,21–24]. Concurrent
with the positive EAP teleconnection phase, a pronounced anticyclonic circulation anomaly
appears south of Japan, and a notable cyclonic circulation anomaly appears near the Philip-
pines over the WNP, resulting in an eastward retreat and northward shift in the western
Pacific subtropical high (WPSH) [6,25], which leads to weaker moisture transportation into
the midlatitudes of East Asia due to the eastward-shifted southwesterly wind along the
western boundary of the WPSH; consequently, this lack of moisture reduces the summer
rainfall in the YH-R valley over East China [26,27]. Opposite results occur in the negative
EAP teleconnection phase.

The EAP teleconnection pattern is considered to be a northward-propagating Rossby
wave train triggered by anomalous heating related to the convective activity anomaly
near the Philippines [28–30], which is most efficiently controlled by the thermal state of
the Indo-Pacific warm pool (IPWP) [9,14,31]. When the warm pool is in a warm (cold)
state, the convective activity is above (below) normal around the Philippines [10,31]. This
anomalous heating (cooling) source induces a positive (negative) phase of the EAP pattern
via quasi-stationary planetary waves [3], resulting in the out-of-phase rainfall relationship
between the midlatitudes of East Asia and the tropical WNP mentioned above. Several
studies noted a remarkable eastward extension of warming in the sea surface temperature
(SST) over the warm pool in the 1980s [32,33]. Accordingly, the convective activity over the
Philippines was enhanced, which could result in significant impacts on East Asia summer
climate variations [34–39]. Zhou [32] demonstrated the interdecadal shift in the size of the
IPWP in approximately 1986, and suggested that a large warm pool contributed to the
increased rainfall in Southeast China after 1986 by inducing stronger surface latent heat
fluxes and water vapor amounts. Yin et al. [33] examined and documented the remarkable
eastward extension of SST warming over the IPWP in the late 1980s and its impacts on the
intensity of the South China Sea summer monsoon. However, the possible influence of this
SST extension over the warm pool on the EAP pattern remains unexplored.

The stability of the relationship between the impact factors and rainfall, often display-
ing interdecadal changes [40], is a fundamental issue in climate variability research. A
question to be addressed in the present study is whether the interannual relationship be-
tween the EAP pattern, a key forecast index for the climate variability over East China, and
the YH-R summer rainfall has experienced any interdecadal changes during the last half
century. Another interesting issue to be considered is whether the interdecadal extension
in the size of the IPWP plays a role in the stability of the EAP-rainfall relationship. The
rest of the paper is organized as follows. Section 2 describes the datasets and methods.
Section 3 presents the decadal change in the relationship between summer rainfall and
the EAP pattern. Section 4 shows the change in the structure of the EAP pattern and the
possible impacts from the interdecadal extension in the IPWP size. Section 5 summarizes
the main results and provides further discussion.

2. Data and Methods

The datasets used in this study are described as follows. The monthly mean rainfall
data were from 160 stations of the Chinese Meteorological Data Center in China for the
period of 1951–2018, which meets the standards of the World Meteorological Organization.
The National Oceanic and Atmospheric Administration (NOAA) precipitation reconstruc-
tion dataset (PREC) was employed with a horizontal resolution of 1.0◦ × 1.0◦ and spanning
from 1948 to the present [41]. The monthly mean geopotential height and vector winds
were provided by the National Centers for Environmental Prediction-National Center for
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Atmospheric Research (NCEP/NCAR), with a horizontal resolution of 2.5◦ × 2.5◦ from
1948 to present [42]. The vertically integrated moisture was calculated by employing the
specific humidity, air temperature, and surface pressure from the NCEP/NCAR reanalysis
data from 1000 to 300 hPa. The monthly mean SST was from the NOAA Extended Recon-
struction version 3 (ERSST.v3b), and has a resolution of 2.0◦ × 2.0◦ and spans the period
from 1854 to present [43].

