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An observed fact is proposed that the 2020 record-breaking Meiyu over the
Yangtze-Huaihe River Basin (YHRB) is characteristic of significant subseasonal
variation. The anomalously enhanced rainfall experiences a southward retreat from the
northern YHRB in June to the southern YHRB in July. The meridional shift of abnormal
rainbelt is closely related to the different anomalous Meiyu front circulations. The first stage
features a warm Meiyu front with an extremely strong northward transport of warm-and-
wet air, whereas a cold front forms with a convergence between the strong northeasterlies
and southwesterlies in July. Another significant subseasonal variation of the 2020 Meiyu is
that the Meiyu rainfall evolves in a periodic quasi-biweekly oscillation (QBWO). On the scale
of the QBWO, the cold air activities over East Asia contribute significantly to Meiyu; each
intense southward invasion of cold air corresponds well to the enhancement of Meiyu
rainfall. However, the location of the western Pacific subtropical high, the subtropical East
Asia summer monsoon (SEASM), and the intensity of the East Asia subtropical westerly jet
exhibit opposite QBWO characteristics in June and July. For an increasing (decreasing) of
Meiyu rainfall, the western Pacific subtropical high marches northward (retreats
southward), the subtropical East Asia summer monsoon weakens (strengthens), and
the East Asia subtropical westerly jet accelerates (decelerates) in June. The opposite holds
true in July. Further analyses reveal that the filtered cyclone over Northeast China benefiting
the southward intrusion of cold air is associated with the eastward propagation of a wave
train over the mid-high latitudes in June, whereas it arises from both the westward
propagation of a wave train over the mid-high latitudes and the northward propagation of
cyclonic circulation from the tropics in July.

Keywords: 2020 long-persisting meiyu, subseasonal variation, quasi-biweekly oscillation, East Asia summer
monsoon systems, wave trains over the mid-high latitudes
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INTRODUCTION

Severe rainstorms and devastating floods severely hit southern Japan
and the Yangtze-Huaihe River Basins (YHRB) in China in the early
summer of 2020. The rainy period is the well-known Meiyu in China
(also called Baiu in Japan and Changma in Korea), a typical episode
in the progression of East Asia summer monsoon (EASM) (Tao and
Chen, 1987; Yihui and Chan, 2005). Climatologically, Meiyu starts in
mid-June and ends in mid-July. However, by the monitoring of
China National Climate Center, 2020 Meiyu persists from June 1 to
August 1 with an earlier onset and a later ending. The long duration
and the accumulated Meiyu precipitation around the Yangtze River
Basins both broke the record since 1961 (Gan, 2020; Ding et al,
2021). The anomalously enhanced Meiyu precipitation causes great
losses of life and property.

In each summer, the date when Meiyu begins/ends and the
Meiyu precipitation amount are the most important issue
concerned by meteorological, hydrological, and other services
in such regions affected by Meiyu as China, Japan, and Korea. The
mechanism and prediction of Meiyu have always been the hot
topic (Ninomiya, 1984; Chen and Yu, 1988; Kodama, 1992;
Webster et al., 1998; Huaqiang and Yongfu, 1999; Yihui and
Chan, 2005; Huang et al., 2011; Yim et al,, 2015; Li et al., 2019;
Ding et al., 2020).

The onset/ending time, evolution, rainfall amount, and extreme
weather events during the Meiyu season are all intimately related to
the circulation components of the EASM regime. Generally, the
Meiyu rainbelt is anchored over the region of the zonally elongated
quasi-stationary Meiyu front. The front is formed by the interaction
between the warm-and-wet air masses from the tropics and the cold-
and-dry air masses from the mid-high latitudes. To the south of the
Meiyu front, southwesterly winds along the northwestern flank of
the western Pacific subtropical high (WPSH) supply abundant
warm-and-wet air to the Meiyu regions. The northerly winds in
the western part of low troughs or in the eastern high ridges over the
mid-high latitudes at the middle and lower tropospheres reinforce
cold-and-dry air masses intruding into the north of Meiyu front. The
persistent confrontation of warm and cold air contributes to the
quasi-stationary rain belt (Ninomiya, 1984; Ding, 1992; Ninomiya,
2000; Ding, 2007). Variations of location and intensity of any
circulation component of the EASM system could exert influence
directly on Meiyu rainfall. For example, the northward shift of the
East Asia subtropical westerly jet (EASW]J) to the north of the South
Asian High in the upper troposphere and the poleward jump of the
ridge line of the WPSH in a zonal shape would modulate the onset
and ending time of Meiyu season (Tao and Chen, 1987; Yimin and
Guoxiong, 2004; Zhang and Guo, 2005; Zhang et al., 2006; Xuan
etal,2011; Liuetal,, 2019). The EASW] anchors the Meiyu rainband
by steering transient eddies and creating convective instability and
adiabatic updrafts (Sampe and Xie, 2010; Chowdary et al., 2019;
Chowdary et al, 2021). Zhou and Yu (2005) found that
southwestward extension of the WPSH and southward shift of
the EASW] over East Asia are favorable for enhanced rainfall
over the middle and lower reaches of the Yangtze River, whereas
the northwestward extension of WPSH and an eastward shift of the
EASWTJ contribute to anomalous water vapor transports to the
Huaihe River valley. In addition to warm and moist air affected
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by circulation in the tropics and subtropics, cold air intrusion
associated with the mid-high latitude systems plays an equally
important role in Meiyu rainfall (Lau et al, 2000; Ding et al,
2020). He et al. (2007) proposed that the frequent activity of the
Northeast Cold Vortex, a crucial circulation system over Northeast
Asia, is advantageous to more Meiyu rainfall.

