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ABSTRACT

There is a well-known seesaw pattern of precipitation between the tropical western North Pacific (WNP) and the Yangtze
River basin (YRB) during summer. This study identified that this out-of-phase relationship experiences a subseasonal change;
that is, the relationship is strong during early summer but much weaker during mid-summer. We investigated the large-scale
circulation anomalies responsible for the YRB rainfall anomalies on the subseasonal timescale. It was found that the YRB
rainfall is mainly affected by the tropical circulation anomalies during early summer, i.e., the anticyclonic or cyclonic anomaly
over the subtropical WNP associated with the precipitation anomalies over the tropical WNP. During mid-summer, the YRB
rainfall is mainly affected by the extratropical circulation anomalies in both the lower and upper troposphere. In the lower
troposphere, the northeasterly anomaly north of the YRB favors heavier rainfall over the YRB by intensifying the meridional
gradient of the equivalent potential temperature over the YRB. In the upper troposphere, the meridional displacement of the
Asian westerly jet and the zonally oriented teleconnection pattern along the jet also affect the YRB rainfall. The subseasonal
change in the WNP–YRB precipitation relationship illustrated by this study has important implications for the subseasonal-
to-seasonal forecasting of the YRB rainfall.
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1. Introduction

The variability of summer rainfall over the Yangtze River
basin (YRB) is affected by circulation anomalies in both the
lower and upper troposphere. In the lower troposphere, the
anticyclonic (cyclonic) anomaly over the subtropical western
North Pacific (WNP) favors enhanced (suppressed) rainfall
in the East Asian rainy belt, including the YRB, by modify-
ing water vapor transport (e.g., Kurihara and Tsuyuki, 1987;
Huang and Sun, 1992; Lu, 2001a, 2001b; Lu and Dong, 2001;
Zhou and Yu, 2005; Kosaka et al., 2011; Hu et al., 2017). On
the other hand, the subtropical WNP anticyclonic (cyclonic)
anomaly is induced by the suppressed (enhanced) precipita-
tion anomalies over the tropical WNP, as a result of a Gill
response (Lu, 2001a). In the upper troposphere, the merid-
ional displacement of the East Asian westerly jet (EAJ) in
the midlatitudes, as the leading mode of the interannual vari-
ability in upper-tropospheric zonal wind (Li and Lin, 2015a;
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Lin and Lu, 2005), also greatly affects the YRB rainfall. A
southward (northward) displaced EAJ is favorable for en-
hanced (suppressed) rainfall over the YRB (Liang and Wang,
1998; Lu, 2004; Xuan et al., 2011; Du et al., 2016).

The aforementioned studies indicate that both the tropical
and extratropical circulation anomalies affect rainfall over the
YRB. In addition, there is strong tropical–extratropical inter-
action over the WNP and East Asia during summer, which is
manifested by a meridional teleconnection pattern, frequently
referred to as the Pacific–Japan pattern (Nitta, 1987) or the
East Asia–Pacific pattern (Huang and Sun, 1992). Both the
enhanced (suppressed) precipitation anomalies over the tropi-
cal WNP and EAJ southward/northward displacement are the
components of this teleconnection pattern (e.g., Lau et al.,
2000; Lu, 2004; Lu and Lin, 2009; Lin et al., 2010). There-
fore, considering the close relationship in precipitation be-
tween the tropical WNP and the YRB, the extratropical cir-
culation associated with the YRB rainfall anomalies may be
a response to the tropical heating forcing but does not physi-
cally affect the YRB rainfall.

Recently, Li and Lu (2017) investigated the extratropi-
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cal factors that affect the variability in summer precipitation
in the YRB by removing the extratropical anomalies associ-
ated with the precipitation variability over the tropical WNP.
Through this approach, the extratropical circulation anoma-
lies affecting the YRB rainfall were highlighted. In the lower
troposphere, the anomalous northeasterly north of the YRB
is found to play an important role in the YRB rainfall. The
anomalous northeasterly intensifies the meridional gradient
of the equivalent potential temperature over the YRB and fa-
vors the YRB rainfall. In the upper troposphere, on the other
hand, the meridional displacement of the Asian westerly jet
can affect the precipitation in the YRB, while the longitu-
dinal position of the anomalous centers is located westward
compared to that related to the precipitation anomalies in the
tropical WNP. In addition, the zonally oriented teleconnec-
tion pattern along the Asian westerly jet, which is often called
the “Silk Road Pattern” (Lu et al., 2002; Enomoto et al., 2003;
Kosaka et al., 2009; Kosaka et al., 2012; Hong and Lu, 2016;
Hong et al., 2018), is also found to play an important role in
the variability of precipitation over the YRB. Li et al. (2017)
also found that the Silk Road Pattern in August, particularly
in August of 2016, can affect precipitation over the YRB.

