ORIGINAL RESEARCH
published: 10 August 2021
doi: 10.3389/feart.2021.700878

1' frontiers
in Earth Science

OPEN ACCESS

Edited by:
Diandong Ren,
Curtin University, Australia

Reviewed by:

Chujie Gao,

Hohai University, China

Danqing Huang,

Nanjing Normal University, China

*Correspondence:
Qian Huang
huangg@nuist.edu.cn

Specialty section:

This article was submitted to
Interdisciplinary Climate Studies,
a section of the journal
Frontiers in Earth Science

Received: 27 April 2021
Accepted: 22 July 2021
Published: 10 August 2021

Citation:
Xia Y, Huang Q, Yao S and Sun T

®

Check for
updates

Multiscale Causes of Persistent Heavy
Rainfall in the Meiyu Period over the
Middle and Lower Reaches of the
Yangtze River

Yicong Xia, Qian Huang*, Suxiang Yao and Tianle Sun

Key Laboratory of Meteorological Disaster of Ministry of Education/Joint International Research Laboratory of Climate and
Environment Change/Collaborative Innovation Center on Forecast and Evaluation of Meteorological Disasters, Nanjing University
of Information Science and Technology, Nanjing, China

Based on observation data supplied by the Chinese Meteorological Administration (CMA)
and reanalysis datasets provided by the ECMWF, the multiscale causes of persistent heavy
rainfall events (PHREs) that occurred from 1979 to 2018 during Meiyu periods over the
middle and lower reaches of the Yangtze River (MLYR) are investigated. During Meiyu
periods, precipitation shows obvious interannual variabilities. In PHRE vyears, the
contribution rate of persistent heavy rainfall to the total precipitation is approximately
57%. Precipitation also shows significant synoptic-scale (less than 10days)
characteristics. Through the quantitative diagnosis of interactions among background-
scale (greater than 30days), quasi-biweekly-scale (10-30-days), and synoptic-scale
variables, the possible causes of PHREs are explored. The results reveal that the
difference in precipitation intensity between PHRE years and non-PHRE vyears is
determined by the background water vapor, background wind and synoptic-scale wind
conditions. In PHRE years, the prevailing background southwesterly winds from lower
latitudes provide more background water vapor, and more mean kinetic energy is converted
to perturbation energy. Moreover, the active synoptic-scale oscillations from higher latitudes
and the convergence of Rossby wave disturbance energy over the MLYR could also cause
the occurrence and maintenance of PHREs during Meiyu periods. The multiscale causes
and corresponding circulation patterns in 2020 PHREs are similar to PHREs years.

Keywords: middle and lower reaches of the yangtze river (MLYR), meiyu precipitation, multiscale diagnosis,
persistent heavy rainfall events (PHREs), wave activity fluxes

INTRODUCTION

Persistent heavy rainfall events (PHREs) and the subsequent associated disasters tend to
cause catastrophic losses of property, agriculture and human lives. Several extensive flooding
events have been attributed to PHREs in the history of China, such as the floods that occurred
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in the Yangtze River basin in 1991, 1998, and 2016 (Zhu et al., 2003; Mao and Wu 2006; Shao
et al., 2018); these floods were concentrated in the middle and lower reaches of the Yangtze
River (MLYR) during the typical Meiyu periods (defined by the CMA). PHREs pose a
daunting challenge to flood forecasting due to their suddenness, frequency, and
destructiveness. Therefore, to ensure disaster prevention and mitigation strategies, there
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is an urgent need to explore the causes of PHREs and
improve the prediction capability for PHREs (Chen et al,,
2017; Ding et al., 2020).

Meiyu is a result of interactions between the East Asian
summer monsoon system and the Eurasian mid-high-latitude
circulation (Ding, 2007; Zhang et al., 2018). The summer
atmospheric circulation anomaly plays a critical role in the
distribution and intensity of Meiyu (Yin et al, 2014).
Persistent heavy rainfalls are more likely to occur when
synoptic-scale and mesoscale systems recur in the same region
or move along the same path under a stable circulation pattern
(Ding, 1994). Additionally, rainfall forms more frequently when
the Northwest Pacific Subtropical high, the South China Sea
(SCS) monsoon surge, mid-high-latitude cold air and the Tibetan
Plateau mesoscale convective system are in active phases at the
same time (Zhang et al., 2002; Chen and Zhai, 2014a, b; Li et al,,
2019). Furthermore, the sequential warm and cold Meiyu fronts
regulated by the North Atlantic Oscillation (NAO) may also lead
to extreme PHREs (Wang et al., 2018; Liu et al., 2020).

