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Abstract
Atmospheric rivers (ARs) are narrow, elongated belts of intense water vapor
transport that often occur in mid-latitude areas and are the primary drivers
of heavy precipitation in these regions. This study investigates the impact of
ARs on precipitation patterns in the Jianghuai River Basin during the Mei-yu
period. Focusing on a specific rainstorm event on June 27, 2022, we analyze
atmospheric circulation, water vapor attributes, and transport trajectories. Three
distinct classes of grids (Class A, significantly influenced by ARs; Class B, mod-
erately affected; and Class C, untouched by ARs) are identified based on their
response to ARs. Class A grids, located centrally, experience substantial precipi-
tation, with a higher probability of rainstorm events. Class B grids, situated at a
distance from ARs, exhibit moderate precipitation and a longer duration of rainy
days. Class C grids, minimally affected by ARs, experience minimal precipitation
with almost no chance of rainstorm events. The results from grid-based analy-
sis emphasize the localized influence of ARs, indicating a 8–30 times increase in
precipitation intensity of Class A compared to Class C. The 23-day Mei-yu period
is further categorized into AR days and non-AR days, revealing that ARs amplify
precipitation intensity by 2–5 times on average. Grid-based and day-based anal-
yses provide complementary insights, with the former offering a broader spatial
perspective and the latter emphasizing temporal distinctions. These findings
underscore the nuanced influence of ARs on precipitation, emphasizing their
role in extreme events and highlighting the importance of considering both
spatial and temporal factors in understanding precipitation variability.
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1 INTRODUCTION
Precipitation plays a critical role in Earth’s water and
energy cycles and stands as a pivotal factor in the Earth’s
climate system (Limsakul & Singhruck, 2016). Among all

meteorological variables, changes in precipitation often
have a significant impact on both human society and the
natural environment, making it perhaps the most directly
consequential facet affecting human life and civilization
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(Gao et al., 2018). In recent decades, particularly against
the backdrop of global warming, the frequency and inten-
sity of rainstorm events have escalated worldwide (Wang
et al., 2023). Furthermore, the resulting disasters, such as
floods, debris flows, and landslides induced by rainstorms,
as well as severe convective weather phenomena like
lightning and hail often accompanying these events, have
inflicted considerable damage on social, economic, human
safety, ecosystem stability, and other aspects (Bador &
Alexander, 2022; Barton et al., 2022; Li et al., 2022; Ning
et al., 2021; Patricola et al., 2022; Prein & Mearns, 2021;
Xu, 2020). Therefore, a comprehensive investigation of
rainstorm events has become a crucial component in
quantitatively assessing global and regional disasters and
environmental risks.

China’s expansive territory lies within the East
Asian monsoon belt, making it susceptible to seasonal
monsoon impacts. This susceptibility is evident in the
prevalence of heavy rainfall events across the country,
including pre-flood season rainstorms in southern China
(April–May), the rainstorms caused by the plum rain
(Mei-yu) front in the Jianghuai River Basin (June–July),
the rainstorms in northern China (July–August), and oth-
ers. Among these, the Mei-yu front rainstorm, as one of
the typical disastrous weather patterns in China, plays a
substantial role in shaping summer precipitation across
the mid-latitude region of East Asia. Consequently, this
phenomenon has garnered considerable attention from
scholars (Chen et al., 2022; Ding et al., 2020; Ma et al., 2023;
Yu & Zhai, 2022).

Atmospheric rivers (ARs) are characterized as narrow,
high-intensity channels of water vapor transport within
the troposphere. They extend from the tropical ocean sur-
face and subtropical regions to mid-latitude areas (Liang
& Yong, 2021; Wang et al., 2021; Zhu & Newell, 1994,
1998). According to the Glossary of Meteorology, an AR is
defined as “a long, narrow, and transient corridor of strong
horizontal water vapor transport that is typically associ-
ated with a low-level jet stream ahead of the cold front
of an extratropical cyclone” (American Meteorological
Society, 2017).

ARs often appear in warm conveyor belts preceding
the cold front of an extratropical cyclone (Guo et al., 2020).
They are typically elongated and narrow, with lengths sev-
eral times greater than their width (Dettinger, 2011; Ralph
et al., 2004). Serving as an important conveyor belt between
ocean evaporation and continental precipitation, ARs
transport a large amount of water vapor from the equa-
torial to polar regions, establishing an important pathway
for water vapor transport in the atmospheric circulation
(Zhang et al., 2019). Therefore, ARs exhibit a close rela-
tionship with precipitation. Their impact extends to heavy

rainfall events, hurricanes, and other calamities, pos-
ing significant threats to natural ecosystems and human
existence, and consequently influencing regional ecol-
ogy and socioeconomic growth (Guo et al., 2020; Lamjiri
et al., 2017; Liang & Yong, 2021; Mahoney et al., 2016;
Ralph et al., 2020). Simultaneously, ARs deliver water
vapor to arid regions, playing an important role in main-
taining the water, momentum and energy equilibrium on
Earth (Dettinger, 2016). This dynamic role is of profound
significance for the planet’s global hydrological cycle.