It is well known that the circulations over East Asia
during summer experience remarkable subseasonal evolution
(e.g., Ding, 1992, 2004, 2007; Chen et al., 2004; Ding and
Chan, 2005). Specifically, the subtropical high in the lower
troposphere advances northward and retreats eastward (Ding,
1992; Lu, 2001a; Su and Xue, 2010) and the EAJ in the up-
per troposphere jumps northward (Lin and Lu, 2008). These
changes in large-scale circulations, as basic mean flows, can
affect the extratropical circulation responses to the tropi-
cal forces. For instance, Kosaka and Nakamura (2010) re-
ported that the subtropical WNP anticyclonic anomaly forced
by identical tropical heat forcing tends to extend northward
when the upper-tropospheric westerly jet is located north-
ward. Therefore, it can be inferred that the impact of the pre-
cipitation anomalies over the tropical WNP on the YRB rain-
fall may be different between periods with distinct circulation
features—for instance, before and after the northward jump
of the EAJ. The main objective of this study is to test this hy-
pothesis, i.e., to investigate the subseasonal change in the fac-
tors affecting the interannual variability of precipitation over
the YRB. Actually, rainfall is characterized by a subseasonal
step-wise march during summer over East Asia and the WNP
(Tao and Chen, 1987; Ding, 1992; Wu and Wang, 2001; Chu
et al., 2012; Oh and Ha, 2015). In addition, the interannual
variation of rainfall in East China also exhibits a subseasonal
change during summer (Ye and Lu, 2011; Hu et al., 2017).

The rest of this paper is structured as follows: In sec-
tion 2, the data and methods used in the study are described.
Section 3 presents the subseasonal change of the seesaw re-
lationship in precipitation between the tropical WNP and the
YRB. In that section, the seesaw relationship is demonstrated
to be strong and statistically significant during early summer
and becomes weak during mid-summer. Therefore, section
4 further shows the circulation anomalies associated with the
interannual variation of the YRB rainfall during early sum-

mer and mid-summer. Section 5 provides a summary.

2. Data and methods

The data used in this study include daily data from JRA-
55 (Kobayashi et al., 2015) and the pentad precipitation data
from CMAP (Xie and Arkin, 1997). Also used are the daily
rainfall data from 824 stations in the China Daily Ground Cli-
mate Dataset (Version 3.0), which were developed by the Na-
tional Meteorological Information Center of the China Me-
teorological Administration. In this study, we use the daily
rainfall data at these stations as prepared by Han et al. (2014),
who excluded those stations with large amounts of missing
data. Ultimately, the data from 679 stations are available. The
analysis period is 1979–2014, and summer (June–August,
JJA) is focused on in this study.

We define the YRB as the land area that lies 107.5◦E
eastward and between 27◦ and 34◦N, which is identical to the
definition used in Li and Lu (2017). There are 151 stations
evenly located across this region. The precipitation anomalies
averaged over these stations are used to represent the Yangtze
River Basin Precipitation Index (YRBPI). Figure 1 shows the
correlation coefficients between the JJA-mean YRBPI and
precipitation based on the CMAP data. Significant posi-
tive anomalies appear over the YRB and extend eastward
to southern Japan and negative anomalies appear over the
tropical WNP. These anomalies confirm the seesaw relation-
ship in precipitation between the YRB and the tropical WNP.
We use the precipitation anomalies averaged over the region
(10◦–20◦N, 115◦–150◦E), where the correlation coefficients
are basically greater than 0.3, to define the WNP precipi-
tation index (WNPPI). The correlation coefficient between
the YRBPI and the WNPPI is −0.6, significant at the 99%
confidence level. In addition, there are negative anomalies
over North China and Northeast Asia. All of these anomalies

Fig. 1. Correlation coefficients between the JJA-mean YRBPI
(see text for details) and precipitation. The highlighted region
is used to define the WNPPI (see text for details). The contour
interval is 0.15 and absolute values less than 0.30 are omitted.
The zero line is not shown. Shading denotes the 95% confi-
dence level based on the Student’s t-test. Solid line for positive
values and dashed line for negative values, and hereafter.
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exhibit the features of the meridional teleconnection, consis-
tent with previous studies (e.g., Lau et al., 2000; Lu, 2004; Li
and Lu, 2017).