The intensity and extent of the water vapor transported by the
East Asian monsoon also play an essential role in regulating
PHREs (Zhang, 2001; Xue et al., 2003; Yuan et al,, 2017). Some
studies Tao and Chen (1987), Ding (1994), Simmonds et al.
(1997), Jiang et al. (2008) have revealed that water vapor
transportation over China in summer is dominant in the
meridional direction and originates from the SCS. Based on
this, further studies have shown that, during a PHRE, water
vapor transport is controlled by the Somali cross-equatorial jet, by
the cross-equatorial flow near the Bay of Bengal and the
Indonesian archipelago, and by the Northwest Pacific
Subtropical high (Chow et al., 2008; Sun et al., 2016).

It has been documented extensively in the literature that the
precipitation that occurs during Meiyu periods over the MLYR is
also modulated by low-frequency circulation oscillations, which
have significant intraseasonal oscillation (ISO) characteristics
(Lau and Li, 1984; Yang and Li, 2003; Ding and Wang, 2008;
Mao et al., 2010; Yang et al., 2010; Yao et al., 2012). The low-
frequency variations and propagation of circulation systems at
mid-high latitudes as well as at low latitudes impact the low-
frequency variations in PHREs Mao and Wu (2006), Chen et al.
(2015), while higher-frequency disturbances are also closely
related to regional rainfall (Huang et al, 2016; Yao and
Huang, 2016). Synoptic-scale wave trains spreading southeast
from high latitudes can prevent summer monsoon from
advancing northward and thus serve to maintain the rainband
(Wang et al., 2021). At low latitudes, synoptic-scale perturbations
can also influence the intensity of precipitation by modulating the
development of tropical circulation systems (Reed and Recker,
1971; Zong and Wu, 2015).

Summer precipitation in the MLYR, as represented by Meiyu,
is a multiscale phenomenon with complex multiscale interactions
(Weng et al., 2008; Ding et al., 2020). Recent studies have focused
on the effects of East Asian summer monsoon systems on Meiyu
at a single spatial or temporal scale, such as intraseasonal
oscillations (Yang, 2009; Li et al., 2015; Yan et al., 2019). In
contrast, few studies have been conducted to address the
influencing mechanisms of multiscale interactions. To better
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FIGURE 1 | Distribution of CMA stations over the MLYR.

understand the mechanism of PHREs, this study quantitatively
explores the interactions among background-scale, quasi-
biweekly-scale, and synoptic-scale conditions and their
relationships with extreme precipitation through the diagnosis
of water vapor and energy sources with the hope that the result
will be helpful for precipitation predictions during Meiyu periods.

DATA AND METHODS

Data

We used the ERA5 (resolution: 0.25 x 0.25°) and ERA-interim
(resolution: 1 x 1) daily reanalysis datasets Dee et al. (2011)
provided by the European Centre for Medium-Range Weather
Forecasts (ECMWF). Among them, the ERA5 high-resolution
data were used for quantitative diagnosis of the whole layer water
vapor flux convergence in the MLYR, and the latter were used for
the analysis of the circulation patterns, etc. These datasets include
sea-level pressure (SLP), geopotential height, wind, and specific
humidity data. Daily precipitation data from 2,474 stations
administered by the CMA were also utilized (available online
at http://data.cma.cn/). The domain of MLYR is defined as
28°-32.5°N, 110°-122°E, which includes 157 CMA stations and
is shown in Figure 1. The period of each dataset covers 40 years
(1979-2018), from June to July. Additionally, the basic
monitoring data of the Meiyu (including the onset/retreat
date, intensity, and precipitation) were obtained from the
National Climate Center of China.