Following Huang [10], the EAP index is defined as follows:

IEAP = −0.25Z′s
(

60
◦
N, 125

◦
E
)
+ 0.50Z′s

(
40
◦
N, 125

◦
E
)
− 0.25Z′s

(
20
◦
N, 125

◦
E
)

(1)

where Zs = Zsin45
◦
/sinϕ is the standardized JJA 500 hPa height anomaly at a grid point

with latitude ϕ, and Z′ = Z− Z is the JJA 500 hPa height anomaly. A positive (negative)
IEAP indicates a positive (negative) height anomaly over midlatitude East Asia and a
negative (positive) height anomaly over eastern Siberia and the tropical WNP. The size of
the IPWP is defined as the region with SSTs warmer than the 29 ◦C isotherm divided by
the climatological warm pool region [32,33]. The main statistical methods adopted here
were canonical correlation analysis and linear regression analysis. The two-tailed Student’s
t test was used to assess the confidence level of the linear correlation-regression patterns.

3. Results
3.1. Interdecadal Change in the YH-R Summer Rainfall-EAP Connection

To explore the robustness of the summer rainfall–EAP relationship, the correlation
between the EAP index and the China station rainfall in JJA was examined, as shown in
Figure 1. Correlation coefficients for a sliding 23-year moving window between the summer
YH-R rainfall index, defined as the normalized summer rainfall anomalies averaged over
the region (28–33◦ N, 110–123◦ E), and the EAP index (multiplied by −1.0) display an
obvious decrease after the late 1980s (Figure 1a). For the period of the 1970s and 1980s, the
correlation coefficients between the YH-R rainfall and the EAP index are approximately
0.60, and significant at the 95% confidence level. They decrease to approximately 0.2 for the
period of the 1990s and 2000s. This result indicates that the EAP pattern can only explain
approximately 4% of the summer YH-R rainfall variance after the late 1980s compared
with the stronger 36% before the late 1980s.Therefore, the weakened EAP–summer YH-R
rainfall relationship diminishes the influence of the EAP pattern on the East China summer
rainfall after the late 1980s. Notably, this result is not sensitive to the width of the window,
and consistent results were obtained based on different window lengths (e.g., 17, 19, and
21 years; figures not shown). In the following, we used high- and low-correlation periods to
further investigate the interdecadal change between the EAP pattern and the YH-R summer
rainfall. Based on the sliding correlation in Figure 1a, we selected one high-correlation
period (1951–1986, hereafter abbreviated as T1) and one low-correlation period (1987–2018,
hereafter abbreviated as T2). The correlation coefficient between the EAP index and the
YH-R summer rainfall index for T1 is 0.46, significant at the 99% confidence level, whereas
the correlation coefficient in T2 is 0.31 and insignificant at the 95% confidence level.
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Figure 1. (a) Time series of the running correlation with a 23-year window between the EAP index 
(multiplied by −1.0) and the normalized JJA rainfall anomalies in the Yangtze River and Huaihe 
River valley (YH-R; 28–33° N, 110–123° E) during 1951–2018. Regression maps of the JJA rainfall 
anomalies (contour; unit: mm day−1) in China with respect to the EAP index (multiplied by −1.0) 
during (b) 1951–1986 and (c) 1987–2018. Positive (negative) values are indicated by solid (dashed) 
contours with the zero contour omitted. The three orange (blue) shadings from shallow to deep 
indicate that positive (negative) anomalies are significant at the 90%, 95%, and 99% confidence 
levels based on a two-tailed Student’s t test, respectively. The red boxes in (b,c) indicate the YH-R 
basin. 