The forecast of Meiyu and the associated rainstorms remains
challenging, as Meiyu precipitation is characterized by multi-time
scale variabilities. Significant differences exist in the influencing
factors and the physical mechanisms of Meiyu’s interdecadal,
interannual, and subseasonal variations (Ding et al., 2020). On
the interannual timescales, external forcings such as El
Niflo-Southern Oscillation over the Pacific Ocean (Wang et al.,
2009; Kosaka et al., 2011; Zhu et al., 2013), sea surface temperature
(SST) anomalies over the Indian Ocean (IO) (Xie et al., 2009; Wang
etal, 2013; Xie et al., 2016; Takaya et al., 2020), Kuroshio SST front
over the East China Sea (Xu et al,, 2018), and snow cover of the
Tibetan Plateau (Ge et al., 2014; Liu et al., 2014) have been verified
to exert important impacts on Meiyu rainfall through air-sea
coupling or atmospheric teleconnections. The Madden-Julian
Oscillation (Li et al, 2018), the intraseasonal oscillation of
EASM (Chen et al., 2015; Li et al,, 2015; Song et al., 2016), and
the summer North Atlantic Oscillation (NAO) (Bollasina and
Messori, 2018; Liu et al., 2020) are viewed as crucial factors that
modulate the subseasonal variation of Meiyu rainfall.

Considering the significant extremity, 2020 Meiyu is termed as a
super Meiyu. The characteristics and the mechanisms of 2020 super
Meiyu have been extensively examined (Li et al., 2020; Liu and Ding,
2020; Takaya et al., 2020; Ding et al., 2021; Guo et al,, 2021; Niu et al.,
2021; Pan et al., 2021; Zhou et al., 2021). Quite a few studies attribute
the excessive rainfall over YHRB to an enlarged WPSH caused by
the persistent warming over the tropical 10 (Takaya et al., 2020;
Ding et al., 2021; Niu et al,, 2021; Pan et al., 2021), as well as a La
Nifia-like SST anomaly forcing in the equatorial Pacific (Pan et al.,
2021). However, few details in the subseasonal variability of the
2020 Meiyu have been reported. As a matter of fact, a number of
studies based on historical data showed that Meiyu is characterized
by low-frequency oscillations with periods of 30-60 and
10-20 days [quasi-biweekly oscillation (QBWO)] (Lau and Li
1984; Liang and Ding, 2012; Ding et al, 2020). Therefore, this
study focuses on the characteristics of the subseasonal variation in
2020 Meiyu rainfall.

The rest of this paper is organized as follows. The data and
methods are introduced in Data and Method. The Results and
Analysis describes the characteristics and cause of the meridional
migration of the 2020 abnormal Meiyu rainbelt from June to July
and reveals a QBWO feature of daily Meiyu rainfall intensity and
the corresponding atmospheric circulation characteristics. The
Conclusions and Discussions contain some concluding remarks
and a discussion of the results.

DATA AND METHODS

Data
To identify the characteristics of Meiyu rainfall over YHRB in
2020, we used the daily rainfall data at 2,417 meteorological

Frontiers in Earth Science | www.frontiersin.org

January 2022 | Volume 9 | Article 799104


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

Chen et al. The Subseasonal Variation of 2020 Meiyu Rainfall in China

ies 2>
1

standard anomalies
-

~

<

1960 1970 1980 1990 2000 2010 2020
Time/year

40 - [ ity

@ 3-day moving average

w
=)

Precipitation (mm)
3
=]

10
0
Junl0 Jun20 Jun30 Jull0 Jul20 Jul30
2020 2020 2020 2020 2020 2020
Time/day

FIGURE 1 | (A) Interannual variations of standardized anomalies of total precipitation of June-July averaged at 277 observation stations over Meiyu monitoring area
in China from 1961 to 2020. Value in 2020 is labeled. (B) Daily (bars) and 3-day moving mean (curve) precipitation averaged at 277 observation stations over Meiyu
monitoring area in China from June 1, 2020, to July 31, 2020.
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FIGURE 2 | Accumulated precipitation (shaded in A=C, unit: mm) and anomaly percentage of precipitation (shaded in D-E, unit: %) in June—July (A,D), June (B,E),
and July (C,F) in 2020 over 2,417 stations of China. Contours in A=C are climatological mean precipitation of more than 200 mm with intervals of 200 mm. Climatology of

precipitation is calculated from 1981 to 2010.

