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ABSTRACT: This study investigates the tropical and extratropical circulation anomalies that directly affect the summer
rainfall over the Yangtze River basin (YRB). In the lower troposphere, the tropical circulation anomalies that enhance the
YRB rainfall manifest as an anticyclonic anomaly over the tropical western North Pacific (WNP) and the extratropical
circulation anomalies are characterized by northeasterly anomalies to the north of the YRB. It is found that the heavier
the YRB rainfall, the more necessary the cooperation between the tropical WNP anticyclonic anomaly and the midlatitude
northeasterly anomalies, and compared to the tropical WNP anticyclonic anomaly, the midlatitude northeasterly anomalies
can more efficiently induce the YRB rainfall. Further results indicate that the tropical WNP anticyclonic anomaly exhibits
notable quasi-biweekly feature and provides a favorable background for the enhanced YRB rainfall. By contrast, the
northeasterly anomalies are dominated by synoptic variability. Furthermore, there are significant precursor signals for
the lower-tropospheric northeasterly anomalies. These signals manifest as the eastward propagation of two wave trains
in the upper troposphere: a midlatitude one and a high-latitude one, which tend to be independent. The midlatitude one
originates around the Mediterranean Sea and propagates eastward along the Asian westerly jet. The high-latitude one
propagates over the high-latitude Eurasian continent, from Europe eastward to Lake Baikal and then southeastward to
East Asia.
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1. Introduction

The Yangtze River basin (YRB) is the most densely popu-
lated region in China, but has been subject to heavy floods
throughout history (Plate 2002; Yu et al. 2009). For example,
the devastating flood in 1998 caused more than 3000 deaths,
250 billion yuan (RMB; US$40 billion) in direct economic loss
and made 15 million people homeless (Lu 2000). Therefore,
summer rainfall variabilities over the YRB have been an im-
portant research subject for many decades (e.g., Tao and
Chen 1987; Ding 1992; Mao et al. 2010; Liu et al. 2014; Li and
Lu 2017, 2021; Li et al. 2020; Ding et al. 2021).

Located in the subtropical area of eastern China, the YRB
is simultaneously affected by the tropical and extratropical
large-scale systems during summer months (Tao and Chen
1987; Ding 1992, 2005; Zhu et al. 2007; Chen and Zhai 2015).
The tropical southwesterly flows from warm oceans meet
northerly or northeasterly cold air from middle and high lati-
tudes over the YRB, forming the so-called mei-yu front (Ding
1992; Zhu et al. 2007; Ninomiya and Shibagaki 2007). The
mei-yu front is characterized by weak temperature gradients
but high equivalent potential temperature gradients due to
the strong meridional moisture contrast (Chen and Chang
1980; Ding 1992, 2005; Zhu et al. 2007; Sampe and Xie 2010;
Chen and Zhai 2015; Li and Lu 2017). The mei-yu front is a

result of the tropical–extratropical contrast and acts as the
most important factor that causes the YRB rainfall in sum-
mer. Therefore, tropical and extratropical circulation anoma-
lies are both crucial for the YRB rainfall anomalies.

The most important factor that dominates the tropical
southwesterly anomalies is the zonal shift of the western
North Pacific (WNP) subtropical high in the lower tropo-
sphere. The westward extension (eastward retreat) of the
subtropical high corresponds to an anticyclonic (cyclonic)
anomaly in the tropical WNP, and favors enhanced (sup-
pressed) rainfall over the YRB through modifying the south-
westerly water vapor transport (e.g., Huang and Sun 1992;
Zhou and Yu 2005; Li and Lu 2017). The zonal shift of the
subtropical high presents multiscale features, ranging from
daily to biweekly and from intraseasonal to interannual time
scales (Park et al. 2010; Mao et al. 2010; Yang et al. 2010; Ren
et al. 2013; Xie et al. 2016; Ding et al. 2021). Substantial ef-
forts have been made to explore the zonal shift of the sub-
tropical high and the associated YRB rainfall on different
time scales (e.g., Hsu and Weng 2001; Yang et al. 2010; Ren
et al. 2013; Liu et al. 2014; Chen et al. 2015; Li et al. 2015,
2021). For example, some studies showed that the subseasonal
zonal oscillation of the subtropical high is associated with the
quasi-biweekly oscillation propagating northwestward from
the tropical to subtropical WNP (Hsu and Weng 2001; Jia and
Yang 2013; Chen et al. 2015; Li et al. 2015). Other studies re-
ported that the 10–30- and 20–50-day oscillation of summer
rainfall over the YRB are the response to the subtropical highCorresponding author: Xinyu Li, lixinyu@hhu.edu.cn
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with the same time-scale variation (e.g., Liu et al. 2008; Mao
et al. 2010; Ren et al. 2013).

There are diverse systems that play an important role in af-
fecting the extratropical cold and dry air, including the block-
ing high (Zhu et al. 2007; Chen and Zhai 2015; Ding et al.
2021), the northeast cold vortex (He et al. 2007; Hu et al.
2011; Xu and Qi 2023), the upper-tropospheric westerly jet
(Liang and Wang 1998; Wang et al. 2019), and the disturban-
ces along the westerly waveguide (Sampe and Xie 2010; Liu
et al. 2014). Most of the previous results revealing the roles of
these extratropical systems in affecting the YRB rainfall are
based on case study of extreme rainfall events and the extra-
tropical circulation anomalies in the upper troposphere vary
from case to case. The common features of the extratropical
circulation anomalies, especially the precursor signals for the
extratropical cold and dry air, appear to be deficient.