The above interdecadal change is further demonstrated in the spatial distribution of 
the regressed summer rainfall anomalies over China with respect to the EAP index (Figure 
1b,c). The summer rainfall anomalies associated with the EAP pattern before and after the 
late 1980s show the common feature that a negative EAP pattern is accompanied by pos-
itive rainfall anomalies in the YH-R basin, which is consistent with previous studies [44]. 
However, this positive rainfall sign covers the entire YH-R basin in T1 with a high signif-
icance level (Figure 1b) but is much weaker and nonsignificant in T2, covering only the 

Figure 1. (a) Time series of the running correlation with a 23-year window between the EAP index
(multiplied by −1.0) and the normalized JJA rainfall anomalies in the Yangtze River and Huaihe
River valley (YH-R; 28–33◦ N, 110–123◦ E) during 1951–2018. Regression maps of the JJA rainfall
anomalies (contour; unit: mm day−1) in China with respect to the EAP index (multiplied by −1.0)
during (b) 1951–1986 and (c) 1987–2018. Positive (negative) values are indicated by solid (dashed)
contours with the zero contour omitted. The three orange (blue) shadings from shallow to deep
indicate that positive (negative) anomalies are significant at the 90%, 95%, and 99% confidence levels
based on a two-tailed Student’s t test, respectively. The red boxes in (b,c) indicate the YH-R basin.
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The above interdecadal change is further demonstrated in the spatial distribution
of the regressed summer rainfall anomalies over China with respect to the EAP index
(Figure 1b,c). The summer rainfall anomalies associated with the EAP pattern before and
after the late 1980s show the common feature that a negative EAP pattern is accompanied
by positive rainfall anomalies in the YH-R basin, which is consistent with previous stud-
ies [44]. However, this positive rainfall sign covers the entire YH-R basin in T1 with a
high significance level (Figure 1b) but is much weaker and nonsignificant in T2, covering
only the lower reaches of the YH-R basin (Figure 1c). These notable differences in the two
subperiods suggest that the EAP teleconnection pattern is closely related to the interannual
variations in the summer rainfall anomalies in the YH-R valley before the late 1980s but
not in the subsequent period.

The positive rainfall anomalies in the YH-R basin based on the station observations
associated with the EAP pattern are part of the Meiyu rainband over midlatitude East
Asia, which is often seen in boreal summer [45]. In addition, previous studies reveal an
out-of-phase relationship between the summer rainfall anomalies over midlatitude East
Asia and the tropical WNP [9,17], which are linked by the EAP pattern. To explore the
possible changes in this seesaw relationship between the summer rainfall anomalies over
midlatitude East Asia to tropical WNP areas, anomalous rainfall regressed against the EAP
index in the two periods based on the gridded rainfall data from the PREC is demonstrated
in Figure 2. Generally, the seesaw relationship of summer rainfall anomalies between
midlatitude East Asia and the tropical WNP is observed in both periods. However, the
region of the positive anomalies over the middle and lower reaches of the YH-R valley
during period T2 (Figure 2b) is much smaller than that in period T1 (Figure 2a), indicating
that the EAP-related summer rainfall anomalies over the YH-R basin become less evident
after the late 1980s, which is consistent with the results obtained in Figure 1. The regions of
the anomalous Meiyu band obviously shrink and can only be perceived in South Korea
and Japan during T2 (Figure 2b). In addition, the anomalous rainfall over midlatitude East
Asia during T2 displays a slight northeastward shift. The domain of the positive rainfall
anomalies over midlatitude East Asia displaces northeastward by approximately 2◦ to 3◦,
from the East China Sea and south of Japan to South Korea and all of Japan in T2 compared
with T1. In addition, negative rainfall anomalies over the tropical WNP are enhanced and
expanded slightly northward after the late 1980s. These results confirm the weakening
relationship between the YH-R valley summer rainfall anomalies and the EAP pattern, in
addition to a northeastward shift in the Meiyu rainband over midlatitude East Asia after
the late 1980s.