stations from 1961 to 2020 provided by the National  observation stations over YHRB according to China National
Meteorological  Information Center in China. The  standard GB/T 33671-2017. The daily circulation data at 02:00,
representative stations for monitoring Meiyu are 277  08:00, 14:00, and 20:00 Beijing local time in 2020 with a
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FIGURE 3| (A) Composites of original values (contours, unit: dagpm) and anomalies (shaded, unit: dagpm) of 500-hPa geopotential heights averaged from June 1

to June 30, 2020. Purple solid and dashed lines are 2020 and climatological 588-dagpm contour of 500-hPa geopotential heights, respectively. (B) Composite
anomalies of 200-hPa geopotential heights (shaded, unit: dagpm) averaged from June 1 to June 30, 2020. Black solid and dash lines are 2020 and climatological 30 m s™*
contour of 200-hPa zonal winds, respectively. Red solid and dash lines are 2020 and climatological 1,252-dagpm contour of 200-hPa geopotential heights,
respectively. (C) Composite anomalies of 925-hPa air temperature (shaded, unit: °C) and winds (unit: m s™ ). Only anomaly winds value exceeding 0.05 significance level is
shown by vectors. (D) Vertical section of composite anomalies of meridional winds (unit: m s™) averaged over East Asia along 105°E-135°E. Crossed area in each panel
denotes anomalies exceeding 0.05 significance level.

horizontal resolution of 1° x 1° is derived from the fifth generation METHODS

of European Centre for Medium-Range Weather Forecasts

(ECMWE ERA-5) atmospheric reanalysis data (Hersbach The start and end dates of Meiyu are defined in the China
et al., 2020). national standard (GB/T 33671-2017) and released by China
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FIGURE 4 | As in Figure 3 but for composite analysis from July 1 to July 31, 2020. (A) Composites of original values (contours, unit: dagpm) and anomalies
(shaded, unit: dagpm) of 500-hPa geopotential heights averaged from June 1 to June 30, 2020. Purple solid and dashed lines are 2020 and climatological 588-dagpm
contour of 500-hPa geopotential heights, respectively. (B) Composite anomalies of 200-hPa geopotential heights (shaded, unit: dagpm) averaged from June 1 to June
30, 2020. Black solid and dash lines are 2020 and climatological 30 m s~ contour of 200-hPa zonal winds, respectively. Red solid and dash lines are 2020 and
climatological 1,252-dagpm contour of 200-hPa geopotential heights, respectively. (C) Composite anomalies of 925-hPa air temperature (shaded, unit: °C) and winds
(unit: m s°"). Only anomaly winds value exceeding 0.05 significance level is shown by vectors. (D) Vertical section of composite anomalies of meridional winds (unit: m s™')
averaged over East Asia along 105°E-135°E. Crossed area in each panel denotes anomalies exceeding 0.05 significance level.

09 12 15 1.8

National Climate Center. The 277 observation stations over
YHRB in China are representative for monitoring Meiyu
(Supplementary Figure S1). The daily Meiyu intensity is
defined as the precipitation averaged over all the
monitoring stations. The daily circulation is calculated by

averaging the values four times in a day. The climatological
mean state of each circulation variable is defined by the
arithmetic mean of 1981-2010. Anomalies of variables are
calculated as differences between the original data and the
climatic means. The local wavelet power spectrum (Torrence
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FIGURE 5 | (A) Local wavelet power spectrum of series of daily averaged precipitation from June 1, 2020, to July 31, 2020, in Figure 1B using Morlet wavelet
analysis (thick red contour encloses regions of greater than 95% confidence for a red-noise process). (B) Noise power spectrum analysis of series of daily mean
precipitation in Figure 2B (dashed red line is for red noise spectrum). Solid blue/red line is for 95/90% confidence level for spectrum. (C) as in (B) but for series of
precipitation in June 2020. (D) as in (B) but for series of precipitation in July 2020. (E) as in (B) but for series of daily 3-day moving mean averaged precipitation in
Figure 2B. (F) as in (B) but for series of daily number of rainstorm (daily rainfall > 50 mm) stations. (G) as in (B) but for series of daily number of heavy rainstorm (daily

and Compo, 1998) and the noise power spectrum analysis
(Schulz and Mudelsee, 2002) are applied to show the
significant timescale of the daily averaged Meiyu rainfall in
2020. The QBWO component of each variability is extracted
by the Lanczos bandpass filter (Trenberth, 1984), retaining
fluctuations with a period of 8-16 days.