Based on case study or composite analysis, previous studies
have widely explored the circulation anomalies from the per-
spective of extreme rainfall events (e.g., Ding 2005; Zhu et al.
2007; Chen and Zhai 2015; Ding et al. 2021). However, the in-
dividual characteristics of the tropical and extratropical circu-
lation anomalies that affect the YRB rainfall are not fully
understood. In this study, we aim to answer the following
questions: How do the tropical and extratropical circulation
anomalies vary with the intensity of YRB rainfall? Are tropi-
cal circulation anomalies or extratropical circulation anoma-
lies more effective in causing the YRB rainfall? And is there
any precursor signal for the tropical and extratropical circula-
tion anomalies?

The rest of this paper is organized as follows. Section 2 de-
scribes the datasets and methods used in this study. Section 3
explores the tropical and extratropical circulation anomalies
associated with the YRB rainfall. Section 4 investigates the
evolutions of the tropical and extratropical circulation anoma-
lies to detect the precursor signals. Section 5 is devoted to a
summary and discussion.

2. Data, definitions, and methods

a. Data

This study uses the daily mean reanalysis data from the fifth
generation European Centre for Medium–Range Weather
Forecast (ECMWF) reanalysis (ERA5; Hersbach et al. 2020),
including horizontal wind, specific humidity, and air tempera-
ture. Also used are the daily gridded observational precipita-
tion data from the National Climate Center of China (version
of CN05.1; Wu and Gao 2013). The horizontal resolution is
0.58 3 0.58 for the ERA5 and 0.258 3 0.258 for the CN05.1.
The current analysis covers the period from 1979 to 2020 and
the months of June–August are used to represent summer.

b. Definitions

We define three indices to facilitate the descriptions of
YRB rainfall and tropical and extratropical circulation anom-
alies in the lower troposphere. The YRB is defined as the
land area in mainland China east of 107.58E and between
278 and 348N, which is identical to the location used in earlier
studies (Chang et al. 2000; Li and Lu 2017, 2018). The Yang-
tze River basin precipitation index (YRBPI) is defined as the
precipitation averaged over the defined YRB. We use a WNP
zonal wind index (WNPUI) to describe the tropical circula-
tion anomalies that affect the YRB rainfall. The WNPUI is
defined as the 850-hPa zonal wind anomalies averaged over
108–17.58N, 1108–1358E, and then multiplied by 21. The zonal
wind anomalies over this region are most associated with the
YRB rainfall in the tropics (Fig. 1c). A positive (negative)
WNPUI tends to correspond to an anticyclonic (cyclonic)
anomaly over the tropical WNP. The northeasterly index
(NEI) is defined as the northeasterly anomalies averaged over
32.58–408N, 107.58–1208E, following Li and Lu (2018). The
northeasterly anomalies over this region directly affect the
YRB rainfall from the extratropics (Fig. 1c). The NEI can be
written as

FIG. 1. Composite 850-hPa horizontal wind anomalies (vectors; m s21) and rainfall anomalies (shading; mm day21) associated with dif-
ferent YRBPI intensities: (a) 5# YRBPI# 10 mm day21, (b) 10# YRBPI# 15 mm day21, and (c) YRBPI$ 15 mm day21. Shading sig-
nificant at the 95% confidence level is stippled as green and vectors are shown only when they are significant in at least one direction. The
marked regions in (c) are used to define WNPUI and NEI (see text for details).
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NEI 5 Aave[u cos(21358) 1 y sin(21358)]:

Here, Aave represents the area average, and u and y are the
850-hPa zonal and meridional wind anomalies, respectively. A
positive (negative) NEI indicates northeasterly (southwesterly)
anomalies to the north of the YRB. In this study, daily anoma-
lies are obtained by deducting the climatology of that particular
day from the raw data.

c. Methods

The composite analysis is mainly used in this study. We use
the two-tailed Student’s t test to evaluate the significance
of each variable at each grid point (Wilks 2006). The effec-
tive sample size N* at each grid point is computed by
N* 5N3 (12 r1)/(11 r1), where N refers to the original
length of the time series and r1 is the lag-1 autocorrelation
coefficient (Zwiers and von Storch 1995).

3. Tropical and extratropical circulation anomalies
associated with the YRB rainfall in summer

Figure 1 shows the composite rainfall and 850-hPa horizontal
wind anomalies associated with different intensities of the
YRB rainfall. We roughly classify the cases with YRBPI
greater than 5 mm day21, which is near to the average of
YRBPI during the analyzed period, into three categories:
5 # YRBPI # 10 mm day21, 10 # YRBPI # 15 mm day21 and
YRBPI$ 15 mm day21. There are 1033 cases for 5# YRBPI#
10 mm day21, 516 cases for 10 # YRBPI # 15 mm day21, and
273 cases for YRBPI$ 15 mm day21, respectively. In summer,
5, 10, and 15 mm day21 are the 53%, 80%, and 93% quantiles of
the YRB rainfall, respectively, and thus the category YRBPI $
15 mm day21 is attributed to extreme rainfall over the YRB.
Note that the results are not sensitive to the classification criteria,

for instance, by analyzing the categories of 6 # YRBPI #

12 mm day21, 12 # YRBPI # 18 mm day21, and YRBPI $
18 mm day21 could obtain similar results.

