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1Department of Hydrology and Atmospheric Sciences, University of Arizona, Tucson, AZ, USA, 2Wuhan Regional
Climate Center, China Meteorological Administration, Wuhan, China

Abstract This study focuses on investigating the cloud and precipitation features of Meiyu mesoscale
convective systems (MCSs) and their relation to the large‐scale environments in central and southern
China using satellite observations and reanalysis data during the period 2014–2018. MCSs from two different
locations, the Yangtze River Basin (YRB) and Southern China (SC), are examined separately. The Meiyu
MCSs have a mean precipitation rate of 3.6 mm/hr and contribute 20% to 60% of the total precipitation
during the Meiyu period. The diurnal cycle of Meiyu MCSs shows a maximum precipitation amount in the
morning, which is associated with the enhanced nocturnal low‐level jet (LLJ) overnight. Although the
synoptic setups in YRB and SC are found to be similar when normalized around the MCS initiation
locations, MCSs exhibit some differences in terms of the cloud top height, precipitation rate, and duration,
which are likely by the differences in the local forcing. Large interannual variations are found in MCSs'
number, cloud size, lifetime, and rainfall intensity, which is found to be associated with the interannual
variabilities in the large‐scale environments. By comparing the large‐scale environments with climatological
mean states, we find that the year with the most intense MCS activity during the study period is
characterized by an intensified southwesterly LLJ, which increases the moisture transport from the Indian
Ocean and an enhancement of the midtropospheric westerly jet, which induces adiabatic ascent along the
Meiyu front, creating more favorable conditions for convection.

1. Introduction

During monsoon season (May–July), East Asia is characterized by a quasi‐stationary rainband that extends
from the foothills of the Tibetan Plateau to Japan (Sampe & Xie, 2010). The rainband is known as Meiyu in
China and Baiu in Japan. It develops in relation to the western extent of the North Pacific subtropical high
and is sustained by concurrence of a warm moist air mass from the Pacific Ocean and a cold arctic air mass
(Ninomiya, 2004). During the Meiyu period, the extensive rainband along the front often causes numerous
extreme flooding events in densely populated cities over eastern China (Li et al., 2018). For instance, the
extreme floods during June and July of 2016 hit the middle and lower reaches of the YRB, which caused
severe inundations over many major cities and resulted in a direct economic loss of $10 billion USD
(Yuan et al., 2018).

The quasi‐stationarity of the Meiyu front is favorable for the development of organized mesoscale distur-
bances and convective cloud clusters that propagate along theMeiyu front and produce localized heavy rain-
fall (Chen et al., 1998). Earlier studies (Chen & Yu, 1988; Chen et al., 1998; Ding, 1993; Ding & Chan, 2005)
showed that the precipitation along the Meiyu front is mostly associated with the mesoscale convective sys-
tems (MCSs) that develop successively along the front. MCSs are amajor cause of flooding in both the tropics
and warmer midlatitudes owing to their extensive precipitating area (~50,000 km2 or more) and long dura-
tion (Houze, 2004). MCSs are also often associated with weather hazards such as hail, lightning, and severe
wind gusts. The characteristics of MCSs have large variability, and the flood potential of a MCS often
depends on its characteristics, such as the size, motion, and organization (Cui et al., 2019; Houze, 2004;
Parker & Johnson, 2000; Schumacher & Johnson, 2005). The total precipitation from a MCS is in proportion
to the rate and duration of rainfall (Doswell et al., 1996). The precipitation rate is related to the available
moisture in the air, vertical motion, and precipitation efficiency, while the rainfall duration depends on
the size, organization, and speed of the system (Schumacher & Johnson, 2005). The synoptic
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environments are most often responsible for determining these factors. As documented in various observa-
tional studies, low‐level jets (LLJs, defined as a jet stream occurring in the lower 2–3 km of the troposphere),
convective available potential energy (CAPE), and vertical wind shear play important roles in determining
the MCSs’ characteristics (Coniglio et al., 2010; Feng et al., 2019; Laing & Fritsch, 2000). Therefore, to esti-
mate the impacts of MCSs on the central and eastern China's hydrological cycle during the Meiyu season, a
deeper understanding of the large‐scale environments impact on MCS activity and characteristics is
required.

Though characteristics of Meiyu precipitation have been extensively studied using observational data from
various perspectives (Cui et al., 2016; Sun et al., 2019; Wang, Dong, Deng, et al., 2019; Xu et al., 2009; Yin et
al., 2009; Yu et al., 2007; Zhou et al., 2008), few studies have focused on the impact of precipitation produced
specifically by MCSs due to a lack of reliable high‐resolution rainfall data and techniques required to distin-
guish MCSs from other precipitating systems. While several studies (Ai et al., 2016; He et al., 2016, 2017;
Meng et al., 2013; Yang et al., 2015, 2019; Zheng et al., 2013) have been carried out to investigate the
MCSs' properties over central and eastern China, none of these studies have separated Meiyu MCSs from
non‐Meiyu MCSs. This may be important because their properties could differ from each other as a result
of differences in the initiation and maintenance mechanisms. Case studies of extreme‐rain‐producing
MCSs occurring along the Meiyu front using both observations and numerical model simulations have been
demonstrated in Chen et al. (2000), Luo et al. (2014), and Wang et al. (2014). The two MCSs simulated in
Chen et al. (2000) are characterized by strong convergence created by the coupling of the LLJ and
upper‐level jet (ULJ) and are intensified by a substantial increase in potential vorticity (PV) that is related
to a local intensification of the frontal equivalent potential temperature gradient. Luo et al. (2014) found
MCSs to be formed through continuous convective initiation over moist southwesterly flow regions that
were generated by the previously developed convection, which can be described as repeated convective back
building and observed as subsequent echo training by radar. Wang et al. (2014) found that both nonlinear
and linear types of Meiyu MCSs can bring heavy precipitation into the regions along their propagation paths
and their movement is typically influenced by large‐scale environmental flow. However, these studies
mainly focus on the environmental conditions that are favorable for the MCSs development and
extreme‐rain‐producing cases and do not directly look into the variabilities in environmental parameters
that could result in the variabilities in MCS characteristics.