ARs exert a pivotal influence on both global and
regional hydrological cycles, with earlier investigations
primarily focusing on the west coast of North America and
Europe. Guan and Waliser (2015) proposed an objective
detection method for ARs on a global scale based on the
characteristics of vertically integrated horizontal water
vapor transport (IVT). Lamjiri et al. (2017) employed IVT
to identify ARs and evaluated their impact on extreme
precipitation along the west coast of the United States,
confirming ARs as the main factors contributing to rain-
storms in this region. These AR-induced rainstorms
often exhibit prolonged durations and heightened rainfall
intensities compared to other types of rainstorms (Guan
et al., 2018; Lamjiri et al., 2017; Moore et al., 2015; Waliser
& Guan, 2017).

In recent years, scholars have observed a surge in AR
activity across East Asia (Kim et al., 2021; Liang et al., 2023;
Liang & Yong, 2021; Wang et al., 2021). During the summer
season, the westward movement of the Western Pacific
Subtropical High steers ARs from the North Pacific to
East Asia, affecting regions such as eastern China, Korea,
and Japan. Referring to Guan’s method, Kim et al. (2021)
analyzed AR-related precipitation patterns in East Asia
and identified a substantial increase in daily precipitation
linked to ARs, particularly in heavy and extreme precip-
itation events. Liang et al. (2023) studied the long-term
AR trends in East Asia from 1951 to 2015, establishing
a strong correlation between ARs and extreme precipita-
tion. It has been reported that the existence of ARs is an
important influencing factor for the climate model of “dry
in the north and humid in the south” in East Asia (Greve
et al., 2014; Liang et al., 2023; Liu et al., 2015; Ye et al., 2013;
Zhang et al., 2020). Utilizing the 2020 Mei-yu season as a
case study, Wang et al. (2021) investigated the association
between ARs and Mei-yu rainfall in China, highlighting
the critical role of ARs within the Mei-yu system and their
pivotal influence on Mei-yu rainfall.

As rainstorm occurrences dependent on sufficient
water vapor sources, ARs, functioning as robust water
vapor conveyor belts, consistently supply moisture. Given
that Mei-yu rainfall significantly impacts the Jianghuai
River Basin, quantifying the influence of ARs on Mei-yu
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rainstorms and associated disasters holds great impor-
tance for future investigations. This study focuses on a
representative extreme rainstorm during the 2022 Mei-yu
period, conducting a comprehensive analysis of water
vapor conditions throughout the period while highlight-
ing the quantitative impact of ARs on Mei-yu precipita-
tion. The subsequent sections outline the study’s structure
and content. The second section presents the data and
methods employed, including AR identification, alongside
the statistical techniques used to evaluate precipitation
intensity variations across different scenarios. The third
section describes the occurrence and development of the
Mei-yu rainstorm, the water vapor trajectories, and the
difference between the precipitation intensity affected by
ARs and that not affected by ARs. Finally, the last section
provides conclusions and discussions.

2 DATA AND METHODS

2.1 Data

2.1.1 Observed precipitation data

To conduct a comprehensive analysis of precipitation asso-
ciated with individual rainstorms influenced by ARs over
the Jianghuai River Basin (28–34◦ N, 110–122◦ E) in June
2022, hourly precipitation data from 1200 UTC to 2400
UTC on June 27, 2022 at 13,852 rainfall stations were used.
Additionally, for a more extensive investigation into the
precipitation patterns over the Jianghuai River Basin dur-
ing the Mei-yu period, daily precipitation data from these
rainfall stations covering the period from 2017 to 2022
were also used. Daily precipitation data less than 0.1 mm
were excluded from the analysis. The geographical distri-
bution of these rainfall stations is depicted in Figure 1a.
To enhance spatial accuracy, we employed the kriging
interpolation method to interpolate the data, achieving a
horizontal resolution of 0.25◦ × 0.25◦. Both datasets were
provided by Anhui Institute of Meteorology Sciences.

2.1.2 Reanalysis data

The meteorological variables over the Jianghuai River
Basin during the Mei-yu period of 2022 have been
extracted from the ERA5 reanalysis dataset provided by
the European Center for Medium-Range Weather Fore-
casts (ECMWF). These variables include specific humidity
(q), zonal and meridional components of wind (u and
v) and vertical velocity (𝜔) at 27 altitudinal levels from
1000 to 100 hPa. The spatial resolution of this dataset is
0.25◦ × 0.25◦, accompanied by a temporal resolution of
one hour.

2.1.3 Radiosonde data

Radiosonde data obtained from the University of Wyoming
contribute to our understanding of the meteorological
conditions within the Jianghuai River Basin during the
Mei-yu period of 2022. This dataset comprises essential
variables, including temperature, humidity, wind direc-
tion, and wind speed, with a temporal resolution of twice
a day (0000 and 1200 UTC). This dataset has a total of 13
stations strategically distributed across the Jianghuai River
Basin to ensure even spatial coverage (see Figure 1b). The
station name, station number, longitude and latitude of
each station in Figure 1b are listed in Table 1.