3.2. Possible Reasons for the Interdecadal Change in the Rainfall–EAP Connection

To understand why the relationship between the YH-R summer rainfall and EAP
pattern has decreased, the circulation anomaly distributions related to the EAP index
between T1 and T2 are compared. Figure 3a,b demonstrates the anomalies of relative
vorticity regressed against the EAP index at 850 hPa, in addition to the wave activity flux
in the two subperiods to explore the possible changes in the EAP teleconnection. The
atmospheric vertical motion and moisture supply are the two primary factors affecting the
precipitation anomalies; thus, the divergence of the horizontal vector wind at 200 hPa and
the anomalous moisture transportation integrated from 1000 to 300 hPa were investigated
(Figure 3c–f) using the same regression.
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Figure 2. Regression maps of the JJA PREC rainfall (contour; unit: mm day−1) with respect to the
normalized EAP index (multiplied by −1.0) for periods (a) 1951–1986 and (b) 1987–2018. Positive
(negative) values are indicated by solid (dashed) contours with the zero contour omitted. The three
orange (blue) shadings from shallow to deep indicate that positive (negative) anomalies are significant
at the 90%, 95%, and 99% confidence levels based on a two-tailed Student’s t test, respectively. The
red boxes indicate the YH-R basin.
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Following Kosaka and Nakamura [20], the anomalous summer relative vorticity at 
850 hPa was examined (contours; Figure 3a,b); this is usually used to represent the EAP-
related circulation. A meridional dipole of zonally elongated centers is observed in the 
two subperiods, with anticyclonic and cyclonic vorticity anomalies located over the region 
surrounding the Philippines in the WNP (hereafter referred to as the WNP action center) 

Figure 3. (a,b) Regression maps of the JJA relative vorticity (contour; unit: s−1) and the associated wave activity flux (vector;
unit: m2 s−2) at 850 hPa with respect to the normalized EAP index (multiplied by −1.0) for 1951–1986 and 1987–2018,
respectively. (c,d) Same as for (a,b) but for the divergence (contour; unit: s−1) and the divergent wind (vector; m s−1)
at 200 hPa. (e,f) Same as for (a,b) but for the water vapor flux integration of 1000–300 hPa (vector; unit: kg m−1 s−1)
and its divergence (shading; unit: 10−4 kg m−2 s−1). In (a–d), positive (negative) values are indicated by solid (dashed)
contours with the zero contour omitted. The three orange (blue) shadings from shallow to deep in (a–d) indicate that
positive (negative) anomalies are significant at the 90%, 95%, and 99% confidence levels based on a two-tailed Student’s t
test, respectively. The dotted regions in (e–f) indicate the 90% confidence level based on Student’s t test. The red boxes
indicate the YH-R basin.

Following Kosaka and Nakamura [20], the anomalous summer relative vorticity at
850 hPa was examined (contours; Figure 3a,b); this is usually used to represent the EAP-
related circulation. A meridional dipole of zonally elongated centers is observed in the
two subperiods, with anticyclonic and cyclonic vorticity anomalies located over the region
surrounding the Philippines in the WNP (hereafter referred to as the WNP action center)



Atmosphere 2021, 12, 704 8 of 14

and the region over Japan in the midlatitudes of East Asia (hereafter referred to as the
Japanese action center), respectively. The horizontal wave activity flux [46], which is used
to describe the propagation of the Rossby wave train, a result of the EAP pattern, derives
from regions around the Philippines and spreads northeastward to the cyclonic vorticity
anomalies over the midlatitudes (vectors; Figure 3a,b), which is consistent with previous
studies [9]. However, notable differences are also observed between the two subperiods.
Clearly, relative to its position in T1, the Japanese action center has a northeastward shift in
T2, which is similar to previous research [47]. The positive vorticity anomalies occupy large
regions from the mid-lower reaches of the Yangtze River valley to the Korean Peninsula
and Japan in the first subperiod. In contrast, these positive anomalies shift northeastward
to the Korean Peninsula and Japan in the second subperiod; that is, the significant sign
over the Yangtze River valley has disappeared, which might contribute to the weak rainfall
anomalies there.