3. Subseasonal change of the YRBPI–WNPPI

relationship

Figure 2a shows the three-pentad running correlation be-
tween the YRBPI and WNPPI. The YRBPI is basically neg-
atively correlated with the WNPPI during the entire summer,
which is expected. However, the seesaw relationship between
the YRBPI and the WNPPI exhibits prominent subseasonal
change: the YRBPI–WNPPI relationship is significant before
the 39th pentad and after the 45th pentad, but it is weak from
pentad 39 to pentad 45.

The YRBPI–WNPPI relationship is strongest during pen-

tad 36–38 and weakest during pentad 39–41 (Fig. 2a), with
a correlation coefficient of −0.62 and 0.01, respectively. Fig-
ures 2b and c show the spatial distributions of correlation co-
efficients between the WNPPI and precipitation over China
during these two periods, respectively. Significant negative
precipitation anomalies appear over the YRB during pentads
36–38 (Fig. 2b), confirming the seesaw pattern of precipita-
tion between the YRB and the tropical WNP during this pe-
riod. The correlation coefficients are highest over the lower
reaches of the Yangtze River and relatively weak over the
middle reaches. By contrast, the anomalies during pentads
39–41 are characterized by very weak anomalies over the
YRB (Fig. 2c), consistent with the weakest correlation co-
efficient between the YRBPI and the WNPPI during this pe-
riod. In addition, positive and negative anomalies appear over
South China and North China, respectively.

The correlation coefficients shown in Fig. 2 are obtained

Fig. 2. (a) Three-pentad running correlation between the YRBPI and WNPPI. The horizontal dashed line represents the
significance of the correlation coefficient at the 95% confidence level according to the Student’s t-test. Here, pentad
31 refers to 31 May to 4 June, and pentad 49 refers to 29 August to 2 September. There are a total of 19 pentads for
summer. (b, c) Correlation coefficients between the WNPPI and precipitation at stations in China during (b) pentads
36–38 and (c) pentads 39–41. The highlighted region represents the YRB. The contour interval is 0.15 and the zero line
is emboldened. Shading denotes the 95% confidence level based on the Student’s t-test.
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by three-pentad running windows. To obtain a more exact pe-
riod for the subseasonal change of the YRBPI–WNPPI rela-
tionship, we analyzed this relationship for each pentad, but
only show the results for pentad 39 and pentad 45 (Fig. 3).
During pentad 39 (Fig. 3a), there are no significant anomalies
over the YRB, and negative anomalies mainly appear over
the Huanghe–Huaihe River. During pentad 45 (Fig. 3b), the
anomalies over the YRB are also weak. Therefore, pentad 39
and pentad 45 are both considered as in mid-summer, when
the YRBPI–WNPPI relationship is weak. In the following,
we define the period from pentad 31 to 38 (from 31 May to
9 July) as early summer and the period from pentad 39 to 45
(from 10 July to 13 August) as mid-summer.

4. Anomalies associated with the YRB rainfall

in early summer and mid-summer

In the previous section, it was shown that the relationship
between the tropical convection and YRB rainfall is strong

and significant during early summer but weak during mid-
summer. Therefore, it can be inferred that the YRB rainfall is
affected by tropical factors during early summer but mainly
by other factors during mid-summer. In this section, we in-
vestigate the anomalies associated with the YRB precipita-
tion in early summer and mid-summer to test this hypothesis.