2.1.4 Global data assimilation system data

The global data assimilation system (GDAS) dataset is
employed in the Hybrid Single-Particle Lagrangian Inte-
grated Trajectory (HYSPLIT) model, developed by the Air
Resources Laboratory (ARL) of the National Oceanic and
Atmospheric Administration (NOAA). This dataset oper-
ates with a temporal resolution of 6 hours and a hori-
zontal resolution of 2.5◦ × 2.5◦, including variables such
as temperature, specific humidity, zonal and meridional
components of wind, etc. Spanning from January 2005 to

F I G U R E 1 Map showing the locations of observed hourly precipitation stations (a) and radiosonde stations (b). [Colour figure can be
viewed at wileyonlinelibrary.com]
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4 ZHANG et al.

T A B L E 1 The station name, station number, longitude and latitude of each station in Figure 1b.

Station name Station number Latitude (◦ N) Longitude (◦ E)

Shanghai 58,362 31.42 121.45

Anqing 58,424 30.62 116.97

Hongjia 58,665 28.62 121.42

Yichang 57,461 30.73 111.37

Wuhan 57,494 30.6 114.05

Hangzhou 58,457 30.23 120.17

Quxian 58,633 28.97 118.87

Nanchang 58,606 28.6 115.92

Changsha 57,687 28.11 112.79

Sheyang 58,150 33.75 120.3

Nanjing 58,238 31.93 118.9

Fuyang 58,203 32.87 115.73

Nanyang 57,178 33.10 112.48

the present, the dataset archives records for five weeks
each month. In this study, the HYSPLIT model is used to
trace the trajectory of water vapor within rainstorms.

2.2 Methods

2.2.1 AR detection

The explicit identification of ARs constitutes a pivotal
phase in the investigation of these phenomena. At present,
the widely accepted method involves utilizing IVT as one
of the key diagnostic criteria for ARs. In this study, we
adopted the AR identification methodologies outlined by
Guan and Waliser (2015), Wang et al. (2021) and Liang
and Yong (2021). By employing meteorological grid data
(ERA5), we identified ARs influencing the Jianghuai River
Basin through the following steps:

Firstly, we calculated the hourly IVT over East Asia and
the western Pacific region (10–60◦ N, 100–180◦ E) using
the following equation:

IVT =

√
√
√
√

(

1
g∫

Ptop

P0

qudp
)2

+
(

1
g∫

Ptop

P0

qvdp
)2

(1)

where q represents specific humidity in kg⋅kg−1, u and v
represent zonal and meridional components of wind in
m⋅s−1, Ptop is the pressure at the top of the atmosphere
(100 hPa) and P0 is the pressure at sea level (1000 hPa), and
g is the acceleration of gravity in m⋅s−2.

Subsequently, all grids with an IVT of 500 kg⋅m−1⋅s−1

or larger are selected, and contiguous areas formed by

these grids are discerned and isolated. Then, the area, axis
lengths, and equivalent width of each distinct continuous
area are calculated. It is noted that the equivalent width is
defined as the ratio of the area value to the axis length.

Lastly, contiguous areas with an axis length greater
than 2000 km and an equivalent width less than 750 km
are identified as ARs. Within the scope of this study,
our primary objective is to assess the impact of ARs on
the Jianghuai River Basin. To achieve this, we establish
two criteria: firstly, ARs must cover at least 10% of the
Jianghuai River Basin; and secondly, there should be a
minimum IVT value of 900 kg⋅m−1⋅s−1 within the region.
The fulfillment of both criteria indicates that ARs are
considered to have an impact on the Jianghuai River Basin.

2.2.2 Precipitation statistics

Grid-based analysis
To initiate our analysis, we employ the previously out-
lined AR identification methodology to identify the hourly
occurrences of ARs influencing the Jianghuai River Basin
during the 2022 Mei-yu period. If such AR events occur at
least once within a specific day, that day is categorized as
an “AR day”; otherwise, it is classified as a “non-AR day.”
Subsequently, we calculate the daily average IVT within
the Jianghuai River Basin. Moreover, we categorize the
daily precipitation grids into two groups based on their IVT
values: those with IVT greater than 500 kg⋅m−1⋅s−1 and
those with IVT less than 500 kg⋅m−1⋅s−1.

Subsequently, we classify the daily precipitation grids
into three distinct categories during the 2022 Mei-yu
period (23 days). Class A includes grids corresponding
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ZHANG et al. 5

to AR days with IVT greater than 500 kg⋅m−1⋅s−1, sig-
nifying regions unequivocally influenced by ARs. Class
B comprises grids with IVT less than 500 kg⋅m−1⋅s−1,
generally positioned near AR-affected areas in the
Jianghuai River Basin but experiencing less pronounced
AR impacts. It is worth noting that, in Class B, grids are
considered solely based on IVT values, irrespective of
whether they fall on AR days or non-AR days. Class C
includes grids situated within non-AR days but with IVT
greater than 500 kg⋅m−1⋅s−1, indicating areas predomi-
nantly unaffected by ARs. Therefore, for any specific grid
on each day, it will be either Class A or Class B on AR days
and Class B or Class C on non-AR days.