The northeastward displacement of the Japanese action center after the late 1980s
can also be detected from the EAP-related atmospheric divergence field (Figure 3c,d)
and moisture transportation (Figure 3e,f). Regions over the midlatitudes of East Asia
with anomalous upper-tropospheric divergence (Figure 3c,d), which indicate ascending
motion anomalies in the lower troposphere, correspond well with regions of positive
summer rainfall anomalies (Figure 2) in both subperiods. However, the EAP-related upper-
tropospheric divergence patterns are distinctly different between T1 and T2. In T1, a
divergent line is seen along the Meiyu band, stretching from the YH-R valley to the area
south of Japan (Figure 3c). This divergent sign moves out of the YH-R basin and shifts
northeastward to the area east of Japan in T2 (Figure 3d), which is consistent with the weak
rainfall anomalies over the YH-R basin shown in Figure 2b. In addition, compared with the
results in T1, the upper-tropospheric convergent center over the Philippines has notably
enhanced and expanded eastward to the longitude near 140◦ E in T2. Concurrent with the
northeastward shift in the Japanese action center of the EAP pattern after the late 1980s, the
associated anomalous water vapor transportation also displays an evident northeastward
displacement (Figure 3e,f). In T1, there is greater anomalous moisture flux convergence
over the YH-R valley (Figure 3e), which is consistent with the obvious positive rainfall
anomalies there (Figure 2a). In contrast, the anomalous moisture flux obviously shrinks to
the lower reaches of the Yangtze River basin in T2 (Figure 3f), which clearly has impacts
on the rainfall anomalies over the YH-R basin. Moreover, a larger anomalous moisture
flux divergence is observed over the tropical WNP regions in T2, corresponding with the
suppressed summer rainfall anomalies there (Figure 2b).

Therefore, compared with the period before the late 1980s, the Japanese action center
of the EAP pattern has a visible northeastward shift after the late 1980s, which contributes
to the weakened YH-R valley rainfall–EAP pattern relationship through evident changes
in the anomalous vertical movement and water vapor transport. However, the possible
mechanism responsible for the northeastward displacement of the Japanese action center
of the EAP pattern is still unclear. As suggested by previous studies [47–49], the variability
in the structure of the EAP pattern is related to the shift in the location of the anomalous
SST and convective activities. In the following analysis, we attempt to explore why the
signal of the Japanese action center of the EAP pattern shifts more northeastward after the
late 1980s from the perspective of the interdecadal extension in the size of the IPWP around
the late 1980s [32,33].

As defined in the study by Yin et al. [33], the normalized IPWP size index is calculated
as the SST region warmer than 29.0 ◦C divided by the climatological warm pool region,
which depicts an obvious increase in the late 1980s (Figure 4). In particular, relative to
the area of the warm pool in T1, the eastern and northern boundaries of the warm pool
have evidently enlarged eastward and northward by approximately 5◦ to 20◦ longitude
(Figure 4a). The time series of the IPWP size index (Figure 4b; black line) shows an evident
increase in the late 1980s, which indicates an interdecadal extension in the warm pool area.
The values of the standardized warm pool size index transfer from below zero to above
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zero around 1986 (Figure 4b; vertical black line), suggesting a smaller than climatologic
warm pool in the former period and a larger than climatologic warm pool in the latter
period. This enlargement in the IPWP region includes an increasing trend component and
an interdecadal component, which together result in the areal expansion of the IPWP in
the late 1980s. Thus, the present study focused on the overall variability in the size of the
IPWP to explain the weakened relationship between the EAP teleconnection and the YH-R
summer rainfall.
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SST warmer than 29.0 ◦C divided by the climatological warm pool region in JJA from 1951 to 2018 (black solid curve).
The blue dashed curve is the detrended time series, and the red curve is the 9-year running average of the detrended line.
(c,d) Regression maps of SST (contour; unit: ◦C) with respect to the normalized IPWP index for 1951–1986 and 1987–2018,
respectively. Positive (negative) values are indicated by solid (dashed) contours with the zero contour omitted. The three
orange (blue) shadings from shallow to deep in (c,d) indicate that positive (negative) anomalies are significant at the 90%,
95%, and 99% confidence levels based on a two-tailed Student’s t test, respectively.