4.1. Lower-tropospheric anomalies
Figure 4 shows the regression of precipitation with re-

spect to the normalized YRBPI in early summer and mid-
summer. In early summer, precipitation anomalies expect-
edly exhibit the seesaw relationship between the YRB and
the tropical WNP. There are positive anomalies over the YRB
and the positive anomalies also extend eastward to south-
ern Japan and there are negative anomalies over the tropical
WNP (Fig. 4a). These anomalies are similar to those for the
JJA mean (Fig. 1). The correlation coefficient between the
YRBPI and the WNPPI during this period is −0.66, signifi-
cant at the 99% confidence level. By contrast, the anomalies
over the tropical WNP are sharply reduced in mid-summer

Fig. 3. Correlation coefficients between the WNPPI and precipitation at stations in China during (a) pentad 39
and (b) pentad 45. The highlighted region represents the YRB. The contour interval is 0.15 and zero lines are
emboldened. Shading denotes the 95% confidence level based on the Student’s t-test.

Fig. 4. Regression of precipitation with respect to the normalized YRBPI during (a) early summer (ES) and (b) mid-
summer (MS). The highlighted region represents the averaging area for the WNPPI. The contour interval is 0.5 mm d−1.
The zero line is not shown. The shading denotes the 95% confidence level based on the Student’s t-test.
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Fig. 5. Regression of 850-hPa horizontal winds (vectors; units: m s−1) with respect to the normalized YRBPI during
(a) early summer (ES) and (b) mid-summer (MS). Shading indicates that either zonal or meridional wind anomalies are
significant at the 95% confidence level.

and the weak negative and positive anomalies tend to offset
one another (Fig. 4b). The correlation coefficient between
the YRBPI and the WNPPI during this period is only 0.01.
These results are consistent with Fig. 2a and confirm that the
impact of the convection anomalies over the tropical WNP on
the YRB rainfall is weak during mid-summer.

Figure 5 shows the wind anomalies at 850 hPa regressed
onto the normalized YRBPI during early summer and mid-
summer. The wind anomalies in early summer show a signif-
icant anticyclonic anomaly over the subtropical WNP (Fig.
5a). The anomalous anticyclone indicates a westward ex-
tension of the WNP subtropical high and favors enhanced
rainfall over the YRB by transporting water vapor along the
northwest flank of the high. The anticyclonic anomaly also
corresponds to the negative precipitation anomalies over the
tropical WNP (Fig. 4a) and this correspondence has become
well known as the Pacific–Japan pattern (e.g., Nitta, 1987;
Lu, 2001a, 2001b; Lu and Dong, 2001; Kosaka et al., 2011).
On the other hand, the extratropical circulation anomalies are
weak and insignificant. There are slight northeasterly anoma-
lies north of the YRB, but with marginal significance. These
results indicate that the YRB rainfall is mainly affected by the
tropical circulation anomalies in early summer.

In mid-summer, the wind anomalies are characterized by
a cyclonic anomaly over East China (Fig. 5b). Associated
with this cyclonic anomaly are the northeasterly anomalies
north of the YRB and westerly south of the YRB. Li and Lu
(2017) reported that the northeasterly anomalies play a vital
role in precipitation anomalies over the YRB by increasing
the meridional gradient of equivalent potential temperature
(θe) and water vapor accumulation. On the other hand, the
anticyclonic anomaly over the subtropical WNP disappears.
These results indicate that the YRB rainfall is mainly af-
fected by the extratropical circulation anomalies during mid-
summer.

To better illustrate the subseasonal change in the impact
of the northeasterly anomalies on the YRB rainfall, we use
the northeasterly anomalies averaged over the region (32.5◦–

40◦N, 107.5◦–120◦E) to define a northeasterly index (NEI):

NEI = Aave

[
ucos

(
−3π

4

)
+ vsin

(
−3π

4

)]
.

Here, Aave is the area average, and u and v are the zonal and
meridional wind anomalies at 850 hPa, respectively. This
definition is similar to that in Li and Lu (2017), who used
the 700-hPa wind anomalies. We also defined the NEI at 700
hPa and obtained similar results.

Figure 6 shows the 15-day running correlation coefficient
between the YRBPI and the NEI. The YRBPI–NEI relation-
ship is weak and insignificant during early summer and be-
comes strong and significant during mid-summer. The cor-
relation coefficient between the YRBPI and the NEI is 0.27
during early summer and 0.51 during mid-summer, confirm-
ing that the impact of the northeasterly anomalies on the YRB
rainfall is enhanced during mid-summer.