RESULTS AND ANALYSIS

Subseasonal Variation of the Anomalous

2020 Meiyu Rainbelt

The 2020 Meiyu is labeled by a rarely long duration and record-
breaking precipitation accumulation (Figure 1). Statistically, the
total Meiyu amount reaches the extreme value with a

standardized anomaly of 3.46, well breaking the record since
1961 (Figure 1A). The super 2020 Meiyu is mainly attributed to
the frequent rainstorm processes with the severest intensity of
approximately 38 mm at per Meiyu monitoring station.
Removing the high-frequency weather signals within 3 days,
there are seven peaks of heavy rainfall processes during the
whole rainy season (Figure 1B). The Meiyu season persists in
the whole of June and July of 2020 with extensively positive
rainfall anomalies over the YHRB (Figure 2). The heaviest
accumulated Meiyu precipitation is more than 800 mm, with
the anomaly percentage exceeding 100% along the middle and
lower reaches of the Yangtze River (Figures 2A-D). A robust
subseasonal variation of the anomalous rainband is detected that
the anomalous precipitation center shifts southward from June to
July (Figures 2B, C, E, F). In the first stage, the northern edge of
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precipitation over 200 mm extends to 35°N over East China, far
exceeding the northern boundary of the climatological 200-mm
contour. The two above-normal rainbands occur along the
Huaihe and Yangtze River Basin, respectively (Figure 2E). In
the later period, although the northern edge of rainbelt maintains
over 35°N in agreement with the march of climatological rainbelt,
the total rainfall amount over the Yangtze River Basin and the
Jiang Nan Area is much heavier with anomalies exceeding the
climate mean by 200% (Figure 2F).

As a typical stage of the EASM, Meiyu precipitation is a
product of the interactions of circulation systems over the
tropical, subtropical, and mid-high latitudes (Ninomiya, 1984;
Tao and Chen, 1987; Ding, 1992; Yihui and Chan, 2005; Ding,
2007; Ding et al., 2018). The common Meiyu circulation pattern
includes the WPSH in a zonal shape with warm and moist air
transport in its northwestern flank, blocking-type circulation at

the high latitudes and a low trough at the middle latitudes tending
to carry cold and dry air. Owing to the necessity of good dynamic
lifting conditions, the Meiyu rainbelt is generally located at the
right entrance of the upper-level jet and the left exit of the lower-
level jet. The typical circulation background summarized above
applies for the 2020 Meiyu but cannot explain its extremity.
Composite circulation anomalies in June and July show the
possible cause of the extremely heavy and persistent Meiyu
rainfall (Figures 3, 4). During the whole Meiyu season, the
anomalous anticyclone over the western North Pacific
(WNPAC) induces the westward and northward expansion of
WPSH (Figures 3A, 4B). Correspondingly, the lower-level
southwesterly winds in the northwestern flank of the WNPAC
accelerate the transport of warm-and-wet air into the YHRB
(Figures 3C, 4C). As is known that the WNPAC could be
maintained by the local air-sea interaction in the western
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Pacific ocean or the “relay” role of the tropical Indian Ocean
during El Nino decaying summers (Xie et al., 2009; Xie et al,
2016). By analyzing the evolutions of SST anomaly (SSTA) over
the Indo and Pacific Ocean from 2020 January to July
(Supplementary Figure S2), it is found that the basin-wide
tropical IO warming persists from the winter to early summer
of 2020 and a quick phase transition of an El Nifo-like SSTA
pattern over the equatorial central Pacific in the winter of 2020 to
a La Nifna-like SSTA pattern in the equatorial eastern Pacific in
early summer. In agreement with Pan et al. (2021), both the warm
SST anomaly forcing in the tropical Indian Ocean and the La
Nifa-like SST anomaly in the equatorial Pacific contribute to the
formation and maintenance of the WNPAC. Additionally, the
upper-level jet maintains at the climatological position with a
much stronger intensity, favoring the persistence of 2020 Meiyu
(Figures 3B, 4B). The vertical circulation structure illustrates a
stronger baroclinicity with southerly anomalies at the lower
troposphere and northerly anomalies at the higher levels over
the subtropics, boosting the classical monsoon circulation and
promoting the above-normal ascending motion over the Meiyu
region (Figures 3D, 4D).

Despite the similarity of the atmospheric circulation
anomalies in June and July, there exist distinct differences,
which are responsible for the subseasonal variation of the
anomalous 2020 Meiyu rainbelt location (Figures 3, 4). In
June, the quasi-barotropic positive geopotential height
anomalies (GHAs) associated with anticyclonic anomalies
(ACA) and negative GHAs related to cyclonic anomalies (CA)
cover the South China Sea-western Pacific and the northern Asia
continent, respectively, presenting a meridional dipole pattern.
The positive GHAs of this dipole pattern, that is the WNPAC,
contribute to the enhancement, northward expansion, and
westward (eastward) extension of WPSH [South Asian High
(SAH)], favoring the dynamic conditions for the abundant
Meiyu rainfall over the YHRB and inducing the northward
march of the anomalous rainbelt (Figures 3A,B). Although
the quasi-barotropic negative GHAs of the dipole pattern over
Northeast Asia and West Siberia favor the anomalous cold air
accumulation in the high latitudes (Figure 3A—C), northerly
anomalies to the north of the Meiyu rainbelt are relatively weak in
June (Figures 3C,D), indicating the weak southward intrusion of
cold air to the north of Meiyu front. The enhanced Meiyu is
mainly attributed to the energetic northward warm-and-wet air
transport from the lower latitudes (Figures 3C,D). The front edge
of significantly abnormal lower-level southwesterly wind extends
northward to 34°N. The dominance of the abnormally warm air
suggests a warm Meiyu front feature.

