University of
< Reading

Magnitude, scale, and dynamics of the
2020 Mei Yu rains and floods over China

Article
Published Version
Creative Commons: Attribution 4.0 (CC-BY)

Open Access

Volonte, A. ORCID: https://orcid.org/0000-0003-0278-952X,
Muetzelfeldt, M. ORCID: https://orcid.org/0000-0002-6851-
7351, Schiemann, R. ORCID: https://orcid.org/0000-0003-
3095-9856, Turner, A. ORCID: https://orcid.org/0000-0002-
0642-6876 and Klingaman, N. ORCID: https://orcid.org/0000-
0002-2927-9303 (2021) Magnitude, scale, and dynamics of the
2020 Mei Yu rains and floods over China. Advances in
Atmospheric Sciences, 38. pp. 2082-2096. ISSN 0256-1530
doi: 10.1007/s00376-021-1085-z Available at
https://centaur.reading.ac.uk/99319/

It is advisable to refer to the publisher’s version if you intend to cite from the
work. See Guidance on citing.

To link to this article DOI: http://dx.doi.org/10.1007/s00376-021-1085-z

Publisher: Springer

All outputs in CentAUR are protected by Intellectual Property Rights law,
including copyright law. Copyright and IPR is retained by the creators or other
copyright holders. Terms and conditions for use of this material are defined in
the End User Agreement.



http://centaur.reading.ac.uk/71187/10/CentAUR%20citing%20guide.pdf
http://centaur.reading.ac.uk/licence

University of
< Reading
www.reading.ac.uk/centaur

CentAUR

Central Archive at the University of Reading

Reading’s research outputs online


http://www.reading.ac.uk/centaur

ADVANCES IN ATMOSPHERIC SCIENCES, 2021

* Original Paper

Magnitude, Scale, and Dynamics of the 2020 Mei-yu Rains
and Floods over China’*

Ambrogio VOLONTE -2, Mark MUETZELFELDT'-2, Reinhard SCHIEMANN!-2,
Andrew G. TURNER!2, and Nicholas KLINGAMAN!:2

1Department of Meteorology, University of Reading, Reading, RG6 6ES, UK
2National Centre for Atmospheric Science, University of Reading, Reading, RG6 6ES, UK

(Received 26 February 2021; revised 30 June 2021; accepted 13 July 2021)

ABSTRACT

Large parts of East and South Asia were affected by heavy precipitation and flooding during early summer 2020. This
study provides both a statistical and dynamical characterization of rains and floods affecting the Yangtze River Basin
(YRB). By aggregating daily and monthly precipitation over river basins across Asia, it is shown that the YRB is one of the
areas that was particularly affected. June and July 2020 rainfall was higher than in the previous 20 years, and the YRB
experienced anomalously high rainfall across most of its sub-basins. YRB discharge also attained levels not seen since
1998/1999. An automated method detecting the daily position of the East Asian Summer Monsoon Front (EASMF) is
applied to show that the anomalously high YRB precipitation was associated with a halted northward progression of the
EASMF and prolonged mei-yu conditions over the YRB lasting more than one month. Two 5-day heavy-precipitation
episodes (12—-16 June and 4-8 July 2020) are selected from this period for dynamical characterization, including
Lagrangian trajectory analysis. Particular attention is devoted to the dynamics of the airstreams converging at the EASMF.
Both episodes display heavy precipitation and convergence of monsoonal and subtropical air masses. However, clear
differences are identified in the upper-level flow pattern, substantially affecting the balance of airmass advection towards
the EASMF. This study contextualizes heavy precipitation in Asia in summer 2020 and showcases several analysis tools
developed by the authors for the study of such events.
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Article Highlights:

* The YRB experienced its heaviest and most extreme June—July rainfall in the last 20 years.

¢ The Yangtze River discharge was the highest it has been since 1998/1999.

¢ The northward progression of the EASMF was halted, with prolonged mei-yu conditions over the YRB.

* Heavy rainfall events are associated with airmass convergence at the EASMF, controlled by the upper-level flow pattern.

1. Introduction

The rains of the East Asian Summer Monsoon (EASM)
sustain the lives and livelihoods of more than 1 billion
people in China alone. At the same time, large-scale river
flooding associated with the EASM is known to affect
China and can have dramatic consequences.

» This paper is a contribution to the special issue on Summer
2020: Record Rainfall in Asia—Mechanisms, Predictability and
Impacts.
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The YRB, for example, has experienced 18 severe
floods in the 20th century (Zong and Chen, 2000). Among
the most severe of these floods are the 1998 flood with
1 320 casualties and nearly 5 million destroyed homes and
the 1954 flood costing 33 169 lives and destroying about
4.3 million homes (Zong and Chen, 2000). The YRB has
also been affected by floods as recently as 2016, and differ-
ent areas of China outside the YRB can experience heavy pre-
cipitation and flooding in the same season as the YRB (e.g.,
Yuan et al., 2017; Lyu et al., 2018).

Different parts of Asia were affected by unusually
heavy rainfall and flooding in the early summer of 2020.
China experienced intense floods starting in June. The
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floods affected more than 35 million people, and left at least
278 dead or missing. The cost of the floods has been estim-
ated at $32 billion (Kramer and Ware, 2020). The YRB was
heavily affected and there were issues in the region with
dams breaching their design limits and having to release flood-
water (Associated Press, 2020). The Three Gorges Reser-
voir reached a record high flood season level of 164.18 m,
the highest since the dam became operational in 2012
(Hansen, 2020). Flooding was seen in Wuhan (Yu, 2020)
and in Jiangxi, Hubei, and Hunan provinces (Thomson,
2020).