To statistically analyze the Meiyu MCSs' cloud and precipitation features and examine the environmental
factors that may lead to the interannual variations in MCSs' activity and characteristics, accurate
long‐term representations of precipitation and atmospheric states, as well as a well‐established MCS identi-
fication method, are needed. The Global Precipitation Measurement (GPM) satellite launched in early 2014
by National Aeronautics and Space Administration (NASA) and the Japan Aerospace Exploration Agency
(JAXA). It orbits between the equator and high midlatitudes (~65°). The payload includes a
Dual‐frequency Precipitation (DPR) Radar and a multichannel microwave imager on its Core
Observatory. Taking advantage of the global coverage of GPM Core Observatory measurements, the latest
GPM Integrated Multi‐satelitE Retrievals (IMERG) product was developed to provide global rainfall infor-
mation at 0.1° spatial and half‐hourly temporal resolutions. These characteristics make it an ideal rainfall
product for analyzing the MCS characteristics. With the aid of infrared (IR) measurements from geostation-
ary satellites, the precipitation intensity and rainfall amount produced by MCSs can be differentiated from
other precipitating systems because of their cold cloud shield. At the same time, the long‐term availability
of atmospheric reanalysis data is suitable for investigating the large‐scale environment's impact on
MCS characteristics.

This study aims to provide an intuitive overview of the cloud and precipitation characteristics of MCSs dur-
ing the Meiyu season using satellite observations and also to investigate the potential linkage between the
variability of MCSs properties and the large‐scale environment using reanalysis. TheMCSs occurring during
the 2014–2018 Meiyu seasons will be investigated in this study and are separated into two study regions—
YRB and Southern China (SC)—because of their distinct synoptic patterns, which could influence the
MCSs' characteristics (Luo et al., 2013). MCSs that developed along the Meiyu front will first be identified
and tracked using an IR brightness temperature‐based algorithm. The MCS's properties, including convec-
tive initiation time and location, movement, and duration, will be explored. Rainfall characteristics of the
tracked MCSs will be studied in terms of the spatial distribution and diurnal and life cycles. Finally, the
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impacts of the environmental conditions on the interannual variability of the MCS activity will be examined
and compared for the two study domains. This process will be performed by comparing the environmental
variables from the extreme years (e.g., high MCS number year vs. low MCS number year) with the climato-
logical mean‐state base on reanalysis data. Through comprehensive analyses on Meiyu MCSs, the results
from this study will provide valuable insight on MCS characteristics and serve as references for future
Meiyu precipitation and model evaluation studies.

The manuscript is organized as follows: Section 2 describes the satellite observations and reanalysis data
used in this study. Section 3 briefly introduces theMCS tracking algorithm and analysis methods used in this
study. The cloud and precipitation characteristics of MCSs during the Meiyu period and their associated
large‐scale environmental conditions are presented in section 4. Finally, the summary and potential future
work that can be extended from this study are described in section 5.

2. Data Sets
2.1. IMERG Product

The half‐hourly rainrate from the Level‐3 IMERG Final Run Product (V06B) is used to analyze the MCS pre-
cipitation properties during the Meiyu season. The IMERG product is generated by the NASA Goddard
Space Flight Center (GSFC) as a part of the GPM project. IMERG utilizes precipitation estimates from pas-
sive microwave (PMW) sensors onboard various precipitation‐relevant satellites in the GPM constellation,
intercalibrated precipitation fields from IR sensors, and surface gauge analyses to produce global precipita-
tion information at half‐hourly temporal and 0.1° spatial resolutions (Huffman et al., 2016). IMERG is line-
arly interpolated from 0.1° to 4 km to match the horizontal resolution of the tracking algorithm output.
Because the morphing and calibration processes used in IMERG can easily create very small precipitation
values (<0.01 mm/hr) and result in a much smaller mean value (Cui et al., 2020), a threshold value of
0.05 mm/hr is employed in this study to distinguish the rainy and nonrainy events. The performance of
IMERG over China has been evaluated against groundmeasurements (i.e., radar and rain gauge) in multiple
studies (e.g., Chen & Li 2016; Tang et al., 2016; Xu et al., 2017). Tian et al. (2018) evaluated the IMERG rain-
fall product in eight regions with different rain gauge densities in China and found that IMERG has positive
biases (~5%) for light precipitation (<1 mm/hr) and slightly negative biases (~1%) for moderate and heavy
precipitation (>1 mm/hr). IMERG hourly estimates have absolute biases less than 6% under differing gauge
density conditions. Regarding MCS precipitation, Cui et al. (2020) compared IMERG precipitation products
with radar‐based precipitation estimates over the central and eastern United States and found that IMERG
captures the spatial distribution and diurnal cycle of MCSs precipitation observed in radar estimates but
retrieves larger MCS precipitating area near the edge of the system. Cui et al. (2020) concluded that
IMERG precipitation products underestimate precipitation rate ( ~20%) and overestimate accumulated pre-
cipitation (~10%). This conclusion could be applied while studying the MCSs properties over China with
some caution taken.