Comparatively, in July, a meridional tripole seesaw pattern of
anomalous circulation appears with positive GHAs (ACA) over
the South China Sea-western Pacific, negative GHAs (CA) at the
middle latitudes over Asia, and positive GHAs (ACA) at the high
latitudes, resembling the Pacific-Japan pattern (Nitta, 1987) or
the East Asia—Pacific pattern (Ronghui and Yifang, 1989; Huang
and Sun, 1992) (Figure 4). Positive GHAs at the high latitudes
centered over Northeast Asia and West Siberia indicate more
active blocking highs over the mid-high latitudes. Positive GHAs
at the lower latitudes cause an intensification and a westward

The Subseasonal Variation of 2020 Meiyu Rainfall in China

(eastward) extension of the WPSH (SAH). With the obstruction
of negative GHAs over the Sea of Japan-North China and the
southward migration of the western WNPAC over the South
China Sea, the 588-dagpm contour of WPSH features a weak
northward expansion, and the ridge line of the western WPSH
obviously retreats to the south of the climatological position in
July (Figures 4A,B). This large-scale abnormal circulation is
favorable for the southward shift of the rainband in July. In
contrast to that, in June, the quasi-barotropic CA structure moves
southward and maintains to the north of the Meiyu front.
Accordingly, the anomalous northerly winds in the western
flank of the CA bring cold-and-dry air into the YHRB and
converge with the warm-and-moist air from the lower
latitudes (Figures 4C,D). In this stage, the southward
intrusion of cold air is remarkably enhanced, favoring the
formation of a cold Meiyu front.

The 2020 Meiyu begins with a rapid northward march into the
Huaihe River basin and experiences a meridional swing with the
above-normal rainbelt from the northern YHRB in June to the
southern YHRB in July. The two different structures of the Meiyu
front regime are responsible for the subseasonal variation of the
Meiyu rainband location. The enhanced Meiyu over the northern
YHRB in June is primarily due to the extremely vigorous activity
of northward warm air transporting moisture, whereas the
abnormally abundant Meiyu over the southern YHRB in July
is attributed to the significantly southward intrusion of cold air
and the intimate meeting of anomalous cold and warm.

Quasi-Biweekly Oscillation of 2020 Meiyu

Characteristics of the Quasi-Biweekly Oscillation of
2020 Meiyu

Since the 2020 Meiyu has witnessed an obvious subseasonal
variation (Figure 1B), we further investigated the subseasonal
variability of mean Meiyu intensity using the period analysis
methods. The Morlet wavelet analysis reveals that two significant
periods dominate the 2020 Meiyu rainfall processes: 2-4 and
8-16 days (Figure 5A). The former is a high-frequency oscillation
associated with synoptic transient eddies. The range of 8-16 days,
about 2 weeks, is classified as an important low-frequency
fluctuation time window on the subseasonal scale. In other
words, the QBWO is significant in 2020 Meiyu intensity. The
same results can be obtained in the noise power spectrum analysis
of the daily Meiyu precipitation (Figure 5B-D). Both period
windows of 2-4 and 8-16 days are obviously exceeding the red
noise spectrum and the 90% confidence level, except that the
range of 8-16 days in June is less than the 90% confidence level.
After filtering out the high-frequency signal by the 3-day moving
average of daily precipitation, the period of 8-16 days notably
exceeds the 95% confidence level and acts as the primary period of
Meiyu precipitation during 2020 June-July (Figure 5E).
Considering that the 2020 Meiyu is attributed to frequent
heavy rainfall processes, the period analyses were also
conducted to the daily number of a rainstorm (daily rainfall >
50 mm) and heavy rainstorm (daily rainfall > 100 mm) stations
(Figure 5F-G). The period of 2 and 4 days and approximately
2 weeks are all above the noise thresholds for the rainstorm
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events. For rainstorms, 2 and 4 days associated with the high-
frequency variation are much more evident, whereas, for the
heavy rainstorm events, the QBWO is the most significant low-
frequency component, by far exceeding the 95% confidence level.
Therefore, rainfall variabilities with 8-16 days are a crucial period
for the alarming 2020 Meiyu, especially for the severe rainstorm
events, which require more attention when producing the
medium and extended range forecast of rainfall.