As shown above, heavy rainfall and severe flooding asso-
ciated with the EASM have occurred frequently over the
past century. While anthropogenic climate change has been
shown to lead to an overall decrease of EASM rainfall over
the past 65 years, extreme heavy rainfall events have
become shorter and more intense, though these historical
trends may not be indicative of future changes (Burke and
Stott, 2017). Indeed, EASM mean precipitation and its fre-
quency and intensity are projected to increase over the 21st
century (Chen and Sun, 2013), so rainfall and flooding can
be expected to remain important hazards affecting East
Asia. Therefore, it remains necessary to study extreme
EASM events, such as the one observed in 2020, with state-
of-the-art methods and data to aid physical understanding,
model evaluation, and ultimately the development of cli-
mate services. The aim of this study is to put the 2020 sea-
son in context by: (i) quantifying the scale and magnitude of
the observed hazards and comparing to the currently
observed mean climate and variability, and (ii) by outlining
the regional atmospheric circulation and dynamical pro-
cesses at play. To this end, this study will also demonstrate
a number of analysis tools recently developed or refined by
the authors.

River basins are the natural units to determine the mag-
nitude of rainfall extremes as it is on the scale of these
basins that impacts are felt. We employ BASMATI [BAsin-
Scale Model Assessment ToolkIt; Muetzelfeldt et al.
(2021)] to quantify extreme rainfall in this study. BAS-
MATI facilitates the aggregation of gridded data over river
basins while also systematically varying the spatial scale of
the basins considered. This aids in identifying the basins
and scales at which, say, an extreme event is most impact-
ful. In the context of climate model evaluation, for which
BASMATI has been developed, evaluation at the basin
scale is a natural choice for assessing a model’s ability to
place precipitation in the correct basin, thereby testing the
fidelity of simulated interactions between the atmosphere
and the terrain.

The EASM is a multiscale phenomenon involving both
tropical and mid-latitude processes (Webster et al., 1998;
Wu et al., 2012) and there is a large body of literature focus-
ing on different aspects of EASM dynamics. These aspects
include, for example, the southerly monsoon flow at the east-
ern edge of the Asian continent between the monsoon low
over Asia and the Western North Pacific subtropical high
(WNPSH; Rodwell and Hoskins, 2001), and the mid-latit-

ude influence exerted by the subtropical westerly jet and its
position relative to and interaction with the Tibetan Plateau
(e.g., Schiemann et al., 2009; Sampe and Xie, 2010; Chi-
ang et al., 2017; Kong et al., 2017). Liu et al. (2020)
showed that the North Atlantic Oscillation (NAO) influ-
enced the 2020 mei-yu rainfall, with positive NAO causing
the mei-yu front to advance further north of the Yangtze
River in June, and negative NAO causing the front to be loc-
ated south of the Yangtze River in July. This interaction
was mediated by the subtropical westerly jet and controlled
the placement of the WNPSH. A moist southwesterly low-
level jet is also a key feature of the EASM (Ding et al.,
2021), and this has been linked to increased mesoscale con-
vective system activity, particularly near the Yangtze River
(Zhang et al., 2018; Guan et al., 2020).

Recent studies of the EASM have focused directly on
the interaction of tropical and mid-latitude air masses to
describe the seasonal progression of the monsoons over
both South and East Asia (Parker et al., 2016; Volonté et al.,
2020, 2021). For the EASM, Volonté et al. (2021) show that
this air-mass interaction is particularly pronounced during
the mei-yu stage when the EASMF rapidly advances north-
ward. We employ their framework in this study to character-
ize the 2020 mei-yu season by using an automated method
to identify the EASMF and by calculating back trajectories
of tropical and mid-latitude air masses converging in the
EASMF.

The structure of this paper is as follows: Section 2 intro-
duces the datasets and statistical and dynamical methods
used. The results are presented in the following two sec-
tions; Section 3 details where, when, and how strongly
heavy rains and flooding occurred, with a focus on the YRB
and its sub-basins, and section 4 is a dynamical characteriza-
tion of the 2020 mei-yu rainfall. The paper is concluded in
section 5.

2. Data and Methods

2.1. GPM IMERG precipitation

The Global Precipitation Measurement (GPM) Integ-
rated Multi-satellitE Retrievals for GPM (IMERG) Version
6 dataset is used for observations of precipitation (Huffman
et al., 2020). This is a multi-satellite product that combines
data from different microwave and infrared satellites, with
the GPM observatory satellite currently providing core pass-
ive microwave data used to calibrate the other microwave
satellites. Infrared data is used to “morph” the estimated pre-
cipitation field where satellite microwave data are sparse.
Here, we use the Final product, which is recommended for
research use. It includes a monthly adjustment to monthly
mean gauge data, which is the main difference between this
and the Late product. The Final product has been shown to
perform better over China than the Late product when compar-
ing to gauge observations using a previous version (Ver-
sion 4.4) of IMERG (Wang et al., 2017), however over the
Sichuan Basin it has been shown to perform similarly to the
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Late product (Tang et al., 2020).