2.2. MERRA‐2 Data Set

The Modern‐Era Retrospective analysis for Research and Application Version 2 (MERRA‐2) is an atmo-
spheric reanalysis developed by the NASA Global Modeling and Assimilation Office (GMAO). MERRA‐2
uses Version 5 of the Goddard Earth Observing System atmospheric circulation model (GEOS‐5) and 3‐D
variational data assimilation (3DVAR) to ingest a range of observational data from surface, aircraft, and
satellite (Gelaro et al., 2017). The MERRA‐2 data have a 0.625° longitude × 0.5° latitude resolution on 72
sigma‐pressure hybrid layers between the surface and 0.01 hPa. Detailed information of the algorithms
and observations used in MERRA‐2 can be found in Gelaro et al. (2017). The atmospheric variables from
MERRA‐2 3‐hourly analysis field are used to study the environmental conditions associated with Meiyu
season MCSs.

2.3. CPC Globally Merged Tb Data Set

The National Centers for Environmental Prediction (NCEP)/Climate Prediction Center (CPC) globally
merged IR brightness temperature (Tb) data are utilized as the input data in tracking algorithm to identify
the MCSs. The IR field is constructed by merging all available IR measurements frommultiple geostationary
satellites (GOES, METEOSAT, and GMS), which yields global coverage from 60°N to 60°S. The data set is
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available at ~4 km horizontal resolution and half‐hourly temporal resolution. A description of the data set
can be found in Janowiak et al. (2001).

2.4. Three‐Dimensional Mosaic Radar Reflectivity

The 3‐D mosaicked radar reflectivity over the middle reaches of Yangtze River provided by the Institute of
Heavy Rain (IHR) is used to verify the output from the IR tracking algorithm. The radar reflectivity field
is created by remapping and combining multiple‐radar reflectivity fields onto a 3‐D Cartesian grid by apply-
ing interpolation methods (Xiao et al., 2008). The reflectivity field covers a domain from 107°E to 117°E and

Figure 1. Composite radar reflectivity evolution of a tracked MCS case from 23Z 29 June 2018 to 04Z 30 June 2018. The
black line represents the cold cloud mask (region with Tb < 241 K) identified by the tracking algorithm. Only composite
radar reflectivity greater than 15 dBZ are shown in order to filter out the ground clutter pixels.
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from 27°N to 35°N and has a horizontal resolution of 1 km × 1 km and a temporal resolution of 6 min. The
data have 21 vertical levels, with 500 m vertical resolution for levels below 5 km, and 1 km for levels above it.

3. Methodology

The FLEXible object TRacKeR (FLEXTRKR) method introduced by Feng et al. (2018) is used in this study to
identify and track the MCSs. The method first identifies large cold cloud clusters (CCSs; Tb < 241 K) asso-
ciated with deep convection (Tb < 225 K) using satellite Tb data. The tracking method is based on overlap
(an overlap threshold of 50% is used in this study) of CCSs between two successive Tb images to determine
if they belong to the same cloud system (Feng et al., 2012). A tracked CCS is terminated when no features
between two consecutive time steps satisfy the area overlap threshold. An MCS will be identified when a
CCS has an area exceeding 6 × 104 km2 and a lifetime longer than 6 hr (Feng et al., 2018). Smaller CCSs that
last <6 hr and merge with or split from a CCS‐identified MCS are considered part of that MCS. The precipi-
tation associated with an MCS is then identified based on the CCS Tb mask. When an MCS initiation is con-
current with a maximum 850 hPa equivalent potential temperature (θe) gradient zone located along ~30°N
within 110°E to 150°E (Ninomiya, 1984), and a southwest‐northeast cold cloud band across the study
domain is seen from the Tb image, that MCS is then identified as a Meiyu MCS.

This tracking method was previously used for tracking MCSs in the Central United States, and the MCS
properties in China may differ from the those in the Central United States due to the differences in the
meteorological conditions; therefore, the output from the tracking algorithmmust first be verified with radar
observations. Figure 1 illustrates the composite radar reflectivity evolution of aMeiyuMCS from 29 June 23Z
to 30 June 04Z 2018. The black solid line represents the cold cloud shield mask identified by the tracking
algorithm at each time step. At 23Z, the algorithm separates the newly developed convective core from
the dissipated system located northeast of the identified system. At 02Z, the algorithm also successfully par-
titions the newly initiated system that is located on the east side of the identified cloud. The cold cloud shield
mask areas are larger than the composite radar reflectivity areas at all times. This is expected because an
MCS contains a nonprecipitating anvil region, which cannot be detected by precipitation radar (Feng
et al., 2011). Considering that previous MCS studies over China used a range of Tb from 218 to 227 K (this
study uses 225 K) as the minimum Tb threshold (Yang et al., 2015; Ai et al., 2016; Yang et al., 2019) and
the results illustrated in Figure 1, the tracking algorithm used in this study should be considered suitable
to track the MCS in China.