For all categories (Figs. 1a–c), there are positive rainfall
anomalies over the YRB, and the lower-tropospheric circula-
tion anomalies are characterized by an anticyclonic anomaly
over the tropical WNP and a shear line-like cyclonic anomaly
over the YRB, consistent with a number of previous studies
(e.g., Yang et al. 2010; Ding et al. 2014, 2015; Hu et al. 2019;
Cheng et al. 2021). Significant easterly anomalies appear over
the south flank of the tropical WNP anticyclonic anomaly and
northeasterly anomalies act as a major part of the midlatitude
cyclonic anomaly. There are southwesterly anomalies be-
tween the tropical anticyclonic anomaly and the midlatitude
cyclonic anomaly. Note that these southwesterly anomalies
are associated with both the tropical anticyclonic anomaly
and the midlatitude cyclonic anomaly and thus we use the
tropical easterly anomalies (WNPUI) and midlatitude north-
easterly anomalies (NEI) to represent tropical and extratropical
circulation anomalies in the lower troposphere, respectively, as
illustrated in section 2.

It is clear that associated with the increase of the YRB rain-
fall, both tropical and midlatitude circulation anomalies be-
come stronger and more significant (Figs. 1a–c). The WNPUI
(NEI) is 0.34 (0.39), 1.16 (0.94), and 1.68 (1.82) m s21 for
5 # YRBPI # 10 mm day21, 10 # YRBPI # 15 mm day21,
and YRBPI $ 15 mm day21, respectively. These results suggest
that the heavier the YRB rainfall, the more necessary it is for
the joint effect of the tropical and midlatitude circulation
anomalies.

Figure 2 shows the scatter diagrams of the YRBPI and stan-
dardized WNPUI and NEI. The proportions of the positive
WNPUI and NEI cases both increase with the YRBPI, con-
firming that the tropical and midlatitude circulation anomalies

FIG. 2. Scatter diagrams of the original YRBPI and the standardized (a) WNPUI and (b) NEI. Horizontal lines
indicate that the YRBPI equals 5, 10, and 15 mm day21, respectively. The proportion of positive YRBPI cases for
each category of YRBPI intensity is marked correspondingly.
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both significantly affect the YRB rainfall. On the other hand,
the proportion of positive NEI cases increases faster than
the positive WNPUI cases. For instance, the proportion of
positive WNPUI cases is 47% for YRBPI # 5 mm day21

and increases to 74% for YRBPI $ 15 mm day21 (Fig. 2a),
but for positive NEI cases, the proportion increases from
37% to 84% (Fig. 2b). These results imply that the mid-
latitude circulation anomalies may exert a more significant
influence on the YRB rainfall than the tropical circulation
anomalies.

To explore the physical mechanisms connecting the tropi-
cal or midlatitude circulation anomalies and the YRB rain-
fall, we select the cases with the absolute values of WNPUI
or NEI greater than 0.7 standard deviations and perform
composite analyses based on these cases. Using other criteria,
such as 1.0 or 1.5 standard deviations, could obtain similar
results. There are 1035 WNPUI1 cases, 937 WNPUI2 cases,
916 NEI1 cases, and 914 NEI2 cases selected. It was found
that the circulation and rainfall anomalies are basically
antisymmetric between the WNPUI1 and WNPUI2 cases,
and also between the NEI1 and NEI2 cases (not shown).
Therefore, the composite difference between WNPUI1 and
WNPUI2 cases and that between the NEI1 and NEI2
cases are used to represent the anomalies associated with
WNPUI and NEI, respectively. In addition, we have also
examined the anomalies by using regression analysis and
obtained similar results (not shown), confirming that the
results are reliable.

Figure 3 shows the 850-hPa horizontal wind anomalies
and rainfall anomalies associated with WNPUI and NEI,

respectively. For WNPUI (Fig. 3a), the lower-tropospheric
circulation anomalies are characterized by an anticyclonic
anomaly over the tropical WNP. This anticyclonic anomaly
enhances water vapor transport to East Asia (Huang and Sun
1992; Lu and Dong 2001; Zhou and Yu 2005; Li and Lu 2017,
2018) and significant positive rainfall anomalies appear over
the YRB. For NEI (Fig. 3b), the lower-tropospheric circula-
tion anomalies are featured with an anticyclonic anomaly
over eastern Mongolia and northeast China and a cyclonic
anomaly over the YRB and East China Sea, and between the
anticyclonic and cyclonic anomalies are significant north-
easterly anomalies. Associated with the cyclonic anomaly and
anticyclonic anomaly, there are enhanced rainfall over the
YRB and suppressed rainfall over North China and northeast
China, respectively.

We note that the NEI-related circulation anomalies show
significant westerly anomalies over the tropical WNP (Fig. 3b),
suggesting that there is a connection between the tropical and
midlatitude circulation anomalies. Figure 4a shows the scatter di-
agram of the standardized WNPUI and NEI. The WNPUI and
NEI tend to be negatively connected, with a total of 2135 cases
in the second and fourth quadrants and 1729 cases in the first
and third quadrants. This negative WNPUI–NEI connection ex-
plains the cases with negative (positive) WNPUI or NEI but
strong (weak) YRB rainfall shown in Fig. 2. For example, for
the correspondence of negative WNPUI and positive YRBPI
anomaly, there are northeasterly anomalies to the north of the
YRB (not shown), which favor the enhanced YRB rainfall; and
for the correspondence of negative NEI and positive YRBPI
anomaly, an anticyclonic anomaly appears over the tropical

FIG. 3. Composite 850-hPa horizontal wind anomalies (vectors; m s21) and rainfall anomalies (shading; mm day21)
associated with (a) WNPUI and (b) NEI. Shading significant at the 95% confidence level is stippled as green
and vectors are shown only when they are significant in at least one direction. The marked region in (b) indicates
the area where the zonal wind anomalies are significantly associated with the NEI, which are excluded in
Fig. 6b.
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WNP and results in enhanced rainfall over the YRB (not
shown). Therefore, to investigate the individual effect of tropical
and extratropical circulation anomalies, it is necessary to elimi-
nate their signals from each other.