2.2. ERAS5 data

We use the ERAS reanalysis (Hersbach et al., 2020).
The data used consist of 6-hourly atmospheric fields on a
0.25°-horizontal grid and 22 vertical levels between 1000
and 200 hPa for June and July 2020. Quality-assured
monthly ERAS updates are published within 3 months of
real time, making this dataset suitable for the analysis of sum-
mer 2020. Compared to its predecessor, ERA-Interim,
ERAS has a more advanced assimilation system and
includes more sources of data. ERAS has also a finer resolu-
tion, which is an advantage in resolving the smaller-scale
EASMF dynamics that are crucial in the heavy precipita-
tion events considered in this study. We also use the precipita-
tion from ERAS to provide a longer time series for the mean
monthly precipitation than IMERG provides, although we
do not use ERAS5 precipitation to examine extremes because
it underestimates them (Jiang et al., 2021).

2.3. GIloFAS-ERAS

The GIoFAS-ERAS reanalysis product (Harrigan et al.,
2020) is used to provide an estimate of the discharge from
the Yangtze River. This is a global dataset at 0.1° resolu-
tion that consists of a hydrological model driven by ERAS
reanalysis. We use river flow from the grid cell at the mouth
of the Yangtze as an estimate of its discharge. Miiller et al.
(2021) report inhomogeneities in global GIoFAS-ERAS dis-
charge with larger values before about 2000. The extent to
which this affects the YRB is unknown, yet no obvious
trends are visible for the period 1998-2020 examined
herein.

24. BASMATI

We average the precipitation over spatial areas defined
by river basins using the BAsin- Scale Model Assessment
Toolklt (BASMATTI), which is fully described in Muet-
zelfeldt et al. (2021). BASMATI uses the HydroBASINS
catchment basin dataset (Lehner, 2014), which is derived
from a high-resolution digital elevation model (Lehner and
Grill, 2013). BASMATI makes it easy to select basins in a
given size interval, and provides tools for averaging over dif-
ferent-sized basins. Return times of basin-mean precipita-
tion are estimated as described in Schiemann et al. (2018).

2.5. Front detection algorithm

The algorithm used to detect the EASMF in this study
is presented in detail in Volonté et al. (2021), where it is
applied to the ERAS 1979-2018 climatology of the EASM
seasonal progression. The meridional gradient of equival-
ent potential temperature (6, hereafter) at 850 hPa character-
izes the EASMF during its seasonal progression, as evident
also in section 4 of this paper. For this reason, it is chosen
as the frontal indicator in the algorithm. Daily frontal latit-
udes are provided by the algorithm for each longitude point
between 105°E and 145°E. These values are then time-aver-
aged over dekads (10-day periods) for the events of interest.

2.6. Lagrangian trajectories

Lagrangian trajectories are particularly useful in the
study of airmass evolution. This work takes advantage of
the techniques applied in Volonté et al. (2021), based on the
LAGRANTO Lagrangian analysis tool (Wernli and Davies,
1997; Sprenger and Wernli, 2015). LAGRANTO uses a
three-time iterative forward Euler scheme with an iteration
step equal to 1/12 of the time spacing of the input data, i.e.,
30 minutes for the 6-hourly ERAS data used here. Back-
ward trajectories are computed by using the instantaneous
three-dimensional wind field to calculate the positions of
the selected air parcels. Local values of the relevant phys-
ical quantities are then interpolated onto those trajectories.

2.7. Measures of moisture content and transport

Regions with high values of moisture transport and con-
tent are identified in this study, following Volonté et al.
(2021), by using integrated vapor transport (IVT) and integ-
rated water vapor (IWV), respectively. IVT is defined as:

1 (500hPa
IVT = '——f qup| ,
8J 1000 hPa

where g is the gravitational acceleration, ¢ is specific humid-
ity, V is the total horizontal wind vector and p is pressure.
The vertical integration is performed using all 16 output
levels between 500 and 1000 hPa available in ERAS. In the

500 hPa
same way, IWV is defined as: IVW = —— f q dp.
8 J 1000 hpa

3. Magnitude and scale of the event

In order to put the YRB heavy rainfall events of June
and July 2020 into regional and historical context, we
present a statistical analysis of the precipitation over Asia
(section 3.1) and of the historical record of total June—July
YRB precipitation over the last 21 years (section 3.2). We
include the historical record of Yangtze River discharge to
provide a hydrological perspective. As motivated above, we
average the precipitation over catchment basins, including
the sub-basins of the YRB in section 3.3.

3.1. Asia-wide precipitation

Figure 1 shows the Asia-wide land precipitation anom-
aly in June and July 2020 as applied to river basins between
20 000-200 000 km?2 in area using BASMATI (Section
2.4). It is clear that in both June and July the YRB experi-
enced anomalously high rainfall compared to its climato-
logy, and that it was the largest area which had a substan-
tial wet anomaly for both months in Asia. The other area
that showed a substantial wet anomaly in both months was
south of the Himalayas in Bangladesh and West Bengal.
This corresponds to reports of flooding in Bangladesh
(Kaamil, 2020; Sengupta and Manik, 2020). Northeast
China shows a strong wet anomaly in June that covers a
large area but had less rainfall than normal in July. Note
that the mean rainfall is less in this region than over the
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YRB, and thus the percentage change here would be bigger.
South India has a slight wet anomaly in July, but was close
to its climatology in June. The Tibetan Plateau has a slight
wet anomaly in July; indeed, some of the affected region
lies in the YRB and so would have contributed to the down-
stream flooding.

Other regions show a strong dry anomaly. The north of
India, particularly in July, shows a pronounced dry anom-
aly over a large area. The Indochina peninsula experienced
far less rainfall than normal over both months. In coastal
southeast China there was a dry anomaly in July.