Following this, we aggregate the daily precipitation for
each grid based on the previously mentioned classifica-
tion conditions. This allows us to calculate the cumulative
precipitation for each grid within each category. Subse-
quently, we divide the cumulative value by the number
of days covered by each respective grid, resulting in the
precipitation intensity for each grid within these three
classification conditions.

Day-based analysis
Applying the procedure detailed in Section 2.2.2.1, we
categorize the Mei-yu days of 2022 into two distinct groups:
AR days and non-AR days. Subsequently, we aggregate the
daily precipitation observed during AR days and non-AR
days, respectively, within the Jianghuai River Basin. This
summation provides the total precipitation for each cate-
gory. To ascertain the precipitation intensity for both AR
and non-AR days, we calculate the quotient by dividing
the total precipitation by the respective number of AR days
and non-AR days.

3 RESULTS

3.1 AR-related precipitation

3.1.1 Precipitation pattern

Figure 2 illustrates the spatial distribution of total precip-
itation over a 12-hour period within the Jianghuai River
Basin, from 1200 to 2400 UTC on June 27, 2022. During
this 12-hour precipitation event, most areas experience
precipitation levels ranging from 0 to 25 mm. Notably,
a concentrated area of heavy precipitation emerges in
the junction area of Hubei, Henan, and Anhui provinces
(Figure 2). Within this region, a rainstorm belt prevails,
generally oriented from southwest to northeast, with
precipitation values generally exceeding 50 mm and in
some areas surpassing 100 mm. In select regions, accumu-
lated precipitation even reaches more than 250 mm. The

F I G U R E 2 Accumulated precipitation over the Jianghuai
area from 1200 to 2400 UTC on June 27, 2022. The accumulated
precipitation values were derived by aggregating and interpolating
the measured hourly precipitation data using the kriging
interpolation method.

Dakuaidi station (31.09◦ N, 115.22◦ E) located in Huang-
gang City, Hubei Province, recorded the highest hourly
precipitation during this event at 115.1 mm. Additionally,
the elevation of this station is 721 m, higher than other sta-
tions, indicating the significant potential impact of station
elevation and local topography on precipitation patterns.

3.1.2 Vertical distribution of atmospheric
circulation background

Given the limited number of sounding stations, we
selected the Anqing station depicted in Figure 3, which
was located closest to the rainstorm center, for analyz-
ing the vertical distribution of the atmospheric back-
ground. Throughout this 12-hour rainfall event, a sig-
nificant decrease in temperature is observed at altitudes
below 700 hPa (Figure 3a). Notably, the horizontal wind
speed remains relatively high throughout the precipitation
period, spanning from 1000 to 300 hPa, with peaks exceed-
ing 23 m⋅s−1 (Figure 3b). The highest wind speed occurs at
0000 UTC on June 28, coinciding with the cessation of the
rainstorm. Furthermore, during the precipitation event,
there is an increase in specific humidity within the range of
500–850 hPa, while a decrease is observed within the layer
of 850–1000 hPa (Figure 3c).

3.1.3 Water vapor trajectories

Dakuaidi station, characterized by the highest hourly pre-
cipitation, is chosen as the representative of the rainstorm
center to investigate the trajectory of water vapor within
rainstorms. We establish the simulated initial heights
at altitudes of 1500 m (825 hPa), 3000 m (683 hPa), and

 1477870x, 0, D
ow

nloaded from
 https://rm

ets.onlinelibrary.w
iley.com

/doi/10.1002/qj.4758 by W
elsh A

ssem
bly G

overnm
ent, W

iley O
nline L

ibrary on [24/07/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



6 ZHANG et al.

F I G U R E 3 Vertical variations of (a) temperature, (b) wind speed and (c) specific humidity at Anqing Station from 1200 UTC on June
24 to 1200 UTC on June 30, 2022. The vertical lines denote the start and end times of intense precipitation.

F I G U R E 4 Backward water vapor transport path simulation for 168 hours at Dakuaidi Station. The simulation is conducted at three
different initial altitudes: left panel – 1500 m (825 hPa), middle panel – 3000 m (683 hPa), and right panel – 5500 m (502 hPa), commencing at
2100 UTC on June 27, 2022. The accompanying diagram illustrates the height (AGL) of the air mass at different time points.

5500 m (502 hPa). The simulation is initiated from 2100
UTC on June 27, 2022, and extends over 168 hours back-
ward by tracing three-dimensional pathways of water
vapor. Subsequently, positions and heights above ground
level (AGL) are recorded at six-hour intervals. Finally, the
obtained backward trajectories are subjected to clustering
analysis (Figure 4).

It is observed that the water vapor paths at 1500 m
exhibit minimal vertical movement. However, a pro-
nounced upward motion is evident in the water vapor tra-
jectory originating from the southwest direction of the Bay
of Bengal at 3000 m. At 5500 m, notable uplift is observed
in the southwest water vapor path, while both southwest-
and northwest-bound water vapor paths exhibit ascent
around 36 hours before reaching the rainfall area. Draw-
ing from the insights presented in Section 3.1.2, we deduce
that the rainstorm occurred within the altitude range of
3000–5500 m.