To remove the signal of midlatitude circulation anomalies
from tropical ones, we reselect the cases with the absolute val-
ues of WNPUI greater than 0.7 standard deviations and the
absolute values of NEI smaller than 0.5 standard deviations
(Fig. 4a), which can guarantee the total sum of NEI is near
zero. Slightly modifying the criterion of NEI, for instance,
smaller than 0.3 or 0.7 standard deviations, yields similar re-
sults. Similarly, cases with the absolute values of NEI greater
than 0.7 standard deviations and that of the tropical westerly
index smaller than 0.5 standard deviations (Fig. 4b) are used
to eliminate the signal of tropical circulation anomalies from
midlatitude ones. Here, the tropical westerly index is defined
as the 850-hPa zonal wind anomalies averaged over 158–258N,
1108–1308E (Fig. 3b), which is slightly northward than that
used to define WNPUI. This is because compared to WNPUI,
the zonal wind anomalies over this region are more closely as-
sociated with NEI (Fig. 5), and thus the tropical anomalies
can be removed more efficiently. There are 393 WNPUI1
cases, 385 WNPUI2 cases, 318 NEI1 cases, and 309 NEI2
cases left, respectively. In the following analyses, the anoma-
lies associated with WNPUI and NEI refer to the composite
difference between the newly selected WNPUI1 and
WNPUI2 cases and that between the newly selected NEI1
and NEI2 cases, respectively.

Figure 6 shows the 850-hPa horizontal wind anomalies and
rainfall anomalies associated with WNPUI and NEI after elimi-
nation. These anomalies resemble those before elimination
(Fig. 3), except that there are no clear zonal wind anomalies

over the tropical WNP for NEI (Fig. 6b). The northeasterly
anomalies averaged over 32.58–408N, 107.58–1208E for WNPUI
is 20.10 m s21 and the tropical westerly anomalies averaged
over 158–258N, 1108–1308E for NEI is 0.35 m s21, both
of which are much weaker than those before elimination

FIG. 4. Scatter diagrams of the standardized NEI and (a) WNPUI and (b) tropical westerly index (see text for defi-
nition). In (a), black dots in the rectangles indicate the cases with absolute values of WNPUI greater than 0.7 standard
deviations and that of NEI smaller than 0.5 standard deviations, which are selected to remove the extratropical signal
fromWNPUI. Similarly, black dots in (b) are selected to remove the tropical signal from NEI. Note that NEI tends to
be positively connected with the tropical westerly index, but negatively connected with WNPUI, as a positive WNPUI
corresponds to easterly anomalies over the tropical WNP.

FIG. 5. As in Fig. 3b, but for the 850-hPa zonal wind anomalies.
Shading indicates that the anomalies are significant at the 95% con-
fidence level and greater than 2.0 m s21. The red box indicates the
area used to define the tropical westerly index and the blue one to
define the WNPUI.
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(20.99 and 1.93 m s21). These results suggest that the elimi-
nation process is effective. It should be noted that the YRB
rainfall anomalies associated with NEI are much stronger
than those associated with WNPUI. The YRBPI anomaly
associated with NEI is 5.94 mm day21, greater than that
associated with WNPUI (3.20 mm day21). These results
suggest that NEI is more conducive to YRB rainfall than
WNPUI.

We illustrate why the northeasterly anomalies can more ef-
ficiently induce the YRB rainfall than the tropical WNP anti-
cyclonic anomaly from the perspective of equivalent potential
temperature (ue). It has been well known that the summer
YRB rainfall is characterized by a strong meridional gradient
of humidity in the lower troposphere (Chen and Chang 1980;

Ding 1992) and thus ue, which combines moisture and temper-
ature, has been widely used to describe the mei-yu rainfall
(e.g., Zhu et al. 2007; Chen and Zhai 2015; Li and Lu 2017,
2018). A higher value of ue indicates a more humid and
warmer condition. In climatological state, ue decreases with
latitude over East Asia and shows its largest gradient over the
YRB. An enhanced meridional gradient of ue over the YRB is
favorable for frontogenesis and enhanced rainfall (Ninomiya
1984; Ninomiya and Shibagaki 2007).

Figure 7 shows the 850-hPa ue anomalies associated with
WNPUI and NEI, respectively. To facilitate comparison, the
significant rainfall and wind anomalies are also shown. The
corresponding meridional gradient anomalies of ue, averaged
over 107.58–122.58E, are shown in the right-hand-side

FIG. 6. As in Fig. 3, but the extratropical and tropical signals have been removed, respectively (see text for details).
The marked region in (b) indicates the area where the zonal wind anomalies in Fig. 3b are excluded.