Yuan et al. (2017) analyzed the China-wide precipita-
tion for the 2016 and 1998 floods over May, June, and July
(M1IJ; their Figs. 2a and c). Compared with these, June—July
2020 precipitation is more similar to the MJJ precipitation
in 2016, due to the dry anomaly in coastal southeast China
and wet anomaly over the YRB. The year 2020 has a more
consistent wet anomaly over the YRB, although this may be
affected by averaging over basins and the fact that we only
analyzed June and July.

Overall, the wet anomaly in the YRB stands out as
being exceptional for the region and will be analyzed fur-
ther in sections 3.2 and 3.3. The fact that it persisted over
both months could have exacerbated its impacts, as the rain
would have been falling on saturated ground, with reduced
water storage capacity and hence greater runoff. Both the
large extent and duration are likely to have added large
volumes of water to the river network, which would
increase the likelihoods of downstream flooding and water
management issues as described in the introduction.

3.2. Yangtze River basin precipitation

Figure 2a shows monthly values of total YRB precipita-
tion and Fig. 2b shows the number of days exceeding the
daily precipitation 99th percentile values from 2000-20.
The percentiles are calculated over each sub-basin, in the
range 2000-200 000 km? within the YRB, and so use a
degree of spatial averaging which should help to lessen the

(@) . June

effects of any small-scale biases of the underlying IMERG
dataset. The 99th percentile is calculated for each basin and
is defined relative to all of the previous values for that basin
in the IMERG dataset (using June 2000 — July 2020 and all
months, not just June and July). From Fig. 2a, 2020 is
clearly exceptional. It has the highest total precipitation of
any month for both June and July, and 2020 is the only year
in which both June and July are above 1 standard deviation
from the mean for YRB rainfall. As discussed above, the com-
bination of two exceptional months occurring together exacer-
bates the effects of the rainfall in the second month; the ana-
lysis in this section shows that this problem is particularly
severe in 2020. The level of Yangtze River discharge in
July and August, high when compared to previous years, sup-
ports this analysis (Fig. 3).

Some other years experienced heavy YRB rainfall in
one of the two months. July 2007, July 2010, June 2015,
June 2016 and June 2017 all had around 1 standard devi-
ation of rainfall above average. Several of these years were
associated with substantial flooding events in the YRB
(Buckley, 2016; Gu, 2017), with several regions being particu-
larly badly affected in July 2010. Indeed, July 2010 was a
month in which there was substantial flooding (Davies,
2013); overall, 2010 was the year with the most deaths and
second highest number of houses destroyed of the years
2000-2013 and had the highest economic impact in terms of
GDP over the years 1990-2013 (Duan et al., 2016).

June and July 2020 also rank highest for extreme rain-
fall as measured by the exceedance of the 99th percentiles
of sub-basin precipitation (Fig. 2b). In general, July has
more exceedance days than June (true for 15 of the 21
years), whereas both months are more evenly matched in
terms of monthly mean rainfall (July monthly mean precipita-
tion is higher in 11 of the 21 years, and the values of
monthly mean for June and July are closer; Fig. 2a). This is
consistent with the mei-yu rainfall in June being predomin-
antly frontal over a large region, with more convective rain-
fall in July, and also with the number of flash floods being
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Fig. 1. Basin-average Asian precipitation anomalies for June and July 2020, for basin areas in the interval 20 000—
200 000 km2. Anomalies computed relative to the 2000-19 mean from IMERG. The YRB outline is shown in red.
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ERAS precipitation. (a) and (c) show monthly mean total YRB precipitation and (b) shows number of days any
of the 32 YRB sub-basins (shown in Fig. 4) are in the 99th percentile. In (a) and (c), the mean (solid black) and
+¢ (dashed black) of June—July precipitation are also shown. (d) shows the intraseasonal variability of the YRB
daily IMERG precipitation for 2020, and 5-day moving means of total YRB precipitation (dashed black), upper
YRB precipitation (sub-basins west of 108°E, yellow line) and lower YRB precipitation (sub-basins east of
108°E, blue line). Also shown are the two event windows (black vertical lines).
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higher in July than June (He et al., 2018). The other months
which stand out are July 2002, 2007, 2010, 2014 and 2016.
Of these, July 2014 is most interesting as it is very close to
the average for total rainfall (Fig. 2a), but still has many
extreme daily events. Repeating this analysis for lower per-
centiles (not shown) yields broadly similar results, although
2020 does not stand out so prominently, and the difference
between June and July is less apparent.

To provide context going back to 1998 (another not-
able year for YRB flooding), we show the ERAS precipita-
tion in Fig. 2c. ERAS precipitation is well correlated with
IMERG (2 = 0.85) and the magnitude of ERA5 and
IMERG precipitation is similar. Although not an observa-
tional product, ERAS precipitation can therefore be con-
sidered to be a good proxy. Three more years stand out as
being substantially over 1 standard deviation from the
mean: June and July 1998, June 1999, and June 2000. Of
these, there was substantial flooding in 1998, with reports of
more than a thousand deaths and large economic losses associ-
ated with it (Zong and Chen, 2000). It is of interest that
there was heavy precipitation in both June and July 1998, as
in 2020, and that the combined total in 1998 is very similar
to that of 2020. Thus, the extreme summer rainfall of 2020
is on a par with one of the most extreme events of the last
few decades.