3.1.4 AR analysis

A distinct AR phenomenon is evident in southeast China
throughout this 12-hour rainstorm. Figure 5 illustrates
precipitation patterns alongside the corresponding IVT
and the product of IVT and vertical velocity (𝜔) at three
selected times during the event. The entirety of the rainfall
belt and the IVT show a consistent southwest to north-
east trend. In the central region of the rainstorm, IVT
values remain significant at all times, consistently exceed-
ing 900 kg⋅m−1⋅s−1, and even reaching 1100 kg⋅m−1⋅s−1

at certain moments (Figure 5b,e,h). It becomes appar-
ent that the direction of the AR aligns with the devel-
opment of the rainfall belt, moving southeastward dur-
ing this rainstorm event. Remarkably, both the peak area
of IVT (Figure 5b,e,h) and the center of the rainstorm
(Figure 5a,d,g) exhibit northeastward movement in tan-
dem with the progression of time.

 1477870x, 0, D
ow

nloaded from
 https://rm

ets.onlinelibrary.w
iley.com

/doi/10.1002/qj.4758 by W
elsh A

ssem
bly G

overnm
ent, W

iley O
nline L

ibrary on [24/07/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



ZHANG et al. 7

F I G U R E 5 The left column is the hourly precipitation, the middle column is the distribution of atmospheric rivers (ARs), and the
right column is the result of multiplying the integrated vapor transport (IVT) by the negative vertical velocity (representing upward motion)
at 500 hPa. The time of the first row is 1600 UTC on June 27, 2022, the second row is 1800 UTC on June 27, 2022, and the third row is 2100
UTC on June 27, 2022.

According to IVT results, the AR covers a considerable
geographical extent; however, intense precipitation is con-
centrated in specific regions. We speculate that this con-
centrations may be linked to dynamic atmospheric uplift.
It is well-known that the genesis of a heavy rainstorm,
aside from a continuous supply of atmospheric moisture,
requires robust and sustained upward motion.

The negative value of vertical velocity represents
ascending motion, which, when multiplied by the IVT
values, helps us to assess the alignment between these
two key essentials of rainfall and the observed precipita-
tion distribution. Notably, at the upper level (500 hPa), the
maximum negative vertical velocity demonstrates a pro-
nounced southwest–northeast trend (Figure 5c,f,i). The
peak vertical velocity value closely corresponds to both the
extreme values of the rainstorm (Figure 5a,d,g) and the
peak IVT values (Figure 5b,e,h). In contrast, this align-
ment is less distinct at lower levels (not shown). There-
fore, we infer that the primary precipitation zone of this
12-hour rainstorm is at the upper levels, confirming our

earlier analytical findings. In general, substantial precipi-
tation tends to occur when there is a substantial IVT value
coupled with vigorous upward motion.

3.2 Grid-based analysis

To quantify the AR influence over the Jianghuai River
Basin on the Mei-yu period in 2022, we employed both
grid-based and day-based methods to assess the differences
between AR-related precipitation and non-AR-related
heavy rainfall during this time frame.

The Mei-yu period in 2022 started on June 19th and
ended on July 11th, spanning a duration of 23 days.
According to grid-based analysis, 11 of these days are
designated as “AR days,” while the remaining 12 days
fall into the category of “non-AR days.” Moreover, each
grid is divided into three categories: Class A (grids with
an IVT value greater than 500 kg⋅m−1⋅s−1 on AR days),
Class B (grids with an IVT value less than 500 kg⋅m−1⋅s−1)
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8 ZHANG et al.

F I G U R E 6 Results of grid-based analysis. The first row is the cumulative precipitation, the second row is the number of days with
rainfall, and the third row is the precipitation intensity. The left column corresponds to Class A grids, the middle column to Class B grids, and
the right column to Class C grids.

and Class C (grids with an IVT value greater than
500 kg⋅m−1⋅s−1 on non-AR days).

Figure 6 presents the cumulative precipitation, the
number of rainfall days, and the precipitation intensity
for each grid across three distinct categories. For Class A
grids, notably affected by ARs, the highest cumulative pre-
cipitation values are concentrated in the central part of
the Jianghuai River Basin, a region exhibiting pronounced
AR activity. The central areas witness individual instances
of precipitation reaching up to 200 mm, with maximum
values even exceeding 400 mm (Figure 6a). Despite their
substantial cumulative precipitation, Class A grids experi-
ence fewer precipitation days, with a maximum of seven
days (Figure 6d). This combination of larger precipitation
and fewer rainfall days results in stronger precipitation
intensity (Figure 6g).

Across the Jianghuai River Basin, precipitation inten-
sity in Class A grids during the Mei-yu period generally
exceeds 10 mm⋅day−1, ranging from 25 to 50 mm⋅day−1 in
most regions, meeting the criteria for heavy rain. For some
grids, the range extends from 50 to 100 mm⋅day−1, meeting

the threshold for a rainstorm. In a few select regions, the
maximum value even surpasses 100 mm⋅day−1, reaching
107 mm⋅day−1 and attaining the classification of a heavy
rainstorm.