For the analysis of PHREs in 2020 Meiyu period, the CMA
daily precipitation data was used to select PHREs; ERA5
(resolution: 0.25 x 0.25) datasets were used for calculating the
precipitation rate; since ERA-interim data stopped updating on
August 31,2019, we used ERA5 (resolution: 1 x 1) data to explore
the corresponding atmospheric activities.

Definition of PHREs During the Meiyu

Period

PHRE indicators are mostly defined by the magnitude of
precipitation observed by a single observation station or by the
total precipitation intensity measured in the region (Bao, 2007;
Chen and Zhai, 2013; Ren et al., 2013). Since the maintenance and
movement of a synoptic system have important impacts on the
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rainfall process, the rainband coincidence degree (Cgp) is
considered in the definition standard (Wang et al., 2014; Sun
et al., 2018). Considering both the precipitation intensity and
rainband movement, the following definition criteria are used in
this paper.

1) During a Meiyu period, the number of stations where the daily
precipitation is greater than 50 mm should account for more
than 4% of the number of effective stations. Moreover, these
stations should be adjacent (the distance between each station
should be less than 350 km).

2) The regional average daily precipitation should reach the sum
of the climatic mean and half a standard deviation, which is
greater than or equal to 8.89 mm.

3) Among the stations with daily precipitation amounts
>50 mm, at least one station should have had >50 mm of
precipitation on the previous day; otherwise, the overlap
(Crp) of the heavy-rain areas in the adjacent 2 days
should exceed 20%. The Crp is defined in this paper as
follows:

CRB:NIZ/min(NbNZ) (1)

where Ny, represents the number of stations where the
precipitation amounts of both the first and second day are
larger than 11.91 mm (the sum of the climatic mean and a
standard deviation); N; represents the number of stations that
satisfy this condition on the first day; and N, represents the
number of stations that satisfy this condition on the second day.
If all three conditions mentioned above are met for two or
more days after the target day, the whole process is considered
a PHRE.

Multiscale Diagnostic Method of
Precipitation

To reveal the multiscale interactions, some variables were
decomposed into three terms as follows (Hsu and Li, 2011;
Yao et al.,, 2019):

X=X+X+X" (2)

where X is the background condition with a time scale greater
than 30 days. A Lanczos low-frequency filter was employed to
produce X. X’ represents the perturbations on the 10-30-days
time scale; this value is the result of the 10-30-days
Butterworth bandpass filter. X' represents synoptic
disturbances with a time scale less than 10 days and was
extracted by applying the Lanczos high-frequency (<10 days)
filter.

The water vapor flux convergence of the whole layer
approximately equals the precipitation rate, which can be
written as follows:

1 IJ3OOV Vd 3)
= Epo - (qV)dp

whereI is the precipitation rate, g is the gravitational
acceleration, p, is the surface pressure, q is the specific

1 300 . 1
- —J v. (qV)dp+§J
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humidity, and V is the horizontal wind. Subsequently, the
precipitation rate is decomposed into nine items, and the
contribution of each item to the precipitation can be
calculated quantitatively.
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Barotropic Energy Conversion

Based on Kosaka and Nakamura’s work (2006), the energy
conversion between the background and synoptic circulations
is calculated as follows:

K vi*+uw® (ou ov\ | (0u i 5)
= | | UV | —+—

2 ox Oy Jdy oOx
where % and ¥ indicate the zonal and meridional components of
the horizontal mean flow, respectively. In this study, we define the
mean flow as the 40-years (1979-2018) climatological mean

during the Meiyu periods, while #"and v" indicate synoptic-
scale disturbance (<10 days).

Wave Activity Flux

We calculated the wave activity flux (WAF) to depict the wave
activity pattern (Takaya and Nakamura, 2001; Miao et al., 2019)
using the following formula:

W:pcosq)
21Ul

acos’g [\ oA Von a’cosg| 0L O¢ Wa/\a<p

1 U [a_v/a_v/_ a_W]+Z[<al>_ a_W]
a2

L
a*cosg| 0L 0p " 0A0g o0 v 0¢?