According to the extension of the IPWP area, significant differences in the spatial distri-
bution of the anomalous SSTs (Figure 4c,d) and atmospheric circulations (Figure 5) before
and after the late 1980s are detected. During 1951–1986, significant positive SST anomalies
are seen in the warm pool area (Figure 4c). A meridional tripole pattern is observed along
East Asia and the WNP area in the troposphere (Figure 5a) and high troposphere (not
shown), featuring a barotropic structure tilting slightly northward with height [19]. This
distribution of the anomalous relative vorticity is similar to that related to the EAP index
(Figure 3a). Therefore, this distribution suggests a close connection between the thermal
states of the IPWP and the EAP pattern in the former period, which is consistent with previ-
ous studies [14,31]. Accordingly, significant moisture flux anomaly convergence is observed
over the YH-R basin (shadings; Figure 5c). This anomalous moisture flux convergence re-
sults from cyclonic circulation in the midlatitudes and anticyclonic circulation in the tropics.
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The northerly wind anomalies to the western boundary of the cyclonic circulation and the
southwesterly wind anomalies to the northwestern boundary of the anticyclonic circulation
bring water vapor from the northwest North Pacific and Indian Ocean (vectors; Figure 5c),
respectively. As a result, moisture fluxes converge over the YH-R basin. Compared with
the distribution of SST anomalies during 1951–1986 (Figure 4c), warmer SSTs extended
northeastward in the warm pool area during 1987–2018 (Figure 4d), which is consistent
with the enlargement in the IPWP (Figure 4a,b). These changes in the SST anomalies are in
agreement with the findings of previous studies [50], which found an obvious increase in
summer SST over the WNP in the late 1980s. Concurrent with the extension of the warm
pool, the anomalous convective heating extends northeastward, causing a northeastward
movement of the anomalous relative vorticity pattern (Figure 5b) by exciting the Rossby
wave train and a northeastward movement of the anomalous moisture fluxes (Figure 5d).
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Figure 5. Regression maps of (a,b) relative vorticity (contour; unit: s−1) at 850 hPa with respect to the normalized IPWP
index for 1951–1986 and 1987–2018, respectively. (c,d) Same as for (a,b) but for the water vapor flux integration of 1000–
300 hPa (vector; unit: kg m−1 s−1) and its divergence (shading; unit: 10−4 kg m−2 s−1). In (a–d), positive (negative) values
are indicated by solid (dashed) contours with the zero contour omitted. The three orange (blue) shadings from shallow to
deep in (a,b) indicate that positive (negative) anomalies are significant at the 90%, 95%, and 99% confidence levels based on
a two-tailed Student’s t test, respectively. The dotted regions in (c,d) indicate the 90% confidence level based on Student’s t
test. The red boxes indicate the YH-R basin.

The above analysis indicates a reduced connection between the EAP teleconnection
pattern and the size variation in the IPWP. Figure 6 shows the correlation coefficients
for a sliding 23-year moving window between the EAP index and the IPWP size index.
The result confirms the decreased relationship between the EAP pattern and the size
variation in the IPWP in the late 1980s. Therefore, the extension in the size of the IPWP
induces a northeastward shift in the EAP pattern after the late 1980s by modulating the
corresponding anomalous SST and convective activities. This northeastward shift in the
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EAP teleconnection pattern gives rise to a weakened connection with summer rainfall
anomalies over the YH-R basin.
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4. Discussion