It is worth noting that Class B grids encompass all
instances where IVT values are less than 500 kg⋅m−1⋅s−1,
regardless of whether AR events occurred on that par-
ticular day. According to Figure 6, Class B grids are still
impacted by ARs. Even if AR events are present, Class
B grids are predominantly positioned in proximity to the
ARs without direct influence. Precipitation in Class B grids
is mainly concentrated in the western Jianghuai River
Basin. In most regions, the cumulative precipitation of
Class B remains below 150 mm, with isolated areas rang-
ing from 150 to 250 mm, and a few grids reaching 300 mm
(Figure 6b). Despite Class B grids having IVT values below
500 kg⋅m−1⋅s−1, their locations may be situated in areas
where ARs weaken or dissipate. Consequently, they might
indirectly experience the influence of ARs, leading to
the continued occurrence of precipitation. This influence
potentially results in an increase in the number of rainfall
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ZHANG et al. 9

days for Class B, with these grids experiencing numerous
days of rainfall, generally exceeding eight days and reach-
ing a maximum of over 18 days (Figure 6e). The exten-
sive rainfall duration contributes to reduced precipitation
intensity (Figure 6h).

Across most of the Jianghuai River Basin, precipitation
intensity of Class B grids ranges from 0 to 25 mm⋅day−1,
with some areas reaching 25–50 mm⋅day−1, just meeting
the criteria for heavy rain. Only in individual areas can the
precipitation intensity reach 50–100 mm⋅day−1, meeting
the threshold for a rainstorm.

Class C girds demonstrate minimal AR influence, typ-
ically occurring during periods without AR presence or
during the decay phase of AR events that do not impact
the Jianghuai River Basin. Cumulative precipitation for
Class C grids is basically below 50 mm, accompanied by
fewer than five days, leading to relatively low precipitation
intensity (Figure 6c–i). Precipitation intensity across these
grids generally ranges from 0 to 10 mm⋅day−1, meeting
the classification of light rain. In select regions, it reaches
10–50 mm⋅day−1, satisfying the criteria for moderate to
heavy rain.

We also investigated the probability distribution of
precipitation intensity for the three classes of grids (not
shown). On AR days and for the grids with IVT val-
ues larger than 500 kg⋅m−1⋅s−1 (Class A), the median,
75th percentile and 95th percentile of the precipitation

intensity are 14.32 mm⋅day−1, 30.03 mm⋅day−1, and
57.89 mm⋅day−1, respectively. For Class B, these values
are 9.58 mm⋅day−1, 15.18 mm⋅day−1, and 24.69 mm⋅day−1.
On non-AR days and for the girds with IVT values larger
than 500 kg⋅m−1⋅s−1 (Class C), half of the area has no rain
and the 75th percentile precipitation intensity of Class
C grids is only 3.36 mm⋅day−1. This indicates that Class
A, strongly affected by ARs, exhibits higher median and
extreme precipitation values compared to Class B, which
is consistent with the previous reported results (Kim
et al., 2021; Wang et al., 2021). Class C, with minimal
AR influence, generally experiences lower precipitation
intensities.

When dividing the precipitation intensity in Class A
by the precipitation intensity in Class B and Class C
(Figure 7), it becomes evident that the precipitation inten-
sity of Class A is generally 4–20 times that of Class B.
For certain grids, this value exceeds 30. Regarding Class C
grids, the ratio is larger than 24 in many areas. This high-
lights the significant role of ARs in enhancing the intensity
of heavy rainfall events.

In terms of the climatology, the study explored the pre-
cipitation intensity ratios among three grid classes during
Mei-yu seasons over the period 2017–2022 (Figure 8). For
each grid, the ratio of Class A to Class B is mostly 2–8 across
the study region, with the maximum values occurring in
the northwest part (Figure 8a). Generally, the ratio of Class

F I G U R E 7 Comparison of precipitation intensity ratios between (a) Class A and Class B grids, and (b) Class A and Class C grids.

F I G U R E 8 Similar to Figure 7, but for the period of 2017–2022.
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10 ZHANG et al.

F I G U R E 9 Results of day-based analysis. The first row represents total precipitation, the second row represents the number of days
with rainfall and the third row represents precipitation intensity. The left column corresponds to atmospheric river (AR) days and the right
column corresponds to non-AR days.

A to Class C is larger than those of Class B, and areas with
the larger ratio are also located in the northwest part of the
region (Figure 8b), with much greater values (8–30 times
or even higher).

We speculate that, even though Class B grids are dis-
tant from ARs, the influence of ARs may indirectly lead to
a continued occurrence of precipitation in these regions.
This may result in the relatively smaller ratio of Class A to
Class B in the longer period unaffected by ARs.