fo [ U [ovoy oy ] Vioydy oy

N? |acosp| O 0z ' 0Adz| a|d¢ 0z ' 0¢oz

(6)

where ' is the perturbed stream function on the synoptic
scale, U is the horizontal mean flow with U and V as the zonal
and meridional components, respectively, f; is the Coriolis
parameter, and N2 represents the static stability parameter and
is defined by N? = —a(0ln6/0p). The term 0 represents the
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FIGURE 2| (A) Power spectrum analysis of precipitation from June to July of 1979-2018 (units: W2 m~
blue (green) dashed line indicates values above the 95% (5%) confidence level (B) Variance contributions of precipitation components at different time scales to
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potential temperature, and « denotes the specific volume.
The WAF vector is parallel to the group velocity of the
Rossby wave in the WKB (Wentzel-Kramers-Brillouin)
approximation. When the WAF vectors converge, the wave
energy accumulates, and this condition is conducive to
enhancing the disturbance; the wave energy disperses when
the WAF vectors diverge.

RESULTS

Climatic Characteristics of PHREs

The power spectrum of the 3-days running-mean daily
precipitation data (Figure 2A) was analyzed to obtain the
dominant precipitation periods during the Meiyu periods over
the MLYR. The results show that the precipitation during these
periods has remarkably high-frequency oscillations with periods
of 3-10days, while the second-most significant periods is
10-30 days. By calculating the contributions of the rainfall
components at different scales to the precipitation anomalies,
the annual mean-variance contribution of the 3-10-days

component is 44% (Figure 2B); this value is significantly
larger than those of the quasi-biweekly (10-30-days)
component and the background component.

Based on the definition provided in Definition of PHREs
during the Meiyu Period, 37PHREs that occurred during
Meiyu periods were selected, with an average duration of
4.35 days. Climatically, the PHREs were concentrated in June-
July, with a high incidence from mid-June to mid-July
(Figure 3A). It is worth noting that the variation in total
precipitation during the Meiyu period corresponds well to the
PHREs (Figure 3B). The total precipitation tends to be higher in
years when PHREs are frequent and persistent, such as 1983,
1991, 1996, 1998, and 1999. All these years were typical flood
years in the MLYR. In addition, interannual variations in
precipitation were more evident before 2000, especially in the
1990s; this is consistent with the findings of Huang et al. (2011)
and Liang and Ding (2017). The observed increases in the total
precipitation were mainly attributed to extreme events (Zhai
et al, 1999), revealing the linkage between PHREs and
flooding. For the subsequent analysis, years with PHRE
precipitation amounts greater than 1.5 standard deviations of

Frontiers in Earth Science | www.frontiersin.org

August 2021 | Volume 9 | Article 700878


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

Xia et al.

TABLE 1 | PHRE years and non-PHRE years.

PHRE years
Non-PHRE years

Multiscale Analysis of Heavy Rainfall

1980, 1983, 1991, 1996, 1998, 1999, 2003, 2010, 2016
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FIGURE 4 | (A) The precipitation totals calculated by the vertical integral of the vapor flux convergence and observed precipitation (dashed line) (units: mm/d)
averaged over the MLYR during PHREs with durations of -15 to 15 days, for which day O represents all PHRE days (B) The nine items calculated by the vertical integral of
the vapor flux convergence during PHREs (units: mm/d) (C) the nine items calculated in PHRE years (red slant), non-PHRE years (blue dots), and the differences between
these years (solid blue bars) (units: mm/d). The horizontal axes in Figures 4B, C show the interactions between wind and specific humidity at different time scales,

the persistent heavy rainfall average are defined as PHRE years,
while years without PHREs are called non-PHRE years (Table 1).

Multiscale Analysis of Interannual
Variations in PHREs

Precipitation is the product of interactions between circulation
and water vapor. Horizontal convergence and ascending motion
are required when water vapor is transported from a source
region to the MLYR during rainfall events. In this section, the
contributions of multiscale interactions to precipitation are
quantitatively diagnosed based on the method described in
Multiscale  Diagnostic ~ Method of  Precipitation — while
considering the differences between PHRE years and non-
PHRE years.