FIG. 7. Composite 850-hPa equivalent potential temperature (ue) anomalies (contours; K) associated with (a) WNPUI
and (b) NEI. The contour interval is 0.2 K, and zero contours are omitted. Shading denotes the 95% confidence level.
The significant positive rainfall anomalies (red stippling) and horizontal wind anomalies (vectors; m s21) at 850 hPa
are also given for comparison. The curves in the right-hand-side plots show the corresponding meridional gradient
anomalies (1026 K km21) of ue, which are averaged over 107.58–122.58E. Lower and upper horizontal lines indicate
308 and 408N, respectively.
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subpanels. Here, a positive value represents the decrease in
ue in the northward direction, i.e., the enhanced meridional
gradient of ue. For WNPUI (Fig. 7a), there are positive ue
anomalies over the YRB, corresponding to the southwesterly
anomalies associated with the tropical WNP anticyclonic
anomaly. These positive ue anomalies tend to enhance the
meridional gradient of ue to the north of the YRB (right-
hand-side subpanel of Fig. 7a). The intensified ue gradient
favors enhanced rainfall over the YRB (Fig. 7a), but is lo-
cated more northward (38–58) than rainfall anomalies. This
is probably due to the northward tilt of the enhanced ue
gradient with height in the lower troposphere (Li and Lu
2017). The difference between ue anomalies averaged over 308N,
107.58–122.58E and those averaged over 408N, 107.58–122.58E is
3.30 K, which is 27% of the climatological difference between
these two edges in summer (12.45 K).

By contrast, for NEI (Fig. 7b), there are significant negative
anomalies to the north of the YRB, which agree well with the
northeasterly anomalies. Besides, positive ue anomalies ap-
pear over the YRB, in association with the southwesterly
anomalies. These positive and negative ue anomalies strongly
enhance the meridional gradient of ue over the YRB (right-
hand-side subpanel of Fig. 7b). The enhanced ue gradient is in
well agreement with the enhanced YRB rainfall and also
locates slightly northward than rainfall anomalies. The differ-
ence between ue anomalies averaged over 308N, 107.58–122.58E
and those averaged over 408N, 107.58–122.58E is 8.78 K,
which is 71% of the climatological difference. As the en-
hanced ue gradient associated with NEI is much greater than
that associated with WNPUI (Figs. 7a,b), NEI can more
efficiently induce the YRB rainfall anomalies than WNPUI
(Figs. 6a,b).

The results in this section indicate that the tropical WNP
anticyclonic anomaly and the midlatitude northeasterly anom-
alies are both important for the YRB rainfall. Particularly,
the heavier the YRB rainfall, the more requirement for the
simultaneous occurrence of the tropical WNP anticyclonic
anomaly and the midlatitude northeasterly anomalies. More-
over, the northeasterly anomalies can more efficiently enhance
the YRB rainfall than the tropical anticyclonic anomaly. There-
fore, it is necessary to explore whether there is any precursor
signal for these tropical and extratropical circulation anomalies,
especially for the extratropical circulation anomalies.

4. Evolutions of the tropical and extratropical
circulation anomalies

a. Evolutions associated with heavy rainfall over
the YRB

We shed light on the heavy rainfall days with YRBPI $

15 mm day21 (273 days). To ensure that the evolutions of anom-
alies associated with heavy YRB rainfall are nonoverlapping,
heavy rainfall days with an interval of no more than 5 days
are viewed as a heavy rainfall event and the first occurrence
day is denoted as the reference (day 0). A total of 150 events
are detected during the 42 boreal summers, which correspond
to 3–4 events per year with a mean duration of 1–2 days.

Figure 8 shows the 850-hPa horizontal wind and rainfall
anomalies from days23 to12 associated with the heavy rain-
fall events. The tropical WNP anticyclonic anomaly is stable
from days 23 to12 (Figs. 8a–f), and the southwesterly anom-
alies associated with the anticyclonic anomaly transport water
vapor to East Asia, providing a favorable background for
heavy rainfall. By contrast, the midlatitude northeasterly
anomalies only appear from days 21 to 11 (Figs. 8c–e), im-
plying a high-frequency variability of the extratropical circula-
tion anomalies. Significant positive rainfall anomalies appear
over the YRB at day21 (Fig. 8c), peak at day 0 (Fig. 8d), and
further sustain to day 11 (Fig. 8e), consistent with the evolu-
tion of the northeasterly anomalies. These results confirm
that heavy rainfall requires the cooperation of the tropical
anticyclonic anomaly and the midlatitude northeasterly
anomalies.

Figure 9 displays the evolutions of the rainfall and circu-
lation indices. The YRBPI starts to increase at day 21
and reaches its maximum at day 0 (Fig. 9a), with a value
of 18.18 mm day21. Enhanced rainfall sustains to day 11
(12.74 mm day21), suggesting a mean duration of 1–2 days
of the heavy rainfall. The variation of WNPUI is slow and
positive values appear from days 26 to 16 (Fig. 9b). The
evolution of NEI resembles that of YRBPI (Fig. 9c), i.e.,
northeasterly anomalies appear to the north of YRB at
day 21, peak at day 0, and sustain to day 11. These results
are all consistent with the spatial distribution (Fig. 8) and
suggest that the dominant periods of the tropical and extra-
tropical circulation anomalies are distinct. In addition, the
WNPUI reaches its maximum at day 21 (Fig. 9b), which
leads 1 day ahead of the YRB rainfall. This is because the
southwesterly anomalies to the south of YRB lag the tropi-
cal easterly anomalies and become strongest at day 0 (not
shown).

b. Evolutions associated with WNPUI and NEI

To investigate the composite temporal and spatial evolu-
tions of the tropical and extratropical circulation anomalies,
strong WNPUI and NEI days selected in section 3 with an in-
terval of no more than 5 days are viewed as an event and day
0 refers to the first occurrence day of strong WNPUI and
NEI. There are 157 WNPUI1, 138 WNPUI2, 223 NEI1,
and 213 NEI2 events obtained. The composite difference be-
tween WNPUI1 and WNPUI2 events and that between the
NEI1 and NEI2 events are analyzed.