3.3 Day-based analysis

In this section, the Mei-yu period is segmented into AR
days and non-AR days, and their respective precipita-
tion intensities are calculated. As shown in Figure 9,
the total precipitation on AR days (Figure 9a) signifi-
cantly exceeds that on non-AR days (Figure 9b). The dis-
tribution of total precipitation on AR days is similar to
the findings in Figure 6a, with high values concentrated
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ZHANG et al. 11

in the convergence area of Hubei, Henan, and Anhui
provinces, as well as in the northeastern part of Jiangxi
province, where maximum values exceed 400 mm. Con-
versely, precipitation on non-AR days generally remains
below 100 mm. The number of AR days varies from four
to 10 across the majority of the study region (Figure 9c),
whereas the count of non-AR days spans from one to eight
(Figure 9d).

Furthermore, precipitation intensity on AR days
markedly exceeds that on non-AR days. Specifically, across
most of the Jianghuai River Basin, precipitation intensity
ranges between 0 and 25 mm⋅day−1 on AR days, meeting
the criteria for light to moderate rain. In central regions,
it escalates to 25–50 mm⋅day−1, indicative of heavy rain.
In a select few regions, the range even extends from
50 to 100 mm⋅day−1, meeting the threshold for a rain-
storm (Figure 9e). In contrast, precipitation intensity on
non-AR days usually falls between 0 and 25 mm⋅day−1,
reflecting light rain and moderate rain (Figure 9f). Only
in individual areas, it can meet the criteria for heavy
rain.

Dividing the precipitation intensity of each grid on
AR days by the precipitation intensity on non-AR days
yields the distribution of the ratio (Figure 10). Figure 10a
presents the results for the Mei-yu period in 2022, and
Figure 10b shows the results for the period 2017–2022. In
the 2022 case, the precipitation intensity on AR days can be
as high as 30 times that on non-AR days, with ratios larger
than 8 observed in many areas. Regarding the six-year aver-
aged results (Figure 10b), precipitation intensity on AR
days is generally 2–5 times that of non-AR days. This wide
variation underscores the substantial influence of ARs on
precipitation intensity.

It is important to acknowledge that, on average, this
methodology might attenuate the intensity of rainstorms
in individual areas, potentially resulting in calculated val-
ues for rainstorm intensity that are smaller than the actual
figures. Nevertheless, even with this consideration, it is
evident that AR-related rainstorm intensities are 2–5 times

higher than those associated with non-AR conditions, if
not significantly more.

3.4 Comparisons between grid-based
and day-based analysis

Grid-based analysis primarily focuses on individual
geographical grid points, categorizing the study area
into different grid classes (Class A, B, C). By compar-
ing these different grid classes, it reveals the impact
of ARs on precipitation characteristics in different
contexts.

In comparisons among these three classes, a grid-based
analysis perspective provides valuable insights. The results
of Class A grids underscore the significant role of ARs
in intensifying heavy rainfall events. In contrast, Class B
grids exhibit a trend less associated with ARs, display-
ing IVT values generally below 500 kg⋅m−1⋅s−1. However,
Class B grids are often situated in areas adjacent to ARs,
where the influence of ARs may indirectly lead to contin-
ued occurrence of precipitation. This can result in a higher
number of days with rainfall, albeit with decreased rainfall
intensity. For Class C grids, which are essentially unaf-
fected by ARs, they typically occur during periods without
ARs or during the dissipating phase of ARs that do not
impact the Jianghuai River Basin. Consequently, precipi-
tation amounts, the number of rainfall days, and rainfall
intensity are relatively lower.

Day-based analysis divides time into AR days and
non-AR days, then calculates their respective precipita-
tion intensities. By comparing the precipitation on AR
days and non-AR days, it is concluded that during the
Mei-yu period, total precipitation on AR days is sig-
nificantly higher than on non-AR days. According to
the six-year averaged precipitation intensity ratio results
obtained through day-based analysis (Figure 10b), the
ratio is generally smaller than that of grid-based analy-
sis (Figure 8). This discrepancy is attributed to the fact

F I G U R E 10 The ratio of precipitation intensity on atmospheric river (AR) days to non-AR days for (a) 2022 and (b) the period of
2017–2022.
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12 ZHANG et al.

that, in day-based analysis, ARs may occur in different
regions on different days, attenuating the intensity of
rainstorms on a long-term averaged basis across the
study region.

Grid-based analysis emphasizes detailed differences
on various geographical points within the region, pro-
viding an in-depth understanding of the degree of
the impact of ARs at different locations. Day-based
analysis emphasizes the overall precipitation contrast
between AR and non-AR days throughout the Mei-yu
period, offering a more macroscopic perspective. The
combination of both analyses allows a comprehensive
understanding of AR influence, blending detailed spa-
tial variations (grid-based) with broader temporal trends
(day-based).

4 DISCUSSIONS AND
CONCLUSIONS

During the Mei-yu period in 2022, multiple rainstorm
events occurred in the Jianghuai River Basin. This study
began by examining the atmospheric circulation patterns,
water vapor attributes, and transport trajectories associ-
ated with a specific rainstorm occurring on June 27, 2022.
Subsequently, we conducted a comprehensive investiga-
tion into the differences between precipitation affected
by ARs and precipitation not affected by ARs through-
out the Mei-yu period in 2022. Additionally, we quan-
tified the magnitude of ARs’ impact on precipitation in
the region.