The convergence of the whole-layer integral water vapor flux is
calculated based on Eq. 3 and then multiplied by 86,400; thus, the

convergence has the same unit as the precipitation (mm/day).
The lead-lag composite analysis provided in Figure 4A shows
that the convergence is consistent with the evolution of PHREs.
Therefore, we decompose the vapor flux convergence into nine
items according to Eq. 4. This decomposition reveals that the
background water vapor and synoptic-scale disturbances
contribute the most to PHREs (Figure 4B). Similarly, by
decomposing the Meiyu precipitation, it is determined that the
precipitation produced by background water vapor and synoptic-
scale disturbances contributes the most in terms of both PHRE
years and non-PHRE years (Figure 4C). Notably, both PHREs
and their interannual variabilities mainly depend on—V - gV and.
—-V-qV'". Hence, we consider that persistent heavy rainfall is
closely related to the background water vapor field, background
wind field and synoptic-scale wind field. Figure 5 shows the
composites of background fields and synoptic-scale fields for
PHRE:s to illustrate the impact of the aforementioned two items
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level) and background wind (vectors; units: m/s; only locally statistically significant (>95%) vectors are shown) anomalies in (A) PHRE years and in (B) non-PHRE years as
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on the precipitation. From the distributions of the background
water vapor and background wind (Figure 5A), it is found that
the MLYR is located in the area where abundant water vapor is
available. Also, the prevalent southwest background winds
conveying water vapor from the Bay of Bengal to the region,
providing a favorable environment for the occurrence of extreme
events. To explore the characteristics of the synoptic-scale field,
Figure 5B presents the distributions of the disturbance kinetic
energy and synoptic-scale wind field. It can be clearly seen that

the disturbance energy is mainly concentrated over the MLYR,
indicating vigorous synoptic-scale disturbances exists over this
region. Meanwhile, there is a pronounced synoptic-scale cyclone
above the MLYR, which is conducive to the horizontal
convergence and ascending motion of water vapor. Therefore,
the background fields and synoptic-scale fields are favorable for
enhancing the probability of PHREs occurrence.

From what has been discussed above, it seems to verify that the
background fields and synoptic-scale disturbances play an

Frontiers in Earth Science | www.frontiersin.org

August 2021 | Volume 9 | Article 700878


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

Xia et al.

Multiscale Analysis of Heavy Rainfall

the Meiyu period (units: m? s™5).

A B
60°N ERA-interim 60°N ERA-interim
50°N 50°N
”~
40°N * ’ 40°N
30°N ,(l - 30°N
’
1l 4
20°N ¢ 20°N
10°N > W ib . 10°N
110°E 130°E 150°E 90°E 110°E 130°E 150°E
C e
60°N ERA-interim
/ 3e-05
50°N 2e-05
o~ — 1e-05
40°N — 1o
-1e-05
30°N ’
- - -2e-05
g 3e-05
Sialy /’\,\
10°N : /'\ A : units: m?s
90°E 110°E 130°E 150°E

FIGURE 7 | The distributions of barotropic energy conversion at 850 hPa in (A) PHRE years (B) non-PHRE years, and (C) the differences between the two during

essential role in the PHREs in MLYR. Then, we will discuss
whether they also affect the interannual variabilities of PHREs
(showed in Figure 4C).

By applying a composite analysis, the different spatial features
of the background water vapor and background wind fields
between PHRE years and non-PHRE vyears were further
analyzed (Figure 6). In PHRE years, the southwesterly wind
anomaly of the anomalous anticyclonic activity induces ample
water vapor transport from the SCS to the MLYR (Figures 6A,
C), providing a warm and wet environment for extreme
precipitation. This suggests that the background water vapor
and circulation conditions appear to be more favorable in PHRE
years. Opposite characteristics are seen in non-PHRE years
(Figure 6B), compared to PHRE years, the most remarkable
feature is that the negative water vapor anomaly in the MLYR is
coupled with a cyclonic circulation anomaly over the western
Pacific. This indicates that the background water vapor in non-
PHRE years is insufficient to induce rainfall, also, the background
circulation hinders the water vapor transport from lower
latitudes.