It is well known that the mei-yu rainfall over the YRB
is characterized by a strong humidity gradient in the lower
troposphere. Therefore, the equivalent potential temperature
(θe), which combines the temperature and humidity, is widely

Fig. 6. Fifteen-day running correlation between the YRBPI and
the NEI (see text for definition). The horizontal dashed line rep-
resents the significance of the correlation coefficient at the 95%
confidence level according to the Student’s t-test.
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used in mei-yu rainfall analyses (e.g., Zhu et al., 2000; Ni-
nomiya, 2000; Zhou et al., 2004; Ding, 2005; Park et al.,
2015; Chen and Zhai, 2015). A higher θe value indicates a
warmer and more humid weather condition. Climatologically,
the θe decreases with latitude over East China and shows
a strong meridional gradient over the YRB during summer
(not shown), which favors the enhanced precipitation there
by inducing convection instability (e.g., Ninomiya, 1984; Ni-
nomiya and Shibagaki, 2007).

Figure 7 shows the θe anomalies at 700 hPa with respect
to the normalized YRBPI during early summer and mid-
summer. The significant precipitation and wind anomalies
are also shown to facilitate comparison. The right-hand pan-
els show the corresponding meridional gradient anomalies of
θe, averaged over 107.5◦–120◦E. A positive value indicates
the decrease in θe in the northward direction, i.e., the intensi-
fied θe gradient. For early summer (Fig. 7a), there are positive
θe anomalies over the YRB and negative θe anomalies north
of the YRB, which enhance the meridional gradient of the θe
over the YRB. The difference in θe anomalies between the
southern edge [averaged over (27.5◦N, 107.5◦–120◦E)] and
the northern edge [averaged over (33.75◦N, 107.5◦–120◦E)]
of the YRB is 0.82 K, which is 9% of the climatological dif-
ference during this period (9.34 K). The enhanced θe gradient
anomalies (right-hand panel of Fig. 7a) agree well with the
enhanced precipitation anomalies, but show a slight north-
ward shift compared to that of precipitation. This northward
shift, as explained by Li and Lu (2017), is due to the north-
ward tilt of the enhanced gradient with height in the lower
troposphere. In addition, the anomalous southwesterlies cor-
respond to the positive θe anomalies over the YRB, which
suggests that the tropical circulation anomalies are responsi-
ble for the intensified θe gradient over the YRB and the asso-
ciated enhanced precipitation.

In mid-summer (Fig. 7b), there are positive anomalies
south of the YRB. A sharp contrast to the early summer
is the enhancement of the negative anomalies north of the
YRB. These positive and negative anomalies enhance the
meridional gradient of θe over the YRB. The difference in
θe anomalies between the southern and northern edges of the

YRB is 1.67 K, and this increase is about 68% of the climato-
logical difference during this period (2.47 K). The enhanced
θe gradient is also in agreement with the enhanced precipita-
tion. In addition, the circulation anomalies also correspond
well to the θe anomalies. Enhanced northeasterlies north of
the YRB correspond to the negative θe anomalies, and south-
westerlies south of the YRB correspond roughly to the posi-
tive θe anomalies.

To better illustrate the correspondence between the rain-
fall and θe, we choose the years in which the absolute values
of the YRBPI are greater than 0.7 standard deviations and
perform composite analyses based on these years, for both
early summer and mid-summer. Table 1 shows the positive
and negative cases based on this criterion. Besides the cri-
terion of 0.7 standard deviations shown here, we also used
some other criteria, such as 0.8 standard deviations or 1.0
standard deviation, and obtained similar results (not shown).

Figure 8 shows the 700-hPa θe and rainfall for positive
and negative YRBPI cases during early summer and mid-
summer. For all categories, the high θe values stretch from
southwest to northeast in a tongue-shaped pattern, which is
induced by the warm and moist air transported by the south-
westerlies associated with the subtropical high. The θe de-
creases with latitude over the north of the tongue and shows
a maximum meridional gradient over the northeast of the

Table 1. Cases for different categories of the YRBPI in early sum-
mer (ES) and mid-summer (MS). σ denotes the standard deviation
of the YRBPI.