Figure 2d shows the intraseasonal variability of YRB
precipitation for June and July 2020. The highest single-day
totals of precipitation occur on 27 June and 18 July, with
over 20 mm d-! of precipitation averaged over the YRB.
From the 5-day mean of lower YRB precipitation, we
identify two events which are analyzed further below. The
first is from 12—-16 June (associated with a peak in the 5-day
mean lower YRB precipitation on 13 June) and the second
from 4-8 July (associated with a peak in the 5-day mean
lower YRB precipitation on 6 July). By splitting the rainfall
into two regions defined by sub-basins in upper and lower
YRB based on whether they are west or east of 108°E respect-
ively, it is clear that the peaks in the total YRB rainfall are
mainly caused by the peaks in the lower YRB, and that the
magnitude of the rainfall in the lower YRB is greater than
that in the upper YRB.

Figure 3a shows that the Yangtze discharge in July and
August 2020 is higher than in every other year in the previ-
ous 20, being surpassed by only 1998 and 1999. Here, we
also show August since there will be some delay between
the precipitation falling and its discharge into the sea.
Indeed, the discharge will be determined by hydrological
properties of the YRB as well as dams or barrages on the
river, and thus will be a complex function of the incoming pre-
cipitation. June 2020 discharge is unexceptional, which is
probably due to YRB precipitation in May 2020 being close
to the median of the previous 20 years (not shown). The
high precipitation rates in June and July 2020 therefore
clearly cause anomalous discharge from the Yangtze River
in July 2020, and it is reasonable to assume that the high dis-
charge in August is at least partially caused by the extreme

precipitation in these two months.

Figures 3b—d highlight the three years with the highest
maximum discharge in the period 1998-2020. These are
1998, 1999 and 2020 in descending order. From Fig. 3b, the
increase in discharge of 2020 starts on approximately day
160 (8 June), and the rate of increase of discharge is clearly
on a par with those in 1998 and 1999, although both of
those years had more precipitation leading up to the sharp
increase. Figure 3c shows that the cumulative discharge for
2020 is behind a few other years on day 183 (1 July)
although it has caught up with all but 1998 and 1999 by day
300. The flow duration curve (Fig. 3d) indicates that 2020,
1999 and 1998 were above all other years in terms of the
flow above the 20th percentile, again highlighting the anomal-
ously high discharge in these years.

In summary, 2020 was exceptional in terms of the YRB
June—July rainfall, both for the monthly totals and for the
daily extremes. The total precipitation in June and July was
very similar to that in 1998. The high precipitation led to
high Yangtze River discharge that was only surpassed by
1998 and 1999 in the period going back to 1998. The dura-
tion and extent of high total rainfalls would have stressed
the river and dam network making flash floods and related dis-
asters such as landslides more likely.

3.3. Yangtze River sub-basin precipitation

Figure 4 shows June—July precipitation over 32 YRB
sub-basins with an area in the range of 2000-200 000 kmZ.
In June and July, most sub-basins of the Yangtze had more
than their climatological amount of rainfall (Figs. 4a, b).
Dry anomalies are only seen near the bend in the Yangtze at
102°E in Yunnan and south Sichuan provinces, and the
upper reaches of YRB in the Tibetan Plateau in June (where
climatological rainfall is comparatively smaller). Several
sub-basins show >20 year return times, and many show >5
year return times, consistent with the historical context (Sec-
tion 3.2). Some sub-basins had anomalously high rainfall in
both months: south of the Yangtze between 104°-112°E (in
Guizhou and Hunan provinces) and over the main stem of
the Yangtze between 108°-112°E (south Hubei and north
Hunan——close to and upstream of Wuhan). Also, the sub-
basins close to the mouth of the Yangtze had high rainfall in
both months, potentially compounding the impacts of all the
upstream rainfall.

4. Dynamics of heavy-rainfall events

The analysis presented in section 3 highlights the
degree of anomaly of the June—July rainfall amount over
China, and particularly over the YRB, with record values in
both months. In this section, key physical mechanisms and
dynamical processes behind these rainfall anomalies are iden-
tified, highlighting their roles in heavy-rainfall events.

4.1. Anomalous lack of northward migration of the
EASMF

The long-lasting nature of heavy rainfall over the YRB
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in June and July 2020 is illustrated in Fig. 5, which dis-
plays daily mean rainfall for each dekad (10-day period) dur-
ing these two months. There is an intense frontal rainband
affecting central-eastern China in most of the dekads con-
sidered. The mei-yu frontal rainband normally forms in
mid-June at around 28°N and rapidly progresses northward,
crossing the Yangtze River and reaching around 32°N by
early July and then weakening substantially. Thus, it is
mainly in the last dekad of June that central-eastern China
experiences mei-yu-related heavy rainfall, as this sharp and
intense frontal rainband moves over the region, with wide-
spread climatological mean rain values exceeding 12 mm d-!
(Volonté et al., 2021). In 2020, the mei-yu rainband per-
sisted over central-eastern China for more than a month
(four dekads, from the second in June to the second in July).
This behaviour is associated with an anomalous lack of north-
ward migration of the EASM. While the climatological
EASMF moves from 30°-32°N to above 36°N between the
first half of June and the end of July, in 2020 the EASMF
does not progress northward in this period. Being located at
around 33°N at the beginning of June and end of July, the
EASMF even moves temporarily south to around 31°N dur-
ing the first dekad of July.