Eq. 5 is used to diagnose the conversion between the mean
kinetic energy and synoptic-scale perturbation energy. A positive
(negative) CK term represents that the synoptic-scale winds gain
(loss) energy from the mean flows. Figures 7A, B show that the
CK term is positive along the MLYR in both PHRE years and
non-PHRE years, indicating that low-level mean flows convert
kinetic energy to synoptic-scale perturbation energy, thus

promoting the occurrence and development of circulation
disturbances in this region. However, the mean flows give
more kinetic energy to perturbation energy during PHRE
years (Figure 7C), therefore, the energy conversion is
comparatively vigorous in PHRE vyears, which favors the
intensification of synoptic-scale disturbances that associated
with PHREs. Thus, assuming consistent background water
vapor and circulation conditions, the increase in available
energy gained from the mean flows in PHRE years may be
prone to induce PHREs.

In the above analysis, the differences in energy conversion
were discussed; what about the differences in the propagation of
synoptic-scale disturbances? In addition to using the CK term to
describe the perturbations, we take the center of the MLYR (30°N,
115°E) as the base point and use the one-point lag correlation
method (Figure 8) to describe the propagation patterns of
synoptic-scale  disturbances. As determined from the
distributions of the correlation coefficients, the synoptic-scale
fluctuations are mainly located in the subtropical region and
migrate through North Africa and the Tibetan Plateau, before
then arriving in the MLYR region and finally moving toward the
Northwest Pacific. For PHRE years shown in Figure 8A-E, it is
worth noting that from day -2 to day 0, the positive center
gradually strengthens and moves eastward, reaching a maximum
over the MLYR, and then slowly moves into the sea. This
fluctuation widely covers the mid-latitudes, with its pattern
remaining relatively intact until +2 days, reflecting the activity
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02 02 04 06 08

from day -2 to day +2 during Meiyu periods in PHRE years (A-E) and non-
show the areas with Monte Carlo (Ebisuzaki, 1996) significances exceeding the

and durability of synoptic-scale disturbances. In non-PHRE years
(Figure 8F-]), although the wave train also obviously propagates
eastward, its pattern is unclear, and the duration of the upstream
wave is relatively short. Overall, the propagation of synoptic-scale

disturbances differs significantly between PHRE years and non-
PHRE years. The prolonged stagnation of disturbances in PHRE
years may lead to the extreme maintenance of precipitation in
the MLYR.
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Numerous studies have shown that precipitation anomalies
in the MLYR are closely related to the southeastward-
propagating mid-latitude wave train (MLWT) (Fujinami and
Yasunari, 2009; Liu et al., 2020; Ouyang and Liu, 2020). To
further illustrate the role of high-frequency wave train in the
anomalous circulation associated with PHREs, we calculated the
wave activity flux (WAF) according to the method described in
Wave Activity Flux. As shown, the dispersion modes of wave
disturbances in PHRE years and non-PHRE years are clearly
different. For PHRE years (Figure 9A), the wave disturbance
over Eurasia is in an active state, with the convergence and
dispersion centers aligned in the subtropical zone along 30°N.
Wave trains originating from the northeast and northwest
routes propagate simultaneously and convey synoptic-scale
wave energy. The energy converges over the MLYR, and this
convergence is conducive to the strengthening of synoptic-scale
disturbances (Tam and Li, 2006). However, in non-PHRE years
(Figure 9B), the wave disturbance is much weaker at mid-
latitudes, with no apparent convergence or divergence in the
upstream region. Moreover, a slight disturbance energy
divergence exists over the MLYR.

To directly describe the relationships among background
water vapor, synoptic-scale disturbances, and PHREs, the
regionally averaged background specific humidity over the
MLYR was selected to represent the water vapor conditions.
The average convergence (divergence) of the WAF denotes the
strengthening (weakening) of the synoptic-scale disturbances in
this region. Figure 10 shows composites of the variables
mentioned above in PHRE years and non-PHRE years, from
which we can observe the close relationship between the two

15
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FIGURE 10 | Precipitation (units: mm/d), background specific humidity

at 850 hPa (units: g/kg), and divergence of the WAF at 300 hPa (units:
107® m/s?) averaged over the MLYR. The yellow bars and blue bars denote
PHRE years and non-PHRE years, respectively.

variables and PHREs. Compared with non-PHRE years, water
vapor is slightly increased in PHRE years. However, the wave
disturbance energy accumulation over the MLYR in PHRE
years is significantly stronger than that in non-PHRE years,
providing favorable conditions for the occurrence and
maintenance of precipitation during Meiyu periods,
especially during PHREs.