Category Years Number

ES-YRBPI > 0.7σ 1983 1991 1993 1995 1996 8
1998 1999 2011

ES-YRBPI < −0.7σ 1981 1982 1985 1988 2001 9
2004 2005 2009 2012

MS-YRBPI > 0.7σ 1980 1982 1996 1998 2012 5
MS-YRBPI < −0.7σ 1984 1985 1986 1988 1990 11

1992 1994 1995 2003 2006
2013

Fig. 7. Regression of 700-hPa θe anomalies with respect to the normalized YRBPI during (a) early summer (ES) and (b)
mid-summer (MS). The contour interval is 0.2 K and the zero line is not shown. Shading denotes the 95% confidence level
based on the Student’s t-test. The scopes (red lines) of the significant positive precipitation anomalies and the significant wind
anomalies at 700 hPa are also given for comparison. Precipitation anomalies are based on the station data. The curves in the
right-hand panels show the corresponding meridional gradient anomalies (units: 10−3 K km−1) of θe, which are averaged over
107.5◦–120◦E.
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Fig. 8. Composite 700-hPa θe (contour interval: 2.0 K) and precipitation (shading; units: mm d−1) over East China in the (a,
c) positive and (b, d) negative YRBPI cases for (a, b) early summer (ES) and (c, d) mid-summer (MS). Precipitation anomalies
are based on the station data.

tongue, corresponding to the heavy rainfall there.
However, the distributions of θe are distinct between the

positive and negative cases. For early summer, the warm and
moist tongue is located over South China in the positive cases
and the maximum meridional gradient of θe appears over the
YRB (Fig. 8a), which corresponds well to the heavy precip-
itation there. For the negative cases (Fig. 8b), the tongue re-
treats southward and the meridional gradient of θe over the
YRB is reduced, in agreement with the rain band appearing
over South China and precipitation being less over the YRB.

In contrast to early summer, the meridional scope of the
high θe, or the warm and moist tongue, becomes wider and
moves northward during mid-summer for both positive and
negative cases (Figs. 8c and d versus Figs. 8a and b), which
is consistent with the subseasonal march of the θe over East
Asia during summer. As a result, the θe gradient over the
YRB is greatly reduced, corresponding to the reduced precip-
itation over the YRB and increased precipitation over North
China. This phenomenon is associated with the northward
advance of the subtropical high. During mid-summer, the
distributions of θe are also distinct between the positive and

negative cases. For the positive cases, the high θe appears
over South China, and large θe gradient appears over the YRB
(Fig. 8c), corresponding to the high precipitation there. By
contrast, the scope of high θe is extended, occupying both
South China and the YRB, and the location of the high θe
gradient moves northward for the negative cases (Fig. 8d),
corresponding to the heavier rainfall over North China but
less rainfall over the YRB. These θe distributions are con-
sistent with the lower-tropospheric circulations: the anoma-
lous northeasterlies prevent the subseasonal march over East
China for the positive cases in comparison with the negative
cases.

The above results demonstrate that the relationship in pre-
cipitation between the tropical WNP and the YRB rainfall is
strong during early summer but weak during mid-summer. In
the following, we analyze the anomalies associated with the
rainfall over the tropical WNP, in an attempt to illustrate the
reason for the weakened impact of the precipitation anoma-
lies over the tropical WNP on the YRB rainfall during mid-
summer. Figure 9 shows the 850-hPa horizontal wind and
precipitation anomalies regressed onto the normalized neg-



1238 SUBSEASONAL CHANGE IN THE YRB-WNP PRECIPITATION RELATIONSHIP VOLUME 35

ative WNPPI during early summer and mid-summer. Here,
the anomalies associated with the negative WNPPI are shown
to facilitate comparison with the anomalies that are favor-
able for the enhanced YRB rainfall (Fig. 5). The anomalies
over East China are highlighted in the bottom panels. For
both early summer and mid-summer, there are negative pre-
cipitation anomalies over the tropical WNP (Figs. 9a and b).
The negative precipitation anomalies induce the meridional
teleconnection pattern over the WNP and East Asia, i.e., the
anticyclonic/cyclonic/anticyclonic anomalies over the region
from the tropics to high latitudes, which has been well re-
ported in previous studies (Nitta, 1987; Huang and Sun, 1992;
Lau et al., 2000; Lu, 2001b; Lu and Dong, 2001; Kosaka et
al., 2011). However, there is an appreciable difference be-
tween early summer and mid-summer: the WNP anticyclonic
anomaly trenches further northward during mid-summer than
in early summer (Figs. 9b and d versus Figs. 9a and c). The
northern boundary of the anomalous anticyclone is located
around 30◦N during early summer (Figs. 9a and c) and is sim-
ilar to the location of the WNP anticyclonic anomaly that fa-