In terms of rainfall patterns, the first dekad of June is
characterized by big clusters with large accumulations in
southern China (widespread areas with mean daily rainfall
over the dekad beyond 50 mm d-! and absolute maxima bey-
ond 75 mm d-!). These heavy rainfall clusters are located
more than 6° south of the EASMF, a situation typical of
pre-mei-yu conditions, with convective heavy rain occur-
ring in a warm-air environment, far from the EASMF and
enhanced by South Asian monsoon moisture influx.
However, the overall pattern is shifted northward with
respect to the pre-mei-yu climatology, as is the EASMF,
and the northern edge of the heavy-rainfall area extends up
to the middle and lower reaches of the Yangtze River. Thus,
the YRB is affected even in these pre-mei-yu-like condi-
tions. During the following dekad, the rainfall is associated

with a nearly zonal frontal rainband, located at around
30°N, although with some meridional oscillations between
dekads. This mei-yu rainband persists, with variable intens-
ity, from the second dekad of June to the second dekad of
July. During this period, the EASMF moves from north of
its climatological position to south of it. In all of these
dekads, much of the YRB receives mean daily rainfall val-
ues exceeding 20 mm d-!, with several localized areas exceed-
ing 30 mm d-!. The rainfall is particularly intense in the Ist
dekad of July, where a large part of the middle reach of the
Yangtze River (e.g., around Hubei province) experiences
amounts beyond 50 mm d-1.

These dekadal amounts indicate a succession of heavy
rainfall events, associated with anomalously long-lasting
mei-yu conditions, with the footprint of a frontal rainband per-
sisting for over a month in the YRB. To further investigate
this anomalous evolution of the mei-yu frontal rainband,
two heavy-rainfall events are considered below, representat-
ive of the early and late stages of 2020 mei-yu season. The
first event occurs at the beginning of the long mei-yu phase
while the second one (the most intense of the period under
consideration in the lower YRB), takes place towards its
end. Therefore, the two events are characterized by the
EASMEF being, respectively, north and south of its climatolo-
gical position and also of the Yangtze River, as pointed out
in Liu et al. (2020).

4.2. Event1: 12-16 June 2020

Figure 6 contains four maps illustrating the key fea-
tures of Event 1 that occurred between 12 and 16 June
2020, at the beginning of the four-dekad long period with
anomalously long-lasting mei-yu conditions. A clear rain
band, predominantly south of the zonal EASMF, is shown
in Fig. 6a, with higher amounts just north of the lower
reaches of the Yangtze River, at around 115°-120°E and
32°N. Rainfall totals exceed 250 mm in several localized
areas, with the absolute maximum near 400 mm (not
shown).
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climatology.

Figure 6b highlights that the EASMF is co-located with
the boundary between tropical and mid-latitude air masses
at middle and upper levels. This is indicated by the steep
gradient in geopotential height at 500 hPa, enhanced by the
presence of a trough north of Japan, and by the presence of
the 2-PVU line just north of the front. The western North
Pacific subtropical high (WNPSH), indicated by a geopoten-
tial height relative maximum extending west from the ocean
to eastern China, is located just south of the front, helping to
steer tropical southerlies towards it. The low-level (850 hPa)

flow (Figs. 6b and 6¢) shows a similar pattern of air-mass con-
vergence at the front. Tropical air reaching the front from
the south originates in the South Asian monsoon area, with
southwesterlies flowing all the way from the Bay of Bengal,
and anticyclonic flow from the West Pacific, on the west-
ern side of the WNPSH. Mid-latitude northwesterlies flow
towards the northern side of the front as they move cyclonic-
ally around the trough already mentioned. This flow pattern,
at lower and upper levels, is compatible with the strong sub-
tropical westerly jet (STWJ) displayed in Fig. 6¢. The south-
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ern edge of this nearly zonal jet is located directly above the
EASMEF, and close to the low-level wind convergence zone,
with a local upper-level wind speed maximum exceeding
50 m s~! between northern China and the Korean peninsula.

The advection of moisture from the South Asian mon-
soon towards the EASMF is illustrated in Fig. 6¢c. Moisture
transport (IVT) is high over China and increases towards
the EASMF in the Yangtze River region. Strong westerlies
lead to substantially higher values over the ocean south of
Japan. The moisture content IWV) maximum is located
over land near the Yangtze River, just south of the EASMF.
Here, the IWV exceeds 58 kg m~2, a value surpassed only in
the Bay of Bengal and in a small area close to the Gulf of
Tonkin. This indicates that the air advected towards the
EASMF by the southerlies and southwesterlies retains an
amount of moisture typical of South Asian monsoon air
masses.

The anomalies in low-level flow and thermodynamics
are highlighted in Fig. 6d. Positive anomalies of 6, exceed-
ing 15 K are centered over the Yangtze River. The northern

edge of these anomalies coincides with the EASMF, consist-
ent with an anomalously northern EASMF location and
enhancement of the warm advection associated with a
stronger-than-normal STWJ (Sampe and Xie, 2010). On the
northern side of the front, 6, anomalies are instead weakly
negative, indicating that the meridional frontal 6, gradient is
substantially larger than climatology, again consistent with
a strong STWJ. The anomalously steep frontal gradient is
associated with stronger-than-normal flow towards the front
on both sides, highlighting the enhanced convergence
between different air masses at the root of this heavy-rain-
fall event.

The vertical cross-section in Fig. 7 contains the key fea-
tures of the heavy-rainfall event. The sharp front is clearly vis-
ible, particularly in the lower half of the troposphere. The
strong STWJ above the slanted upper part of the front and
the decrease in height of the dynamical tropopause (2-PVU
line) also delineate the boundary between tropical and mid-lat-
itude air. Focusing on the low levels, the high values of mois-
ture flux associated with the southerly winds and the 6, max-
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imum close to the surface highlights the advection of warm
and moist air of South Asian monsoon origin to the
EASMF. The northwesterly intrusion of cooler mid-latitude
air on the northern side of the front occurs between
700-800 hPa (see the 320-K line). The dynamics is associ-
ated with heavy frontal rain (whereas rain is absent over
southern China) and deep convection, indicated by the pres-
ence of convective clouds (see 80% relative humidity line)
at the frontal surface.