Figure 10 shows the 850-hPa horizontal wind and rainfall
anomalies associated with the WNPUI events from days 24
to 16 and those associated with the NEI events from days 22
to 13. The evolution of WNPUI shows a biweekly feature
(Figs. 10a–f). The anticyclonic anomaly has already appeared
over the tropical WNP at day 24 (Fig. 10a). The anticyclonic
anomaly gradually expands northwestward and southwesterly
anomalies occupy south of the YRB at day 0 (Fig. 10c), which
favor positive rainfall anomalies there. The southwesterly
anomalies and positive rainfall anomalies further develop
and reach their maximums at day 12 (Fig. 10d). These
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FIG. 8. Composite evolutions of the 850-hPa horizontal wind (vectors; m s21) and rainfall anomalies (shading;
mm day21) from days 23 to 12 associated with heavy rainfall events over the YRB (YRBPI $ 15 mm day21). Shading
significant at the 95% confidence level is stippled as green and vectors are shown only when they are significant in at least
one direction.
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circulation and rainfall anomalies can be maintained to at
least day 16 (Fig. 10f). Therefore, the tropical circulation
anomalies provide a stable background for heavy rainfall
over the YRB.

By contrast, the extratropical northeasterly anomalies and
the associated YRB rainfall anomalies show synoptic features
(Figs. 10g–l). An anticyclonic anomaly can be traced back to
around the Lake Baikal at day 22 (Fig. 10g), with northerly
and northeasterly anomalies over eastern Inner Mongolia.
The anticyclonic anomaly and the associated northeasterly
anomalies develop southeastward and reach their peaks at
day 0 (Fig. 10i). Meanwhile, significant positive rainfall anom-
alies appear over the YRB and negative rainfall anomalies ap-
pear over North China and northeast China (Fig. 10i). In
addition, a cyclonic anomaly appears over the YRB. This pair
of anticyclonic anomaly and cyclonic anomaly and the associ-
ated positive rainfall anomalies over the YRB maintain until
day11 (Fig. 10j) and then decay fast (Figs. 10k,l).

The lead–lag results also suggest that the YRB rainfall
anomalies associated with NEI are stronger than those associ-
ated with WNPUI. The maximum values of the YRBPI
anomaly for NEI and WNPUI are 6.29 (at day 0) and 3.58 (at
day 12) mm day21, respectively. These results confirm that
the midlatitude northeasterly anomalies can more efficiently
induce the YRB rainfall anomalies than the tropical anticy-
clonic anomaly. In addition, it should be noted that the north-
easterly anomalies cannot be a response to the enhanced
YRB rainfall, for instance, there is no clear northeasterly
anomalies at days 12 or 14 of WNPUI (Figs. 10d,e), when
there are strong and significant rainfall anomalies over the
YRB.

Figure 11 shows the 200-hPa horizontal wind and meridio-
nal wind anomalies from days 210 to 14 associated with the
NEI events. Here, the anomalies averaged over the two adja-
cent days are shown. At day 0 (Fig. 11d), there is a significant
and strong anticyclonic anomaly around Lake Baikal, favor-
ing its counterpart in the lower troposphere (Fig. 10i). There
are two kinds of precursor signals that contribute to this anti-
cyclonic anomaly (Fig. 11b): a cyclonic anomaly over midlati-
tude central Asia and an anticyclonic anomaly in the high
latitudes over northwest of Lake Baikal. The former corre-
sponds to the propagation of a zonally oriented teleconnec-
tion along the midlatitude Asian westerly jet. The meridional
wind disturbances appear around the Mediterranean Sea at
days 210 and 29 (Fig. 11a). These anomalies grow and prop-
agate eastward, forming a wave train over the midlatitude
Eurasia with a wavelength of around 608 (e.g., Fig. 11g). The
action centers of the meridional wind anomalies appear over
308, 608, 908, and 1208E, respectively (Fig. 11g), resembling
the so-called Silk Road pattern in early summer (Hong et al.
2018). The fact that the midlatitude wave train plays a role
in affecting the lower-tropospheric northeasterly anomalies
agrees with some previous studies to a certain extent (e.g.,
Shang et al. 2020), which suggested that some extreme rain-
fall events over the YRB are affected by the midlatitude
teleconnection.

On the other hand, the anticyclonic anomaly around Lake
Baikal represents the contribution from high latitudes. The
anticyclonic anomaly at days 22 and 21 (Fig. 11b) gradually
moves southeastward and favors the lower-tropospheric anti-
cyclonic anomaly together with the midlatitude wave train at
day 0 (Fig. 11d). In addition, at day 0 (Fig. 11d), there is a

FIG. 9. Evolutions of (a) YRBPI (mm day21), (b) WNPUI (m s21),
and (c) NEI (m s21) associated with heavy rainfall events over the
YRB.
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cyclonic anomaly to the east of the anticyclonic anomaly,
which corresponds to the lower-tropospheric cyclonic anom-
aly over the YRB (Fig. 10i). It is notable that the anticyclonic
anomaly in the upper troposphere is located westward rela-
tive to its counterpart in the lower troposphere (Figs. 11d and
10i), suggesting a quasi-baroclinic feature of the anticyclonic
anomaly. And the cyclonic anomaly in the upper troposphere is
located poleward relative to its counterpart in the lower tropo-
sphere (Figs. 11d and 10i), suggesting a poleward tilt of the
circulation anomalies. This northward tilt of circulation anoma-
lies is a typical phenomenon over East Asia in summer (e.g.,
Yamazaki and Chen 1993) and may be related to more effec-
tively gaining energy from the vertically sheared jets (Kosaka
and Nakamura 2006).