The QBWO of Meiyu has been investigated by previous
studies (Lau and Li, 1984; Liang and Ding, 2012; Ding et al,,
2020). How much is the contribution of the QBWO component
to the total rainfall amount? How strong is the QBWO of 2020
Meiyu? The intensities of the QBWO of Meiyu precipitation
(QBWOI) are defined by calculating the variance of the daily
series of 8-16-day Lanczos filter value of daily total precipitation
over Meiyu monitoring regions for a specified period. For
example, the QBWOI in June-July is referred to as the
variance of the daily 8-16-day Lanczos filter precipitation
averaged over 277 observation stations from June 1 to July 31,
2020. It is found that the QBWO component can explain 22% of
the total variability of the 2020 Meiyu when calculating the
variance contribution. The past 60 years have witnessed an
obvious increasing tendency of the standardized QBWOI in
both June and July since 1961, which passes the 95%
confidence level (Figure 6A). A closer look finds a turning
point in the early 1980s for the tendency of the QBWOI in
both June and July using the Manner-Kendall test. From 1961 to
1979, the QBWOI in June-July, especially in June (Figure 6B), is
characterized by a significantly decreasing tendency. In contrast,

since 1981, the QBWOI is obviously intensified in June-July,
especially in July (Figure 6C). The QBWOI in June-July of 2020
is abnormally high with a standardized anomaly of 1.54, ranked at
the sixth place in history. Specially and interestingly, the QBWOI
in July is markedly stronger than normal with a standardized
anomaly of 3.16 and breaks the record, although the QBWOI in
June is weaker than normal. It is noted that the significant
subseasonal characteristic of QBWO is also presented in some
other extreme Meiyu rainfall events such as 1998, 1999, and 2016
(Figure 6A).

Cause of the Quasi-Biweekly Oscillation of 2020 Meiyu
The QBWO mainly modulates the daily rainfall intensity of the
super Meiyu in 2020. The QBWOI of Meiyu rainfall in July even
broke the record. How does the QBWO of the Meiyu rainfall
happen? As Meiyu rainfall is closely associated with the EASM
atmospheric circulation systems, we conducted the spectrum
analyses of specific atmospheric circulation systems, including
the position of the WPSH ridge line at 120°E, the southern
boundary of cold air over East Asia (the latitude of the 564
dagpm at 500-hPa geopotential heights averaged along
105°E-135°E), the intensity of subtropical East Asia summer
monsoon (SEASM) (the average 925-hPa meridional winds
over the region of 110°E-120°E, 25°N-35°N, defined as China
National Meteorological trade standard QX/T 394-2017), and the
intensity of EASW] (the average 200-hPa zonal winds over the
region of 120°E-160°E, 35°N-45°N). All of these EAMS
variabilities exhibit a significant QBWO as Meiyu rainfall doe
(Figure 7).
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“3,” “5,” and “7” denote different phases of four processes of QWBO component during 2020 Meiyu season).

TABLE 1 | Behaviors of some ESAMS associated with first to seventh round of precipitation processes during 2020 Meiyu.

First Second Third Fourth Fifth Sixth Seventh
WPSH ridge Valley Peak Peak Northward Valley  Southward Valley
march retreat
South boundary of cold air over East Asia Valley Valley Southward Valley Valley Valley Southward
invasion invasion
Intensity of SEASM Valley Enhancement Valley Weakening Peak  Peak Enhancement
Intensity of upper-level East Asia subtropical Peak  Enhancement Enhancement Peak Valley Weakening Weakening

westerly jet

The daily variation of the 8-16-day filtered Meiyu
precipitation underlines seven precipitation processes with
peaks occurring on June 3, 13, 21, and 28 and July 7, 18, and
28 and corresponding to the abundant Meiyu rainfall phases,
respectively (Figure 8). They are named as the first to the seventh
round of precipitation processes. The peak/valley of precipitation
is referred to as the fifth/first phase of each round. By listing the
behaviors of the EASM atmospheric circulation systems
associated with the first to the seventh round of precipitation
processes during the whole 2020 Meiyu (Table 1), it is found

unexpectedly that only the southern boundary of the cold air
activity over East Asia corresponds well to the Meiyu rainfall for
all the seven processes. When the QBWO component of Meiyu
reaches the peaks, the cold air over East Asia invades southward
at best (in five processes) or is on the march of the southward
invasion (in two processes). The correlation coefficient (CC) of
the 8-16-day Lanczos filtered Meiyu precipitation and the
latitudes of the southern boundary of cold air over East Asia
from June 1 to July 31 is -0.79. The highly negative correlation
indicates that the southward invasion of cold air over East Asia is
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well conducive to Meiyu rainfall. By contrast, the other EASM
circulation systems have a weaker relationship with the Meiyu
rainfall. Three peaks of QBWO rainfall witness the enhancement
or peaks of the SEASM with CC = 0.55 between the filtered
intensity of the SEASM and Meiyu rainfall in July while
corresponding to the weakening or valleys of SEASM in the
first, third, and fourth processes. Besides, the features of the
meridional shift of the WPSH ridge and the intensity of the
upper-level East Asia subtropical westerly jet during the peak
phases of the QBWO rainfall in June are nearly opposite to those
in July. The CCs of the QBWO component of the WPSH ridge
(the intensity of the upper-level East Asia subtropical westerly jet)
with the QBWO rainfall increase up to 0.45 (0.42) in June and
decrease down to -0.40 (-0.31) in July. It suggests that the WPSH
ridge at 120°E marches northward, and the upper-level East Asia
subtropical westerly jet intensifies when the rainfall enhances in
June, whereas the reverse applies in July.