In this study, the MCSs are analyzed separately for two locations: The YRB domain (pink box) covers 105°E
to 123°E and 28°N to 35°N, and the SC domain (blue box) covers 105°E to 123°E and 20°N to 27°N as shown
in Figure 2a. To minimize the topographic effects on the analysis, the region west of 105°E is excluded from
this study. A general Meiyu period from May to July is employed, and only the MCSs that developed along
the Meiyu band during this period will be analyzed in this study.

The favorable environmental conditions for Meiyu MCS initiation are also investigated in this study using
MERRA‐2 reanalysis. The atmospheric state duringMCS initiation is normalized by the values from five sur-
rounding grid boxes from the initiation location based on the nearest MERRA‐2 analysis field (ahead of the
initiation time). The general MCS properties, including system number, initiation time and location, trajec-
tory of the system, and propagation speed, are first studied to give an overall picture of the Meiyu MCSs. The
precipitation features of the Meiyu MCSs are investigated in terms of the total precipitation, precipitation
rate, spatial distribution, and diurnal variation. The cloud and precipitation variables are linearly interpo-
lated into 1 to 10 stages following the method described in Bountiol et al. (2016) for each identified MCS
and then composited to create a composite lifecycle. Finally, the synoptic condition anomalies during the
weakest and the most intense MCS activity years are contrasted against the 18‐year (2000–2018) mean state
to understand the large‐scale environmental effects on the MCS properties.

4. Results
4.1. Meiyu MCS Environmental Conditions and General Properties

A total number of 154 MCSs are identified during the study period, with 81 in the YRB domain and 73 in the
SC domain. The spatial distribution of MCS occurrence frequency is normalized by the 2° × 2° grid box and
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is shown in Figure 2a. For the YRB region, more MCSs are found to have occurred south of or along the
Yangtze River, while for the SC region, the initiation of MCSs is more influenced by the topography as
more MCSs developed on the leeside of the Yunnan‐Guizhou Plateau. Figures 2b and 2c show the
number of MCSs that occurred during each month from May to July. The total occurrence of MCSs is the
highest in May in the SC region and June in the YRB as the Asian monsoon onset starts from the Central
and Southern Indochina Peninsula and advances northwestward until reaching the Central‐Eastern
China in mid‐June (Ding & Chan, 2005). There is large interannual and regional variability in the number
of MCSs, with the least occurring in 2017 and the most occurring in 2015. The specific MCS occurrence
values for each year and for each domain are listed in Table 1.

Normalized synoptic patterns associated with MCSs' initiation for the two domains are shown in Figure 3.
Atmospheric parameters based on the MERRA‐2 reanalysis data, including lower‐tropospheric specific
humidity, midtropospheric relative vorticity (RV), and upper‐tropospheric divergence are examined for
theMCSs' initiations. The surface and low‐level (850 hPa, Figures 3a and 3e) conditions indicate that the sys-
tems are initiate to the south of a southwest to northeast orientated warm front, a strong southwesterly LLJ
(>10 m/s), and moisture convergence for both the YRB and SC domains, except the moist tongue is more
moist in YRB regions. The locations of the western North Pacific subtropical high pressure centers

(5,880 m line) with respect to the convective imitation (CI) locations are
similar in the two domains. The higher 500 hPa thickness in SC than in
YRB is primarily due to a higher low troposphere temperature in SC as
it is located in the subtropics. The 500 hPa RV values indicate that the
MCSs' initiations in both YRB and SC are located at the transitional zone
between cyclonic (positive) and anticyclonic (negative) rotations, that is,
the midlevel wind shear zone. The 200 hPa surface is characterized by
an anticyclonic wind field, and the MCSs' initiations are located in the
positive divergence region (Figures 3c and 3g); there is more substantial
positive divergence in YRB than in SC.

To further examine the local forcing effects on CI, the CAPE and convec-
tive inhabitation (CIN) are computed and presented in Figures 3d and 3h.
The CAPE values at the time of CI are ~800 and ~950 J/kg in YRB and SC,
respectively, with CIN values less than 20 J/kg in both domains. The low
CIN values across the south and central parts of the normalized grid are
due to the very moist environment created by the stationary front (Lane
& Moncrieff, 2015; Liu & Moncrieff, 2017). Similar large‐scale and local
environmental setups are found in two study domains at the CI

Figure 2. (a) YRB (pink box) and SC (blue box) study domains and the total number of MCSs that occurred during the
5‐year study period in each 2° × 2° grid box. (b and c) Histograms showing the yearly occurrence in May, June, and
July, respectively, for the YRB and SC domains.