To further address the origins of the cyclonic anomaly in
midlatitude central Asia and the anticyclonic anomaly near
the Lake Baikal, we define two vorticity indices. The midlati-
tude vorticity index (MVI) is defined as the 200-hPa vorticity

anomalies averaged over 32.58–47.58N, 658–908E. Therefore, a
positive MVI indicates a cyclonic anomaly over midlatitude
central Asia. The high-latitude vorticity index (HVI) is defined
as the 200-hPa vorticity anomalies averaged over 508–658N,
858–1108E, and then multiplied by 21 so that a positive HVI
corresponds to an anticyclonic anomaly over northwest Lake
Baikal and thus northeasterly anomalies to the north of
YRB. Figure 12 shows the scatter diagram of standardized
MVI and HVI. The cases in each quadrant are comparable.
The cases in the four quadrants are 1606, 1782, 1567, and
1471, respectively. Therefore, these two indices tend to be
independent of each other.

Similar to the WNPUI or NEI events, we also merge strong
MVI or HVI (absolute values greater than 0.7 standard devia-
tions) with an interval of no more than 3 days into an event.
There are 184 MVI1, 186 MVI2, 260 HVI1, and 249 HVI2
events obtained, respectively. The composite difference be-
tween MVI1 and MVI2 events and that between the HVI1

FIG. 10. Composite evolutions of the 850-hPa horizontal wind (vectors; m s21) and rainfall (shading; mm day21) anomalies from
days 24 to 16 associated with (a)–(f) the WNPUI events and those from days 22 to 13 associated with (g)–(l) the NEI events.
Shading significant at the 95% confidence level is stippled as green and vectors are shown only when they are significant in at least
one direction.
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and HVI2 events are used to represent the anomalies associ-
ated with the MVI and HVI events, respectively.

Figure 13 shows the 200-hPa horizontal wind and meridio-
nal wind anomalies from days 23 to 14 associated with the
MVI events. The upper-tropospheric circulation anomalies

are characterized by the evolution of a wave train along the
midlatitude westerly jet. At around day 23, there are signifi-
cant meridional wind disturbances in the entrance of the
Asian westerly jet (Fig. 13a) and these disturbances propagate
eastward with a wavelength of around 608 (e.g., Fig. 13g). The

FIG. 11. Composite evolutions of the 200-hPa horizontal wind (vectors; m s21) and meridional wind (shading;
m s21) anomalies from days210 to14 associated with the NEI events. Here, the anomalies are shown as the average
of the adjacent two days, except for day 0. For instance, (a) is the average of days 210 and 29 and (c) is the average
of days 28 and 27. Shading significant at the 95% confidence level is stippled as green and vectors are shown only
when they are significant in at least one direction. The green contours represent the climatological zonal wind greater
than 20.0 m s21 in summer. “AC” and “C” represent anticyclonic and cyclonic anomalies, respectively. The marked
regions in (b) are used to define the MVI and HVI, which are used for latter analysis.
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cyclonic anomaly over central Asia reaches its maximum day 0
(Fig. 13g) and the downstream anticyclonic anomaly over East
Asia becomes strong at days 12 and 13 (Figs. 13d,f), favoring
the lower-tropospheric northeasterly anomalies to the north of
the YRB. These results confirm that the midlatitude wave train
acts as one of the precursor signals of the lower-tropospheric
northeasterly anomalies.

The 200-hPa circulation anomalies associated with the HVI
events are characterized by a strong and significant anti-
cyclonic anomaly over northwest of Lake Baikal at day 0
(Fig. 14g), which tends to be associated with the development
of a well-organized wave train in the high-latitude Eurasia
(left-hand-side panels of Fig. 14). The wave train propagates
eastward from Europe to Lake Baikal and then southeastward
to East Asia, with a wavelength of around 608. Associated with
the growth of the wave train, the anticyclonic anomaly ap-
pears at around 758E at day 23 (Fig. 14a). It moves eastward
and peaks at around 908E at day 0 (Fig. 14g) and moves fur-
ther downstream at day 11 (Fig. 14b), favoring its counter-
part in the lower troposphere (Fig. 10i). These results suggest
that the high-latitude wave train in the upper troposphere is
crucial for the anticyclonic anomaly around Lake Baikal and
the associated northeasterly anomalies in the lower tropo-
sphere. To our knowledge, the circulation anomalies associ-
ated with the anticyclonic anomaly have not been noted in the
previous studies. The nature of this anticyclonic anomaly de-
serves further investigation.