To further clarify the QBWO of the atmospheric circulation
favorable for the super Meiyu, the composite evolution of the
EASM atmospheric circulation systems in the second to third and

the fifth to sixth rounds is presented in Figures 9-12. The
composite 8-16-day filtered circulations show almost opposite
evolution patterns in the first to fourth phase to the fifth to eighth
phase in June and July 2020, respectively (Figure 9-12). The
filtered circulation pattern at phase 5 that corresponds to the peak
phase of precipitation is contrary to that at phase 1.

In June, the increasing (decreasing) of rainfall on the 8-16-day
time scale is accompanied by a northward march (southward
retreat) of the WPSH and a southward intrusion (northward
diminishing) of the cold air over Northeast Asia (Figure 9). At the
peak phase (phase 5), a cyclonic circulation at 500 and 925 hPa
occurs over Northeast China. The 588-dagpm contour at 500 hPa
shifts northward to the Yangtze River valley, and the 564-dagpm
contour arrives at the southernmost location. The meeting of the
cold vortex and WPSH contributes to the intensification of Meiyu
precipitation. The reverse is true for valley phase 1. The cyclone
over Northeast China at phase 5 can be traced back to the cyclonic
circulation west of Lake Baikal at phase 1, which is embedded in a
wave train over the mid-high latitudes. At phase 1, the wave train
is featured with high pressure/anticyclonic winds over the Ural
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Mountains, low pressure/cyclonic winds west of Lake Baikal, high
pressure/anticyclonic winds over Northeast China, and low
pressure/cyclonic winds over the North Pacific east of Japan.
With the enhancement of rainfall, the wave train moves
southeastward. At phase 5, the wave train with the opposite
sign to phase 1 takes place at the troposphere (Figure 9).

The eastward propagating wave train might be related to the
EASW]J. Although the EASW] cores persist over the latitudes of
30-40°N, benefiting the stationary rainbelt, its intensity exhibits a
significant QBWO (Figure 10). The intensity of the EASW]
reaches the maximum with the positive filtered zonal wind
over North China-Japan at phase 5, whereas the EASWT] belt
broke with the negative filtered zonal wind over North
China-Japan at phase 1. The enhancement of the EASW] is
favorable for the ascending motion, thereby enhancing Meiyu
rainfall. On the other hand, it might contribute to the eastward
propagating of the wave train as a waveguide.

As in June, broad filtered cyclonic winds at 925 hPa
accompanied with a trough over Northeast Asia at 500 hPa
favor a southward intrusion of cold air from the mid-high

latitudes at the peak phase of Meiyu rainfall in July; the
opposite holds true for the valley phase (Figure 11). At phase
5, over the broad low pressure in Northeast Asia, two cyclone
centers are found north of Lake Baikal and over Northeast China.
The cyclone center to the north of Lake Baikal originates from the
northwestward propagation of the low pressure/cyclone over the
Aleutian Islands at phase 1 carried by a wave train at the mid-high
latitudes. The distribution of the wave train centers in July are
distinct from those in June (Figures 9, 11), and it comprises high
pressure/anticyclonic winds north of the Ural Mountains, broad
low pressure/cyclonic winds over Northeast China, and high
pressure/anticyclonic winds over the Aleutian Islands. Another
cyclone center over Northeast China might arise from the
combination of the westward propagation of the wave train
over mid-high latitudes and the northwestward propagation of
the cyclonic circulation over the Philippine Sea at phase 1. As the
cyclonic circulation over the Philippine Sea marches northward
and slightly westward, an anticyclone from the tropics gradually
takes its place, inducing the westward extension of the WPSH.
Because of the northward migration of the cyclone along the East
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Asia coast, the WPSH around 120°E retreats southward as Meiyu
rainfall increases. Remarkably different from that in June, at
phase 5, the southwest winds favorable for warm and wet air
transport over southern China are more vigorous to meet with the
northwest winds carrying cold and dry air from the north. The
two flows contribute to an obvious lower pressure over southeast
China, causing the WPSH to retreat to the southernmost
(Figure 11). The westward propagation of the wave train over
the mid-high latitudes of Eurasia is contrary to that in June, which
may be related to that of the EASW] weakened markedly from
June to July. A contrary evolution of the intensity of the EASW]
associated with Meiyu rainfall stands out in July, as shown in
Figure 12. At the peak phase of rainfall, the EASW] weakens with
the broad negative filtered zonal wind over East Asia, possibly
related to the westward propagation of the wave activities on the
scale of the QBWO.