Table 1
The Number of Identified Meiyu MCSs, MCS Mean Lifetime, and Mean
Number of Cold Cloud Shield (CCS) Pixels of MCSs for Yangtze
River Basin (YRB) and Southern China (SC) Regions for Each Year

Year Region
Number of
MCS (#)

Lifetime
(hr)

Number of mean
CCS pixels (#)

2014 YRB 15 16.5 7,202
SC 20 20.4 6,309

2015 YRB 22 21.0 6,112
SC 17 22.6 7,619

2016 YRB 17 21.3 7,219
SC 13 19.9 7,051

2017 YRB 9 15.6 9,878
SC 14 17.4 7,764

2018 YRB 18 21.0 5,912
SC 9 17.6 7,333

5 years YRB 81 (total) 19.2 (mean) 6,909 (mean)
SC 73 (total) 19.8 (mean) 7,152 (mean)
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location, such as sufficient moisture transported by the southwesterly LLJ, directional wind shear at
midlevels, and divergence aloft.

Figure 4 shows the frequency distributions of MCSs as functions of initiation time and lifetime. Even though
these MCSs are primarily driven by the stationary frontal systems that occur during the Meiyu period, the
initiations are still regulated by solar heating and the nocturnal LLJ, as more MCSs tend to initiate in the
early afternoon (12–16 LT) and throughout the night for both SC and YRB (Figures 4a and 4c). Compared
to SC, YRB had more MCSs develop during the morning. The lifetime histograms of MCSs occurring in both
YRB and SC are presented in Figures 4b and 4d. More than half (46 out of 81) of the YRBMCSs’ lifetimes fall
between 13 and 21 hr, with one extreme case (>50 hr). The lifetimes in SC are more evenly distributed with a
majority (59 out of 73) of MCSs having lifetimes between 13 and 29 hr.

Themean lifetimes of MeiyuMCSs are 19.2 and 19.8 hr in YRB and SC, respectively. These values are similar
to those found over the Southern Great Plains (SGP) in the United States (19.3 hr in spring and 18.7 hr in
summer; Feng et al., 2019). Comparing the mean values from individual years (Table 1, fourth column),
there is a large interannual variation in MCS lifetime in YRB ranging from 15.6 hr in 2017 to 21.3 hr in
2016, whereas it varies from 17.4 hr in 2017 to 22.6 hr in 2015 in SC. An additional MCS property examined
in this part of the analysis is the mean size of the CCS, which is also summarized in Table 1 (fifth column).
The value represents the number of pixels with Tb < 241 K through the systems' lifetime. The MCSs in 2017
again differentiate themselves by having the largest cold cloud area for both the SC and YRB regions. A
Large CCS area indicates that MCS precipitation comes primarily from stratiform rain in which the systems
are dominated by the synoptic fronts rather than local forcing (Feng et al., 2019). These results (the least
MCS occurrence, shortest MCS lifetime, and largest CCS area) suggest that both local and large‐scale envir-
onmental conditions in 2017 are not as favorable for the development and maintenance of the convective
systems. To prove this hypothesis, related analyses are conducted and discussed in section 4.3.

The composite propagation directions and speeds of MCSs for the two regions are shown in Figure 5. The
trajectories of the tracked MCSs show significant variability across the study domain, and the propagation
directions are dependent on the MCSs' initiation locations. For example, in the YRB domain (Figure 5a),

Figure 3. The atmospheric mean states normalized within 10° box around the Meiyu MCSs' initiation locations for YRB and SC domains during the study period.
Coordinate (0, 0) represents the system's initiation location. (a and e) Sea level pressure (black line with 2 hPa interval), 850 hPa wind, and specific humidity; (b and
f) 500 hPa height (black line with 10 m interval) and relative vorticity; (c and g) 200 hPa wind and divergence; (d and h) CAPE and CIN (black line).
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the MCSs that developed near upper reaches (west of 110°E) of the Yangtze River generally first move with
an eastward and then with a southward component. As for MCSs located east of 110°E, systems that
developed north of the Yangtze River show mostly eastward propagation, whereas those south of the river
have southward propagation. In the SC domain (Figure 5c), MCSs that developed on the leeside of the
Yunnan‐Guizhou Plateau generally have southeastward and eastward movement. However, for MCSs in
the far‐eastern part of the domain, large variation is seen in the track directions. Unlike storm tracks, the
MCSs' speed does not show spatial variability. The only feature that can be captured in these figures is
that the MCSs tend to slow down (<5 m/s) when exiting or entering the Plateau region (~112°E longitude
band).

4.2. Precipitation and Cloud Properties of Meiyu MCSs

Figure 6 shows the spatial distributions of the total rainfall amount during the Meiyu period from all preci-
pitating systems (Figure 6a), and only from MCSs for the YRB (Figure 6b) and SC (Figure 6d) domains. The
values in Figure 6a are computed based only on the days with the presence of a stationary front, and the
break days (days without a stationary front) during the Meiyu period are not taken into account in the cal-
culation. The precipitation is more concentrated in the southern part of the YRB during the study period,
with three regions of high precipitation amounts (~500 mm) located at Jiangxi, northern Guangzhou, and
southeastern Guizhou provinces. The southwest to northeast distribution of MCS precipitation is consistent
with the orientation of the frontal system. A positive relationship between the MCSs occurrence frequency
(Figure 2a) and rainfall amount has been found.

Figure 4. The distributions of Meiyu MCS: (a and c) initiation time and (b and d) lifetime for the YRB and SC domains.
Each year is color‐coded with a different color.