This study mainly focused on the change in the size of the IPWP and its impacts on
the northeastward shift in the Japanese action center of the EAP teleconnection pattern.
Because the magnitude of the regressed anomalous circulation with respect to the IPWP
index is smaller than that of the EAP index, there might be other factors responsible for
the changes in the circulation related to the EAP teleconnection. In addition to local SST
anomalies over the IPWP, previous studies have suggested that the EAP pattern can also
be remotely driven by SST anomalies [51–53], such as the El Niño-Southern Oscillation
(ENSO) events. Other studies have regarded the EAP pattern as an internal atmospheric
dynamical mode embedded in the basic flow over East Asia [19,54]. A decadal change in
the background circulation over East Asia in the late 1980s has been demonstrated [50].
Whether the northeastward shift in the Japanese action center of the EAP pattern is related
to the change in the basic flow or the SST anomalies in remote regions needs further
investigation but is beyond the scope of this study.

The present study revealed an evident weakened relationship between the EAP
teleconnection pattern and summer rainfall in the YH-R valley from the late 1980s to
the 2010s. Some previous studies noted that the summer rainfall over the middle-lower
reaches of the Yangtze River has experienced a notable increase since the late 1970s [55–57].
Other factors play prominent roles in this interdecadal shift in summer rainfall over the
Yangtze River basin, such as the extratropical west–east oriented Silk Road teleconnection
pattern [58,59] or the WPSH [35]. Therefore, it is important to consider the influences of
different factors to better understand the summer rainfall changes in the YH-R basin over
eastern China.

5. Conclusions

The relationship between the interannual variations in YH-R valley summer rainfall
and the EAP teleconnection pattern experienced an obvious interdecadal shift in the late
1980s. Before the late 1980s, the summer rainfall in the YH-R valley tended to be less
than normal during positive EAP years, whereas after the late 1980s, the rainfall–EAP
pattern connection became weaker and less evident. The present analysis reveals that the
weakening relationship between the EAP pattern and the YH-R basin summer rainfall
resulted from the notable northeastward displacement of the Japanese action center of
the EAP pattern after the late 1980s. The vorticity anomalies regressed against the EAP
index demonstrate that the positions of the Japanese action center of the EAP pattern were
distinctly different during T1 and T2. Compared with the first subperiod, in which the
Japanese action center was located along the conventional Meiyu band stretching from the
YH-R valley to the area south of Japan, this action center had an obvious northeastward
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shift in the second subperiod, with vorticity anomalies confined around Japan. Concurrent
with the northeastward shift in the Japanese action center, the negative phases of the EAP-
associated anomalous vertical motion and moisture transport showed similar changes,
which directly led to anomalous rainfall patterns. There was evident anomalous ascending
motion and moisture flux convergence over the YH-R basin before the late 1980s. In
contrast, after the late 1980s, the anomalous ascending motion and convergence of moisture
transport over the YH-R basin obviously became weaker, which was detrimental to the
emergence of anomalous positive summer rainfall there. Therefore, the anomalous vertical
movement and water vapor transportation related to the northeastward-shifted Japanese
action center of the EAP pattern in the late 1980s contributed to the notable weakening
relationship between the summer rainfall anomalies in the YH-R basin and the EAP pattern.

The northeastward displacement of the Japanese action center is likely attributed to
the interdecadal eastward expansion in the size of the IPWP after the late 1980s. Previous
studies suggest that the EAP pattern is mainly triggered by anomalous convective activity
over the Philippines that is related to the thermal state of the warm pool [9]. However,
the detailed distribution of the convection and the motivated wave train teleconnection
are different in the two subperiods due to the expansion of the IPWP. After the late 1980s,
the area of the IPWP enlarged northeastward. Accordingly, anomalous convective heating
extended northeastward, causing a northeastward movement of the anomalous relative
vorticity pattern by exciting the Rossby wave train [3]. Thus, this finding suggests that
the northeastward displacement of the Japanese action center of the EAP pattern can be
explained to some extent by the northeastward extension of the IPWP in the late 1980s.
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