Multiscale Analysis of 2020 PHREs

In 2020, the MLYR suffered a long-persisting Meiyu period. The
accumulated precipitation (758.7 mm) broke its record since
1961 and caused catastrophic flooding and death in China.
According to the definition in Definition of PHREs during the
Meiyu Period , during the Meiyu period of 2020, four PHREs
occurred in the MLYR (Table 2), and the accumulated
precipitation reached 385.0 mm, accounting for approximately
51% of the total precipitation in the Meiyu period. The spectral
analysis shows that the Meiyu rainfall has significant peaks at
synoptic (<10 days) scales (Figure 11A). The peaks are
significantly larger than the red-noise spectral level, suggesting
that the major rainfall events in MLYR during the Meiyu period
in 2020 are closely associated with the synoptic-scale
disturbances.

To understand the multiscale interactions of the PHREs in the
2020 Meiyu period, we also decompose the water vapor flux
convergence into nine items according to Eq. 4 (Figure 11B). The
results indicate that the -V - gV and -V - gV" items are the main
contributors of PHREs in the 2020 Meiyu period, which is
consistent with the conclusions on the climatic characteristics
of PHREs in Multiscale Analysis of Interannual Variations in
PHRE:. The spatial characteristics of the background water vapor,
background circulation and synoptic-scale disturbances in
Figure 12 confirm the diagnostic results. Moreover, compared
with the climatic features (Figure 5), the background
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TABLE 2 | Duration of 2020 PHREs in Meiyu period.

Date 12 Jun~15 Jun

Duration 4d 5d

19 Jun~23 Jun
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southwesterly flow is more prevalent and the synoptic-scale
disturbance center is enhanced in 2020 PHREs.

CONCLUSION AND DISCUSSION

The present study provides a multiscale analysis of PHREs over
the MLYR during Meiyu periods. In the observations, significant
interannual variations occurred in precipitation in the MLYR.
Persistent heavy rainfall accounted for approximately 57% of the
total precipitation during Meiyu periods.

The precipitation characteristics in PHRE years (with PHRE
precipitation greater than 1.5 standard deviations of the persistent
heavy rainfall) and non-PHRE years were further analyzed. The
results of the power spectrum analysis show that Meiyu
precipitation has significant synoptic-scale characteristics
(<10 days). The diagnostic analysis of the precipitation rate

indicates that the interannual variations in precipitation
during Meiyu periods, that is, the variability in PHREs,
depends mainly on the background water vapor and
circulation conditions as well as synoptic-scale disturbances.

In the lower troposphere, abundant background water vapor is
accompanied by prevailing background southwesterly winds,
while synoptic-scale disturbances gain available energy from
the mean flow and thus serve to enhance the circulation
anomalies. In the upper troposphere, synoptic-scale
disturbances propagate persistently eastward over the Eurasian
continent, and the wave energy converges, contributing primarily
to the anomalous circulations associated with PHREs.

Similar to the climatic characteristics, the 2020 Meiyu rainfall
also exhibits significant high-frequency (<10 days) oscillation,
and the PHREs are mainly modulated by background fields and
synoptic-scale disturbances. Moreover, their contribution to
extreme precipitation is relatively more pronounced.
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The above studies mainly determined the relationships between
PHRESs and atmospheric circulations at different time scales in the
MLYR through multiscale diagnosis methods; however, there are
still some shortcomings. For example, the durations of different
PHREs may be long or short, and, for a 3-days rainstorm and a 7-
days rainstorm, the circulation patterns may have different
dominant periods. In_the previous multiscale analysis, only two
prominent items (-V-gV and -V-gqV") were considered.
However, quasi-biweekly-scale disturbances may also be
important as can be seen in Figures 2, 4, 12. Therefore, in our
follow-up work, we will examine the longer PHREs (e.g.,
>5days) and shorter PHREs (3-5 days) separately. Also, we
will diagnose the contributions of circulation at different scales,
especially the quasi-biweekly-scale, in these two types of PHREs.
In addition, significant interdecadal differences exist in PHREs
in the MLYR, and the mechanisms behind these differences still
need further discussion.
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