10.1029/2019JD031601Journal of Geophysical Research: Atmospheres

CUI ET AL. 8 of 16



Integrating the analyses of Figures 5 and 6, the regions with slower moving MCSs correspond well with the
regions with higher precipitation amounts. This is expected because slower‐moving MCSs would produce
more local precipitation and thus be more conductive to extreme rainfall and flash flooding (Schumacher
& Johnson, 2005). The contributions of MCS precipitation to the total Meiyu precipitation are also calculated
and shown in Figures 6c and 6e. MCSs contribute from 30% to 90% of the total Meiyu rainfall in the central
parts of the two study domains. In the northeastern parts of the YRB domain, MCSs contribute more than
90% of the total precipitation during the Meiyu season. The fractions of MCSs precipitation are the smallest
at the edges of the domains due to fewer overpasses of the systems and the precipitation being dominated by
stratifrom rain.

To examine whether the precipitation properties also have interannual variabilities like the variables pre-
sented in the section 4.1, the accumulated precipitation, mean precipitation rate of MCSs, and the fraction
of MCS precipitation to the total are calculated for each year and listed in Table 2. Except in 2016, the two
study domains received similar amounts of precipitation from MCSs (57.9 mm in YRB vs. 56.8 mm in SC),
the total precipitation amounts are higher in SC than YRB by more than 10 mm. The total precipitation
ranges from 40.1 (2017) mm to 71.3 (2015) mm in YRB and from 40.8 mm (2018) to 98.1 mm (2015) in
SC, in which the high and low values are mostly directly linked to the number of MCSs that occurred during
that year (Table 1). Contrasting the mean precipitation rate values in the two domains, MCS precipitation in
SC is generally more intense than that in YRB by more than 10% except for 2014. The fractions of MCS pre-
cipitation to the total precipitation show large interannual variability, with the percentages ranging from

Figure 5. (a and c) The trajectories of each tracked MCS in the YRB and SC domains during the study period. The dot
represents the initiation location of each MCS. (b and d) The propagation speed and direction of MCSs in the YRB and
SC domains.
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17.6% in 2017 to 61.7% in 2018. Except for 2014, the fractions in YRB are greater than those in SC. Again,
2017 has the least intense rain rates and the smallest contribution of MCS precipitation to the total in
both domains. Many studies have proven that CAPE is a good indicator of precipitation intensity
(McBride & Frank, 1999; Yano et al., 2005). Therefore, the mean CAPE and CIN values are calculated at

Figure 6. (a) Spatial distribution of 5‐year mean total Meiyu season precipitation from all systems. (b and d) Total precipitation from MCSs and (c and e) the con-
tribution of Meiyu precipitation to all precipitation for the YRB and SC domains.

Table 2
The Yearly and 5‐Year Means of MCSs' Accumulated Precipitation, Precipitation Rates, and the Contribution of MCSs
Precipitation to All Precipitation for YRB and SC Regions

Year Region
Total precipitation
(mm)

Mean precipitation
rate (mm/hr)

Percentage
(%)

CAPE
(J/kg)

CIN
(J/kg)

2014 YRB 61.3 3.9 24.6 952.5 15.1
SC 70.8 3.7 25.4 977.5 3.9

2015 YRB 71.3 3.6 34.4 739.4 25.1
SC 98.1 4.1 31.7 1,087.6 6.3

2016 YRB 57.9 3.3 32.0 852.8 14.4
SC 56.8 3.9 23.2 1,154.1 1.3

2017 YRB 40.1 3.0 22.1 526.0 12.4
SC 56.9 3.1 17.6 550.0 22.0

2018 YRB 61.9 3.3 61.7 843.0 19.3
SC 40.8 4.0 22.2 986.6 5.9

5 years YRB 59.2 3.4 34.9 786.6 17.7
SC 66.6 3.8 28.2 976.2 6.9

Note. The CAPE and CIN values are calculated at the MCS initiation locations.
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CI locations for each year. Consistent with the results shown in Figures 3d and 3h, SC has higher CAPE
values than YRB with differences varying from approximately 50 to 150 J/kg. During the 5‐year period,
most of the CAPE values are around 700 to 1,100 J/kg at CI locations except for 2017 where the CAPE
value (500 J/kg) is half of the mean, which is considered insufficient to trigger strong convection
(usually >1,000 J/kg).

To illustrate the spatial and temporal variabilities of the MCS precipitation in the two domains, the diurnal
cycles of accumulated precipitation amount and precipitation rate are presented in Figure 7 as a function of
longitude (calculated values are based on the SC and YRB domains shown in Figure 2a). Contrasting the
diurnal cycles of the two variables may help to understand when and where the extreme precipitation events
are more likely to occur (e.g., the concurrence of intense precipitation and high precipitation amount). The
MCS precipitation shows eastward propagation in both domains, which is consistent with the results shown
in Figure 5 where an eastward component is found in most of the MCSs movement. Two peaks in longitu-
dinal total precipitation are found in the YRB during midnight‐early morning, with one occurring near the
middle reach of the Yangtze River and the other occurring east of 121°E, which corresponds well with the
high‐precipitation regions seen in Figure 6b In SC, the MCS precipitation initiates around midnight, reach-
ing a morning maximum around 8–9 LT. The regions with high precipitation amounts in SC are mostly con-
centrated between 105°E and 117°E, which agrees spatially with Figure 6d. To clearly illustrate the diurnal
variations of mean precipitation rate and total precipitation, they are averaged longitudinally and are illu-
strated in Figures 7b and 7d.