4.3. Event 2: 4-8 July 2020

The other heavy-rainfall event analyzed in this section
occurred between 4 and 8 July 2020, 20 days after the first
event and towards the end of the four-dekad long period of
anomalous absence of northward migration of the EASMF,
in which it persisted over central-eastern China.

Figure 8 (same as Figure 6 but for Event 2) illustrates
the key elements of the heavy rainfall event. The rainfall
amounts in this event reach very large values (Fig. 8a), lar-
ger than in Event 1 (Fig. 6a), with most of the middle
reaches of the Yangtze River receiving over 250 mm, and in
large areas beyond 400 mm. This event occurs later in the
season, when mid-latitude air has generally moved pole-
ward. This can be seen by the extent of the blue contours in
Fig. 8b, which is smaller than in Fig. 6b. However, a deep
trough is present, centered between northern China and
Japan, causing a southward displacement of the overall

regional flow structure and of the associated rainfall, with
maxima around 2°-3° further south than in Event 1. The trop-
ical-extratropical airmass boundary has shifted equator-
ward in this region, with respect to the first event. A long
and narrow high-PV filament, just north of the EASMF, indic-
ates the southward intrusion of mid-latitude air associated
with the upper-level trough. As a result, the WNPSH is dis-
placed to the northeast, with the maxima in geopotential
height and sea-level pressure located approximately 20°E of
Japan. Figure 8c shows that in this case, the STW]J is less
intense and far from zonal, as it displays a clear southward
displacement around the Yellow Sea. This puts the south-
ern edge of the STWIJ over the EASMF located close to
30°N, approximately 2°-3° further south than during Event 1.

In terms of moisture advection, a clear IVT maximum
is present near Japan and high IVT values are visible also
over China just south of the front. In this same area there
is also a large IWV maximum, this time exceeding even
64 kg m=2. This indicates a moisture content approximately
at the same level of the South Asian monsoon maximum
(see the north edge of the Bay of Bengal). The anomalies asso-
ciated with this event reflect the different circulations asso-
ciated with it. The anticyclonic anomaly lies east of Japan,
where the WNPSH is displaced, together with an associ-
ated 6, dipole. Warm and cold anomalies are present just
south and north of the EASMF, respectively, in both cases
up to 6-9 K of magnitude. These 6, anomalies are associ-
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ated with westerly and northerly wind anomalies, respect-  tion in this event.
ively. This indicates a clear role of the equatorward advec- The vertical cross-section in Fig. 9 highlights the key
tion of cool air and a less intrusive southerly warm-air advec-  features of Event 2 and shows some differences with respect
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to the equivalent cross-section for Event 1 (Fig. 7). In this
case the STW1I is considerably tighter and less intense, reflect-
ing a more advanced time in the season. However, the
EASMF is located more to the south, as the intrusion of
mid-latitude air (albeit with slightly higher 6, values) is
more extended. The dynamical tropopause shows a visible
fold just north of its descent, marking the tropical/mid-latit-
ude boundary and also indicating the presence of a PV
streamer (Appenzeller and Davies, 1992). This setup,
together with the low-level convergence of warm and moist
monsoon air with continental mid-latitude air, is conducive
to intense and long-lasting convective rain. This is indic-
ated by the deep convective cloud co-located with the front
and the upward pointing wind vectors, and in the co-loc-
ated rainfall footprint that is more intense than in Event 1.

4.4. Trajectory analysis for both events

Backward Lagrangian trajectories (144 hours), starting
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from the selected box at 0000UTC on the indicated date,
were calculated. The trajectories start from the 25 max and
min 6§, points between 700 hPa and 850 hPa in a domain
centered on the EASMF and over the area of daily largest rain-
fall. The purpose of this design is to reveal the origins and
paths of the air masses, tropical and extratropical, interact-
ing at the EASMF. Therefore, ERAS input data is regrid-
ded to a 0.5°-horizontal grid to reduce noise and provide a
clearer general picture. The paths of these backward trajector-
ies, starting during the most intense phases of the two
events, are shown in the two top panels of Fig. 10, while the
bottom panels highlight the time evolution of pressure and
specific humidity along the trajectories.

There is a clear separation between the values of equival-
ent potential temperature and of specific humidity of the dif-
ferent air masses. Tropical airstreams are characterized by
high equivalent potential temperature (red trajectories) and
specific humidity (green profiles), while those values are sub-
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Fig. 10. (a, b): Lagrangian trajectories, starting at 00 UTC on (a) 15 June 2020, (b) 7 July 2020 and computed backward for 144
hours. The trajectories’ starting points are selected by taking the 25 max and min 6, points (red and blue dots, respectively) between 700—
850 hPa in the selection domain (black box) at start time.The selection domain is chosen as 32°-34.5°N, 117.5°-122.5°E for Event 1
and 29.5°-32°N,115°-120°E for Event 2, consistent with EASMF location on the respective dates. Colour shading indicates the
equivalent potential temperature of trajectories at each position. (c, d): Time profiles of pressure for the trajectories of (c) Event 1
and (d) Event 2, as shown in (a) and (b), respectively. Colour shading indicates specific humidity. Data from ERAS, regridded to a