vors the YRB rainfall (Fig. 5a), which indicates there is water
vapor convergence over the YRB. Accordingly, significantly
enhanced precipitation appears over the East Asian rainy belt,
including the YRB. Meanwhile, the northern boundary of the
WNP anticyclonic anomaly reaches around 35◦N during mid-
summer (Figs. 9b and d), which suggests that water vapor is
transported further northward into the Huaihe River region,
and there is less water vapor convergence over the YRB dur-
ing this period. Accordingly, the enhanced rainfall anomalies
tend to move northward in East China and are much weaker
over the YRB (Figs. 9b and d). It should be mentioned that
the rainfall anomalies over the tropical WNP during early
summer and mid-summer are roughly similar, for both the
scope and amplitude (Figs. 9a and b). The northward ex-
tension of the subtropical WNP anticyclonic anomaly during
mid-summer can be explained by the results of Kosaka and
Nakamura (2010), who indicated that identical tropical heat
forcing can trigger a northward-extended cyclonic anomaly
over the subtropics when the upper-tropospheric westerly jet
axis, as the basic flow, is located northward. During sum-

Fig. 9. Regression of the 850-hPa horizontal winds (vectors; units: m s−1) and precipitation (shading; units: mm d−1)
with respect to the normalized negative WNPPI during (a, c) early summer (ES) and (b, d) mid-summer (MS). The
color shading in (a, b) is based on the CMAP data. The anomalies over East China are magnified in the bottom panels
(c, d) and color shading is based on the station precipitation data. The black shading represents mountains higher than
1500 m. Red lines refer to 30◦N. The dots denote the 95% confidence level for precipitation anomalies based on the
Student’s t-test, and only the vectors of either zonal or meridional wind anomalies significant at the 95% confidence
level are shown.
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mer over East Asia, the upper-tropospheric westerly jet ex-
periences a northward shift (Lin and Lu, 2008). Therefore,
the subtropical WNP anticyclonic anomaly extends north-
ward during mid-summer, in comparison with early sum-
mer. A similar northward extension of the WNP anticyclonic
anomaly, associated with the preceding wintertime ENSO,
has been found in previous studies (Ye and Lu, 2011; Hu et
al., 2017).

4.2. Upper-tropospheric anomalies
Figure 10 shows the zonal and meridional wind anoma-

lies at 200 hPa regressed onto the normalized YRBPI during
early summer and mid-summer. In early summer, there are
significant anomalies over the tropical WNP for both zonal
and meridional winds (Figs. 10a and c), and the extratropical
anomalies are very weak and insignificant, consistent with the
lower-tropospheric circulation anomalies (Fig. 5a). These re-
sults confirm that the precipitation anomalies over the YRB
are mainly affected by the tropical circulation anomalies in
early summer.

By contrast, the anomalies in mid-summer mainly ap-
pear over the extratropical regions (Figs. 10b and d). For the
zonal wind anomalies, there are significant positive anoma-
lies south of the jet axis and significant negative anomalies
north of the jet axis over West Asia and East Asia (Fig. 10b),
suggesting a southward displacement of the westerly jet in
these regions. The zonal wind anomalies are remarkably
weaker over Central Asia. On the other hand, the meridional
wind anomalies show a zonally oriented teleconnection pat-
tern along the westerly jet, or the Silk Road Pattern (Fig.
10d). These zonal and meridional wind anomalies resemble
the JJA-mean results of Hong and Lu (2016), who suggested

the connection between the jet axis displacement and the Silk
Road Pattern. Furthermore, these upper-tropospheric circula-
tion anomalies suggest a cyclonic anomaly over East Asia,
and this cyclonic anomaly shifts poleward compared to its
counterpart in the lower troposphere (Fig. 5b). The merid-
ional displacement of the EAJ and the Silk Road Pattern
have been documented as the mainly extratropical circulation
anomalies that affect the YRB rainfall for the JJA mean (Li
and Lu, 2017). Here, we show that these anomalies mainly
affect the YRB rainfall during mid-summer. The anoma-
lies over the tropical WNP are very weak for both the zonal
and meridional wind, consistent with the weak relationship in
rainfall between the tropical WNP and the YRB.