The diurnal variations of precipitation rate are similar in the two study domains, with a primary peak occur-
ring near sunset, a secondary peak at midnight, and a minimum at ~09 LT. During the nighttime and morn-
ing, the total precipitation amount and precipitation rate are positively correlated with each other, implying
a high potential for flash flooding to happen during the late night (concurrence of peak values) in the YRB

Figure 7. The diurnal cycle of MCS total precipitation amount as a function of longitude during the Meiyu season in
(a) YRB and (c) SC domains. The mean values of longitudinal total precipitation amount and precipitation rate of
MCSs in the (b) YRB and (d) SC domains.
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region.However, in SC, a negative relationship is found between the two variables.When combining the results
of Figures 4a and 4c it is found that the hourly mean precipitation rates strongly correlate with the MCS
occurrence frequency in both regions. The negative relationship in SC can be explained by the lifecycle of
the MCSs. The MCS precipitation is dominated by convective precipitation at the upscale growth stage (20%
into the lifetime), and the convective regions of a MCSs are much smaller than the stratiform regions during
the mature and dissipating stages. The mean precipitation rate reaches its maximum a short time after the
system initiates because of the smaller convective region and higher convective precipitation rate.
Constrained by its small convective region, the total precipitation amount is also low at that time. When the
stratiform region is developed, the precipitating area expands quickly, which leads to a larger total
precipitation amount, but yields a lower precipitation rate. Earlier studies (Yin et al., 2009; Yu et al., 2007;
Zhou et al., 2008) found that, during monsoon season, most precipitation events over the upper and middle
reaches of the YRB occur in the early morning. Combined with the findings here, we conclude that the
rainfall peak in YRB during midnight to early morning is mostly contributed by the MCSs rainfall, which is
different from the results over Great Plains in the United States where the precipitation peak occurs around
midnight (Cui et al., 2020; Wang, Dong, Kennedy, et al., 2019).

The cloud and precipitation properties of Meiyu MCSs are also investigated through their normalized com-
posite lifecycles where Stage 1 represents theMCS initiation and Stage 10 is the MCS dissipation as shown in
Figure 8. The cloud top temperature (Figure 8a) reaches its coldest at Stage 3 and then gradually increases
until the system dissipates. At the dissipation stage the cloud top temperature is much warmer than the
initiation stage with a mean temperature difference of ~13 K. The precipitation rate mirrors the decreasing
pattern of cloud top temperature with a local maximum at Stage 3. The time evolutions of cold‐cloud area
and areal total precipitation are rather symmetrical with peaks at Stages 6 and 5, respectively. The

Figure 8. (a) Infrared brightness temperature, (b) precipitation rate, (c) cold cloud area, and (d) areal total precipitation as
a function of normalized MCS lifecycle in YRB (pink) and SC (blue) regions. Here 1 represents the MCS initiation, and 10
represents the MCS dissipation.
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increase from initiation to the mature stage and the decrease from the mature to the dissipation stage are
similar for both cloud and precipitating areas. Comparing between SC and YRB domains, colder cloud top
temperatures are found with SC MCSs than YRB MCSs—the difference can be as large as 4 K at the peak
stage. This results in higher precipitation rates in SC MCSs than YRB MCSs throughout the systems'
lifecycles. The colder cloud top temperatures in the SC are directly resultant from the higher cloud top
height, which are likely associated with the stronger updrafts as indicated by the higher CAPE values
shown in Figure 3 and Table 2.

4.3. Comparison of the Large‐Scale Environments inWeak and IntenseMeiyuMCS Activity Years

Based on results from previous sections, 2017 and 2015 are selected as the weak and strongMeiyuMCS activ-
ity years, respectively, as indicated by their fewer/more MCS numbers, short/long MCS lifetimes,
weak/intense precipitation rates, and low/high MCS precipitation contributions. In this section, the

Figure 9. The Meiyu period (mid‐May to mid‐July) atmospheric mean states during 2000 to 2018 and anomalies in 2017 and 2015. (a) SLP (black line with 2 hPa
interval) and 850 hPa longitudinal equivalent potential temperature gradient (− dθe

�
dy, only showing the values greater or equal to 1 K/° lat), and corresponding

anomalies in (b) 2017 and (c) 2015. The SLP anomalies are in unit Pa with 50 Pa interval. (d) 850 hPa wind and specific humidity and corresponding anomalies
in (e) 2017 and (f) 2015. (g) 500 hPa geopotential height (black line with 15 m interval), temperature and wind, and corresponding anomalies in (h) 2017 and
(i) 2015.
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large‐scale environments from these 2 years are compared with the climatological mean state from 2000–
2018 based on MERRA‐2 analysis. A period from mid‐May to mid‐July is used in this part of the analysis.