The development and propagation of the wave trains can also
be found at Fig. 15, which shows the evolutions of 200-hPa
meridional wind anomalies averaged over 308–508N associated
with the MVI events and those averaged over 458–708N associ-
ated with the HVI events, from days 26 to 16. For the MVI
events (Fig. 15a), significant precursor signals can be traced
back to day 23 at around 108E. The wave energy gradually

propagates downward and at day 0, the northerly anomalies
at 608E and the southerly anomalies at 908E reach their
maximums, suggesting a cyclonic anomaly over the mid-
latitude central Asia. The northerly anomalies at 1208E peak
at day 12, favoring the lower-tropospheric northerly anoma-
lies to the north of the YRB. For the HVI events (Fig. 15b),
proceeding signals can be found at day 24, at around 308E.
The southerly anomalies at 758E and northerly anomalies at
1058E peak at day 0, suggesting an anticyclonic anomaly
there. This anticyclonic anomaly gradually moves downward
and favors its counterpart in the lower troposphere, i.e., the
anticyclonic anomaly over eastern Mongolia and Northeast
China (Figs. 6b and 10i), at days11 and12. On the other hand,
there is a cyclonic anomaly to the east of this anticyclonic
anomaly at days 11 and 12, favoring the lower-tropospheric
cyclonic anomaly over the YRB (Figs. 6b and 10i). These
anomalies are consistent with the spatial evolutions of the
200-hPa circulation anomalies (Figs. 13 and 14). In addition, it
is interesting to note that the wave train associated with HVI
events keeps an eastward phase speed of about 58 day21

throughout its life cycle (Fig. 15b), while the midlatitude wave
train has a similar phase speed only in its developing stage
and slows down in the latter stage (Fig. 15a).

5. Conclusions and discussion

The tropical and extratropical circulation anomalies both
play an important role in affecting the YRB rainfall in sum-
mer. In this study, we investigate the characteristics of the
tropical and extratropical circulation anomalies that directly
affect the YRB rainfall. The tropical circulation anomalies
manifest as an anticyclonic (cyclonic) anomaly over the tropi-
cal WNP and the extratropical circulation anomalies are char-
acterized by a cyclonic (anticyclonic) anomaly over the YRB
in the lower troposphere. Associated with the midlatitude cy-
clonic (anticyclonic) anomaly, there are northeasterly (south-
westerly) anomalies to the north of the YRB.

It is found that the heavier the YRB rainfall, the more
necessary the simultaneous occurrence of the tropical WNP
anticyclonic anomaly and the midlatitude northeasterly
anomalies. In particular, the northeasterly anomalies can
enhance the YRB rainfall more efficiently than the tropical
anticyclonic anomaly, as the northeasterly anomalies can
more effectively increase the meridional gradient of ue over
the YRB.

The tropical anticyclonic anomaly shows notable intrasea-
sonal variability. It maintains biweekly and thus provides a
stable background for the enhanced rainfall over the YRB.
The evolution of the tropical anticyclonic anomaly is probably
associated with the tropical intraseasonal oscillation, which
propagates northward from the equator toward the East
Asian summer monsoon regions, as previous studies indicated
(e.g., Mao et al. 2010; Yang et al. 2010; Li et al. 2018).

By contrast, the midlatitude northeasterly anomalies are
dominated by synoptic variability. However, we can find sig-
nificant preceding signals for these northeasterly anomalies
about one week in advance. These preceding signals manifest
as the downward propagation of two wave trains in the upper

FIG. 12. Scatter diagram of the standardized MVI and HVI.
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troposphere: a midlatitude one and a high-latitude one. The
midlatitude wave train originates around the Mediterranean
Sea and propagates eastward along the Asian westerly jet
with a wavelength of about 608. The other one propagates
over the high-latitude Eurasian continent, from Europe
eastward to Lake Baikal and then southeastward to East
Asia, also with a wavelength of about 608. These two wave trains

tend to be independent of each other but both contribute to
an anticyclonic anomaly over east of Inner Mongolia in the
lower troposphere, favoring the development of the north-
easterly anomalies to the north of the YRB. In addition, the
high-latitude wave train also results in a cyclonic anomaly
over the YRB in the lower troposphere, which also contributes
to the northeasterly anomalies to the north of the YRB.

FIG. 13. Composite evolutions of the 200-hPa horizontal wind (vectors; m s21) and meridional wind (shading; m s21)
anomalies from days 23 to 14 associated with the MVI events. Shading significant at the 95% confidence level is
stippled as green and vectors are shown only when they are significant in at least one direction. The green contours
represent the climatological zonal wind greater than 20.0 m s21 in summer.
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It has been well known that the tropical WNP anticyclonic
anomaly plays a key role in inducing heavy rainfall over the
YRB. The results in this study indicate that compared to the
tropical WNP anticyclonic anomaly, the midlatitude north-
easterly anomalies can more efficiently enhance the YRB
rainfall. Moreover, the heavier the YRB rainfall, the more re-
quirement for the cooperation of the tropical and extratropi-
cal circulation anomalies. Therefore, to improve the forecast
of heavy rainfall over the YRB, the circulation anomalies
in the extratropics should be fully considered. Interestingly,

there are significant precursor signals for these northeast-
erly anomalies, which provide a possibility for the forecast
of extratropical anomalies. In addition, it seems that the
northeasterly anomalies and the tropical WNP anticyclonic
anomaly are negatively connected. The interaction between
these tropical and extratropical circulation anomalies is
an interesting topic for future study. Finally, it is necessary
to investigate whether the tropical and extratropical cir-
culation anomalies can be projected by climate models,
which would be crucial for reliable projection of changes in

FIG. 14. As in Fig. 13, but for the HVI events.
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rainfall, particularly extreme rainfall, over the YRB in the
future.
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