To summarize, the evolutions of the EASM atmospheric
circulation systems on the scale of 8-16 days in June and July
both well capture the QBWO component of the 2020 Meiyu

rainfall but exhibit two different ways. In addition to the opposite
propagation of the wave train over the mid-high latitudes of
Eurasia, the WPSH ridge, SEASM, and EASW] exhibit opposite
evolution behaviors in June and July.

CONCLUSIONS AND DISCUSSIONS

The super 2020 Meiyu onsets earlier and ends later than
normal, with an extremely long duration of 62 days.
Persistent rainfall accompanied with frequent heavy
rainstorms brings a record-broking Meiyu event and causes
devastating floods over the YHRB. The Meiyu rainfall is closely
related to the anomalous EASM atmospheric circulation
systems with westward and northward WPSH, evident
expansion of the EASWJ and SAH, and the accelerated
lower-level southwesterly flows.

When closely examining the characteristics of the Meiyu
rainbelt migration, it is found that the centers of positive
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rainfall anomalies experience a southward retreat from June to
July. The above-normal rainband was located over the northern
YHRB in 2020 June and retreated southward to the southern
YHRB in July. To better understand the rainbelt migration, the
anomalous large-scale circulation patterns are illustrated in
Figure 13. In June, extremely vigorous northward warm-and-
wet air transported by the abnormal southwesterlies associated
with the WPSH motivates a warm Meiyu front, anchoring the
Meiyu rainbelt over the northern YHRB (Figure 13A). By
comparison, in July, the significant northeast wind anomalies
linked with the CA over the Sea of Japan-North China and the
ACA over Northeast Asia induce cold air to invade into the lower
latitudes and to converge with the abnormal southwesterlies in
the northwestern flank of the ACA over the western Pacific. The
intimate merging of cold and warm air is favorable for the Meiyu
front formation and the rainbelt over the southern YHRB
(Figure 13B).

During all the 2020 Meiyu season, no matter in June or July
2020, it is identified that an extremely strong WNPAC persists
and induces abundant Meiyu rainfall over the YHRB. Consistent
with Pan et al. (2021), the SSTA pattern over the Indo-Pacific
ocean with a basin-wide IO warming persisting from the winter to
early summer of 2020 and a quick phase transition of an El Nifio-
like SSTA pattern over the equatorial central Pacific in the winter
to a La Nifia-like SST pattern in the equatorial eastern Pacific in
the early summer is a great contributor to the formation and
maintenance of the WNPAC. However, the explanation for the
subseasonal southward shift of the WNPAC over the South China
Sea favorable for the meridional migration of the 2020 Meiyu
rainbelt from June to July needs to be explored in our further
studies.

Another significant subseasonal variation of the 2020 Meiyu
precipitation is that the Meiyu rainfall evolves in periodic
oscillations ~ of  approximately = 2weeks  (8-16 days).
Interestingly, the QBWO intensity of Meiyu rainfall, especially
in 2020 July, has witnessed an obvious increasing tendency since
the early 1980s. The QBWO intensity of Meiyu rainfall in 2020
July ranks first place since 1960.

Consistent with the Meiyu rainfall, the circulation systems also
exhibit a QBWO feature. Pieces of evidence show that each

southward intrusion of cold air over East Asia corresponds
well to the increase of Meiyu precipitation on the scale of
QBWO. However, other systems such as the WPSH, SEASM,
and EASWT] behave in different and even contrary ways between
June and July 2020. The results are unexpected and require more
investigation of the details. When Meiyu rainfall enhances to the
peaks, the WPSH marches northward (retreats southward), the
SEASM weakens (strengthens), and the EASW] accelerates
(decelerates) in June (July) 2020. Moreover, the filtered
cyclone over Northeast China available for the southward
intrusion of cold air from the mid-high latitudes for Meiyu
precipitation arises in different ways. In June, the cyclone is
attributed to the eastward propagation of a wave train over the
mid-high latitudes, whereas that in July is the result of the joint
effect of the westward propagation of a wave train over the mid-
high latitudes and the northward propagation of the cyclonic
circulation from the tropics. Circulations at the peak phase of
Meiyu rainfall on the scale of QBWO are summarized in
Figure 14.

This study describes the characteristics and cause of the
meridional migration of the 2020 Meiyu rainbelt from June to
July and reveals a QBWO feature of daily Meiyu rainfall amount
and the corresponding atmospheric circulation characteristics. The
external forcings driving the subseasonal variation of the abnormal
rainbelt and the QWBO variability require further investigations.
Given that the QBWO intensity of Meiyu exhibits significant
interannual and interdecadal variations, the influencing factors
(e.g., the global SSTA), the associated physical processes, and the
contribution to the prediction of Meiyu are still open questions.
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