Figure 9a shows the spatial distributions of the 19‐year mean SLP and 850 hPa longitudinal equivalent

potential temperature gradient (− dθe
�
dy ). The high − dθe

�
dy regions are located along the Yangtze River

and have southwest to northeast orientation, which are colocated with the Meiyu frontal zone. The anoma-
lies in 2017 (2017 minus 19‐year mean) indicate a slightly warmer surface temperature and greater θe gradi-
ent over central China. In 2015, both positive SLP and θe gradient anomalies are observed on the north side
of the Yangtze River, with negative anomalies south of it. This positive relationship between the changes in
SLP and θe gradient is probably because the warmer environment can hold more water vapor, thus increas-
ing the θe gradient. The findings here suggest that the magnitude of the horizontal θe gradient may not have
a crucial impact on the MCS activity. The 850 hPa wind and specific humidity are investigated. The clima-
tological mean state (Figure 9d) shows that the southern parts of China are characterized by a southwesterly
LLJ and a wet band with a specific humidity greater than 14 g/kg extending to ~30°N. The spatial anomalies
of these two variables are significantly different in 2017 and 2015. In 2017, China is generally drier than the
climatological mean. This is because the strength of the southwesterly LLJ that carries the warm and moist
air from the Indian Ocean is suppressed, while at the same time, the transportation from the South China
Sea is enhanced. The opposite is true in 2015. The strengthened LLJ advects air from the Indian Ocean, form-
ing a moister wet band. The wind shear along the Yangtze River is also enhanced due to the northeasterly
wind anomalies that occur at the northeastern part of the domain. Thus, 2015 has a more favorable
low‐level environment for triggering convection than 2017.

Sampe and Xie (2010) suggest that the midtroposphere westerly jet transports warm air from the Tibetan
Plateau and induces adiabatic upward motion, which creates a favorable condition for convection during
the Meiyu period. Therefore, the 500 hPa height, wind, and temperature are also examined in this analysis,
and the climatological mean state is shown in Figure 9g. The 500 hPa surface features a westerly jet over
China and a high‐temperature zone over the Yunnan‐Guizhou Plateau. The North Pacific subtropical high
is located outside of the study domain during this period. A decrease in temperature but an increase in
500 hPa height are observed in 2017, which could be associated with a warmer column below the layer.
The wind anomalies are westerly between 20°N and 27°N latitude and easterly north of it. This suppresses
the meridional transportation from the Tibetan Plateau (located at ~29°N to 36°N). In 2015, larger westerly
components of 500 hPa wind with respect to the climatological mean are seen over central China. This stron-
ger westerly wind could advect more warm air from the eastern slope of the Tibetan Plateau and result in the
large positive temperature anomalies along the Yangtze River. The features found in Figure 9i could be
potentially linked to the processes described in Sampe and Xie (2010), but more detailed analyses need to
be performed to confirm this relationship. Even so, the findings in this section verify that the variability
in MCS properties can be attributed to the variations in large‐scale environmental conditions.

5. Conclusion and Future Work

This study analyzes the cloud and precipitation properties of MCSs developed along the Meiyu front
over SC and YRB regions, during the period 2014–2018. A total number of 154 MCSs have been iden-
tified and tracked during the study period. The large‐scale environments and local forcing are also
investigated to understand how they may contribute to the MCS variability. Based on an integrative
analysis from satellite observations and reanalysis data, the findings from this study are summarized
as follows:

1. The initiation of Meiyu MCSs is characterized by high moisture availability in the lower troposphere, a
strong southwesterly LLJ, strong midlevel horizontal wind shear, and upper‐level divergence. The wes-
tern North Pacific subtropical high is located ~7° southeast relative to the convective initiation location.

2. TheMeiyuMCSs have amean precipitation rate of 3.6 mm/hr. TheMeiyuMCSs contribute 20% to 60% of
the total precipitation during the Meiyu period, and the regional contribution can be more than 90%. The
diurnal variations of precipitation rate are similar in the two study domains with a primary peak occur-
ring near sunset, a secondary peak at midnight, and a minimum at ~ 9 a.m. During the nighttime and
morning, the total precipitation amount and precipitation rate are positively correlated with each other,
implying a high potential for flash flooding to happen during the late night in the YRB region.
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3. Comparisons between the YRB and SC domains show that MCSs in SC have higher cloud top heights,
more intense precipitation, and slightly longer lifespans than those in YRB. These differences can be
explained by the stronger local forcing in SC.

4. The MCS properties, including the occurrence number during the Meiyu period, the lifetime, and the
precipitation intensity have large interannual variations. By assessing these parameters, the weakest
(2017) and themost intense (2015)MCS activity years during the study period are selected. By contrasting
the synoptic patterns from these years with the 19‐year climatological mean state, it is found that during
the high activity year, the strength of the southwesterly LLJ is enhanced, leading to an intensification of
moisture transportation from the Indian Ocean to southern and central China. A stronger midtropo-
sphere westerly jet is also found during the intense MCS activity year. This process enhances the westerly
warm air advection from the Tibetan Plateau, which creates a more favorable condition for triggering
convection by inducing adiabatic ascent along the westerly jet. Whereas during the year with the weakest
MCS activity, these features are suppressed.

The results presented in this study give a general overview of the characteristics of Meiyu MCSs and their
interactions with large‐scale environments. Future study will focus on statistical analysis of the long‐lived
and heavy‐rain‐producingMCSs and their associated genesis mechanisms during theMeiyu season. It is also
worth investigating how the MCSs modulate the surrounding environment and trigger convective redeve-
lopment as documented in previous literature (Chen et al., 2000; Xu et al., 2017). Both topics would help
improve the understanding of MCSs that are related to heavy rainfall and flood forecasting.
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