5. Conclusions

It is well known that summer precipitation over the YRB
is negatively correlated with that in the tropical WNP. In
this study, we show that this out-of-phase relationship ex-
periences a subseasonal change. This relationship is strong
during early summer and becomes weak during mid-summer,
which suggests that the factors affecting the YRB rainfall also
experience a subseasonal change. According to the change in
the relationship, we define the early summer as pentad 31 to
pentad 38 (31 May to 9 July) and mid-summer as pentad 39
to pentad 45 (10 July to 13 August) and investigate the cir-
culation anomalies associated with the YRB rainfall in these
two periods, respectively.

The results show that the YRB rainfall is mainly affected
by the subtropical circulation anomalies during early sum-
mer. The precipitation anomalies over the tropical WNP
induce the anticyclonic or cyclonic anomaly over the sub-

Fig. 10. Regression of the 200-hPa (a, b) zonal and (c, d) meridional winds with respect to the normalized YRBPI during (a, c)
early summer (ES) and (b, d) mid-summer (MS). The bold black lines represent the corresponding climatological jet axis for
ES and MS. The contour intervals are 0.5 and 0.3 m s−1 for the zonal and meridional wind anomalies, respectively. The zero
contour lines are not shown. Shading denotes the 95% confidence level based on Student’s t-test.
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tropical WNP. The subtropical WNP anticyclonic (cyclonic)
anomaly corresponds to a westward extended (eastward re-
treated) subtropical high and exerts an influence on the YRB
rainfall by modulating the water vapor transport along the
northwest flank of the high, as previous studies suggested.
During mid-summer, meanwhile, the YRB rainfall is mainly
affected by the extratropical circulation anomalies in both the
lower and upper troposphere, and the impact of the tropical
circulation anomalies is weakened. The extratropical circu-
lation anomalies manifest as northeasterly anomalies north
of the YRB in the lower troposphere. These northeasterly
anomalies greatly intensify the meridional gradient of the θe
over the YRB and result in enhanced rainfall there during
mid-summer. In addition, the meridional displacement of the
Asian westerly jet and the zonal teleconnection pattern along
the jet in the upper troposphere also play a role in the YRB
rainfall during mid-summer.

The weakened impact of the subtropical circulation
anomalies on the YRB rainfall during mid-summer is due to
the more northward extension of the subtropical WNP anti-
cyclonic/cyclonic anomaly associated with the tropical WNP
precipitation, which leads to the northward shift of associated
rainfall anomalies in East China and results in weak precip-
itation anomalies over the YRB. Therefore, the subtropical
WNP anticyclonic/cyclonic anomaly, which is closely asso-
ciated with the tropical forcing, affects precipitation in the
different regions between early summer and mid-summer.

This study illustrates the different factors affecting YRB
rainfall between early summer and mid-summer. These fac-
tors, including both tropical and extratropical ones, may ex-
hibit multiple time scales. Previous studies have documented
that intraseasonal oscillations can significantly affect rainfall,
especially persistent heavy rainfall events, in East Asia, in-
cluding the YRB (e.g., Mao and Wu, 2006; Yun et al., 2008;
Mao et al., 2010; Cao et al., 2012; Ren et al., 2013, 2015;
Li et al., 2015; Sun et al., 2016; Li et al., 2018; Wei et al.,
2017; Wang et al., 2018). Besides intraseasonal oscillations,
synoptic- and mesoscale disturbances can also affect YRB
rainfall. It would be interesting to investigate whether these
oscillations and disturbances exhibit distinct features of influ-
ence between early summer and mid-summer.

Current climate models show a high skill in the seasonal
forecasting of summer precipitation over the tropical WNP
(Li et al., 2012, 2014; Lu et al., 2012; Kosaka et al., 2013),
providing an encouraging basis for reliable YRB rainfall fore-
casting, which is of great concern in China (Li and Lin,
2015b; Li et al., 2016). However, our results suggest that this
tropical basis for the forecasting of YRB rainfall may be valid
only in early summer. For mid-summer, extratropical circu-
lation anomalies should be emphasized. Therefore, different
factors should be considered between the different episodes
of summer to achieve better subseasonal-to-seasonal predic-
tions of YRB rainfall.
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