0.5°-horizontal grid.
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stantially lower for the extratropical airstreams (blue trajector-
ies and yellow-brown profiles). In both events, and particu-
larly in the second, the convergence of the two airstreams
towards the EASMF is clear. Warm air travels at low levels,
flowing from equatorial regions and retaining high values of
specific humidity up to its arrival at the YRB, consistent
with the maxima of moisture content and transport in the
region, as shown in sections 4.2 and 4.3. The warm flow ori-
ginates over the Maritime Continent in Event 1, while in
Event 2 it travels for longer distances as it flows from the
Indian Ocean. In contrast, the cooler airstream is of contin-
ental origin, as it travels from Central Asia and stays to the
north of the Tibetan Plateau. In Event 1, the cool flow is
formed by mid-level air traveling from WNW, gradually con-
verging and then turning south while approaching the
EASMF area. However, in Event 2 the meridional compon-
ent of the cool flow is more intense, and associated with
stronger descent from mid- and high-tropospheric heights.
This is consistent with the presence of a sharp trough in the
region and an enhanced intrusion of low-0, air, as illus-
trated in section 4.3, that in this wavier STWJ setting travels
all the way to the EASMF, located further south than in
Event 1.

5. Conclusions

We have provided a statistical characterization of the
flooding in China in June and July 2020. From the analysis
in section 3, it is clear that the YRB was among the worst
affected regions of Asia over both months. Furthermore, the
2020 June—July IMERG rainfall in the YRB was higher
than in any of the 20 previous years, both in terms of its
mean and of the number of extreme rainfall days over YRB
sub-basins. The YRB experienced anomalously high rain-
fall over the majority of its extent in both months, with sub-
basins east of 105°E having the highest rainfall. Using
ERAS precipitation for a longer historical record, the YRB
experienced similar rainfall in June and July 2020 as in
1998—a year which is noted for its heavy rainfall, and in
which there were substantial floods and damage. The
Yangtze River discharge was the highest it has been since
1998/1999.

We used a recently developed algorithm detecting the
daily position of the EASMF to highlight the anomalous
lack of northward progression of the EASMF during June
and July 2020. This situation, with the front located at 33°N
both at the beginning of June and at the end of July, led to pro-
longed mei-yu conditions, lasting more than one month, asso-
ciated with the anomalously high YRB precipitation, caused
by repeated heavy-rainfall events occurring in the same
regions. We selected two of those events, 12-16 June
(Event 1) and 4-8 July 2020 (Event 2), for the analysis of
the underpinning dynamics, employing Lagrangian traject-
ory analysis to study the convergence of air masses at the
EASMF.

Event 1 was characterized by a higher-than-normal

EASMF latitude, accompanied by anomalously warm advec-
tion on its southern side. This was associated with a strong
and zonal STW1J in the region, enhancing the strength of the
front and the low-level convergence from both sides. Event
2, the most intense heavy-rainfall episode in the period
examined, occurred later in the season. However, the
EASMF, instead of progressing northward, was found at a
lower latitude than in Event 1. The regional flow was charac-
terized by the STWJ displaying a clear trough over East
Asia and a northeasterly displaced WNPSH, leading to anom-
alously cool advection on the north side of the front. In fact,
in Event 2 the midlatitude airstream was more intrusive
with a more important meridional component. Thus, both
events displayed heavy precipitation and the convergence of
(warm and moist) monsoonal and (cool and dry) extratrop-
ical air masses, originating respectively from the Indian
Ocean - Maritime Continent and over central Asia. Nonethe-
less, clear differences were identified in the location,
strength, and waviness of the STWJ and the location of the
WNPSH, which were shown to be instrumental in the relat-
ive balance between low-level airmass advection at both
sides of the steep EASM front. It is thus clear that the
regional upper-level flow has a primary role in the occur-
rence of anomalous mei-yu seasons, in terms of location, dura-
tion and associated rainfall amount. Hence, these results con-
firm and clarify those in Liu et al. (2020) and in Ding et al.
(2021), which highlighted the influence of NAO pattern and
of WNPSH placement, along with the low-level southwest-
erly jet, in 2020 mei-yu front evolution and associated rain-
fall. These findings also confirm the validity of the frame-
work presented in Volonté et al. (2021), providing an applica-
tion to extreme rainfall events.

Some ways of extending this work naturally present them-
selves. Here we have chosen to focus on the discharge from
the entire YRB, but a more fine-grained approach would be
possible. This could provide important insights into how
river flows were affected by localized rainfall patterns, pos-
sibly considering dams and barrages on the river. This could
potentially complement the sub-basin analysis done in sec-
tion 3.3. Concerning the dynamical characterization of the
events, this work could be extended by looking at both smal-
ler and larger scales. On one hand, it would be worth assess-
ing the effect of EASMF airmass convergence on the long-
lasting deep convection seen at the front in the two epis-
odes, expanding on studies such as Guan et al. (2020), that
analyze mei-yu rainfall corridors and their links with the
low-level moist southwesterly flow. On the other, we would
aim to further understand the link between upper-level jet pat-
terns conducive to extreme rainfall over East Asia and the
large-scale circulation with its main modes of variability,
expanding on the results from Liu et al. (2020). A compre-
hensive understanding of the dynamics of mei-yu heavy rain-
fall events and of their links to EASMF progression would
then be beneficial for assessing their predictability, an issue
of primary importance given the high impact associated
with these events.
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