The water vapor transport path during the heavy rain
on June 27, 2022, showed obvious upward movement
between 500 and 700 hPa. This strong upward movement
provided favorable conditions for the development of the
rainstorm. Between 500- and 700-hPa levels, there is a sig-
nificant temperature drop in the center of the storm due
to water vapor condensation. A prevailing southwest wind
transported substantial moisture from the Bay of Bengal
region to the Jianghuai River Basin. Concurrently, a north-
west wind contributed to the southeastward movement of
the rainfall belt, aligning with the process of precipitation
occurrence and development.

Throughout this rainstorm event, a prominent
southwest-to-northeast-oriented AR manifested within
the Jianghuai River Basin. The direction of the AR was
consistent with the development of the rain belt and
moved southeastward. Notably, the region with the high-
est IVT also shifted in the same direction as the rainstorm
center, both tracking northeastward.

To further analyze the influence of ARs on Mei-yu
season rainfall, ERA5 data were used to determine
the appearance of ARs. The 23-day Mei-yu period is

divided into two distinct groups: AR days (11 days) and
non-AR days (12 days). This division enables a clearer
differentiation between the meteorological conditions
during AR-influenced days and those during periods with-
out ARs. Following this initial categorization, the daily
precipitation data are further classified into two groups
based on a threshold IVT value of 500 kg⋅m−1⋅s−1. Sub-
sequently, these daily precipitation grids we4re catego-
rized into three distinct classes. This refined categorization
facilitated a more granular analysis, providing valuable
insights into the impact of ARs on precipitation patterns at
the grid level.

The impact of ARs on precipitation exhibited sig-
nificant variations across the three defined classes of
grids. Class A grids, significantly influenced by ARs,
received substantial precipitation in the central Jianghuai
River Basin, often exceeding 400 mm, with daily inten-
sity between 25 and 50 mm⋅day−1, even reaching rain-
storm thresholds in some areas. Class B grids, moderately
affected by ARs, saw precipitation mainly in the west-
ern Jianghuai River Basin, with intensity between 0 and
30 mm⋅day−1, occasionally reaching criteria for heavy rain
but rarely rainstorm levels. Class C grids, untouched by
ARs, experienced minimal precipitation. Most areas had
no rain, while some observed light rain with an intensity
of 0–10 mm⋅day−1.

For each grid, the six-year averaged precipitation inten-
sity ratio of Class A to Class B is mostly 2–8 across the
study region, while the ratio of Class A to Class C is
generally larger, with values ranging from eight to 30
times. It is important to note that this ratio in one year
or a single case could be much larger than the six-year
averaged values.

In summary, the probability of experiencing rainstorm
events is notably higher for Class A grids, experiencing
pronounced AR activity and substantial AR influence.
Class B grids, typically situated near ARs, exhibit a mod-
erate influence and a lower probability of rainstorms,
but experience a longer durations of rainy days. Class
C grids remain entirely unaffected by ARs, often occur-
ring during periods without ARs or during the dissipating
phase of ARs that do not affect the Jianghuai River Basin.
This indicates that despite IVT exceeding 500 kg⋅m−1⋅s−1,
there is little chance for the region to have rainstorm
events during AR-free periods or the dissipating phase
of ARs.

For the day-based analysis, the Mei-yu period was
divided into AR days and non-AR days to compare their
precipitation intensities. It is worth noting that only a
small portion (∼25%) of areas experience rainstorms on
AR days. This discrepancy might arise from the methodol-
ogy potentially underestimating precipitation intensity in
some regions, resulting in calculated values lower than the
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ZHANG et al. 13

actual figures. The six-year averaged precipitation inten-
sity on AR days is generally 2–5 times that of non-AR days,
while in specific years or single cases, the ratio could reach
up to 30 times.

Both statistical methods reveal the amplifying impact
of ARs on heavy precipitation events, showcasing signif-
icantly higher precipitation intensity in the presence of
ARs compared to their absence. The grid-based analysis
offers a detailed spatial perspective, highlighting local-
ized areas significantly influenced by ARs. On the other
hand, the day-based analysis provides a temporal view,
allowing for a nuanced understanding of how ARs affect
precipitation over time.

Quantitatively, the grid-based analysis indicates that
precipitation intensity during AR events (Class A) is, on
average, 8–30 times higher than in non-AR periods (Class
C) in the western part of the study region. In contrast,
the day-based analysis demonstrates an average precipita-
tion intensity ratio of 2–5 times on AR days compared to
non-AR days. These results underscore the robustness of
ARs in enhancing heavy precipitation, emphasizing the
necessity of considering both spatial and temporal dimen-
sions in understanding their influence on rainfall patterns.

However, it is essential to note that the mere presence
of ARs does not guarantee extreme precipitation. Indeed,
ARs contribute a substantial supply of water vapor, but
the occurrence of heavy rain is also influenced by factors
such as the strength of vertical ascent and local topogra-
phy. Generally, when these influencing factors align and
are sufficiently robust, the likelihood of rainstorm events
significantly increases.
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