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ABSTRACT: This study investigates the characteristics of mesoscale convective systems (MCSs) as a function of MCS or-
ganizational mode over China, using long-term precipitation radar observations from the Tropical Rainfall Measuring Mis-
sion (TRMM) and Global Precipitation Measurement Mission (GPM). The spaceborne radar-based MCS climatology
shows maximum population over low-elevation regions, marked decrease over the foothills, and minimum frequency over
the Tibetan Plateau. Linear and nonlinear MCSs account for 17% and 83% of the MCSs over China, respectively. Linear
MCSs have much stronger convective intensity and heavier precipitation than nonlinear MCSs, as indicated by TRMM
convective proxies. Interestingly, though broad-stratiform MCSs have the weakest convection, they produce the heaviest
(maximum) rain rate and the largest amount of heavy rainfall among nonlinear MCSs. Among various types of linear
MCSs, bow echoes (BEs) and no-stratiform (NS) systems exhibit the strongest convective intensity, embedded lines exhibit
the weakest, and convective lines with trailing/leading stratiform in between. BEs and NSs share the most vertically ex-
tended structure, strongest microwave ice scattering, and highest lightning flash rates, but NS systems have a much lower
surface rain rate likely due to a drier environment. Vertical radar reflectivity profiles suggest that both ice-based and
warm-rain processes play an important role in the precipitation processes of linear MCSs over China, including the most in-
tense BE storms. In short, this study helps to better understand the convective organization, precipitation structure, and en-
semble microphysical properties of MCSs over China, and potentially provides guidelines for evaluating high-resolution
model simulations and satellite rainfall retrievals for monsoonal MCSs.
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1. Introduction generally categorized by linear (e.g., squall line) and nonlinear
organizations such as near-circular convective systems (Houze
2018; Schumacher and Rasmussen 2020). Squall lines have been
shown to be responsible for much of the short-duration heavy
rainfall, flash floods, large hail, and even tornadoes (Houze
et al. 1990; Schumacher and Johnson 2006; Stevenson and
Schumacher 2014; Cecil and Blankenship 2012). The type
and severity of severe weather on the organizational mode
of squall lines (Parker and Johnson 2000; X. Wang et al.
2014; Zheng et al. 2013; Ma et al. 2021). For instance, squall
lines organized as convective lines with leading stratiform or
trailing stratiform precipitation are more likely to induce
hail and tornado threat (Gallus et al. 2008), whereas bow

turn, MCS can affect the large-scale circulations by redistribut- echo systems are more favorable for dan?afging winds or der-
ing momentum, heat, and moisture (Stensrud 1996; Schumacher ~ ©¢h0s (Schenkman and Xue 2016; Guastini and Bosart 2016;
and Johnson 2005; Moncrieff 2010; Liu et al. 2015). MCSs have ~ Xia €t al. 2012; Weisman 1993). .

been a hot research topic worldwide (summarized in Houze MCSs are quite frequent over China and contribute 40%-50%

2018 and Schumacher and Rasmussen 2020). They can be of the total rainfall in most regions, especially in the lower-
elevation areas (Li et al. 2020). Nearly half of the heavy

rainfall events are associated with MCSs in eastern China,

and up to 80% over areas along the Yangtze River valley

Denotes content that is immediately available upon publica- (He et al. 2016; Zhang et al. 2019). In addition, MCSs fre-
tion as open access. . ’ . e o

quently induce strong wind and damaging hail (Zhang et al.

2008; Xie et al. 2010; Zheng et al. 2013; Yang and Sun 2018),

Corresponding author: Weixin Xu, xuwx25@mail.sysu.edu.cn and sometimes even produce tornados (Meng et al. 2018).

Mesoscale convective systems (MCSs), typically hundreds
of kilometers in the horizontal scale, are organized regions of
deep convection. They not only frequently induce severe weath-
ers such as flooding, damaging wind, and large hail, but also sig-
nificantly contribute to the total rainfall around the world
(Nesbitt et al. 2006; Houze 2018; Schumacher and Rasmussen
2020; Feng et al. 2021). Under the climate warming recorded
during the past several decades, MCSs over both the central
United States and West African Sahel have been found to occur
more frequently and to exhibit trends toward stronger, more ex-
tended, and longer-lived systems (Feng et al. 2016; Taylor et al.
2017; Prein et al. 2017; Houze 2018; Rasmussen et al. 2020). In
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MCSs over China have been extensively investigated, based
on satellite infrared (IR) measurements, rain gauge-satellite
combined data, and ground-based radar observations. IR-
based studies reported three MCS maxima in China, occur-
ring over South China (southernmost China), Yangtze
River valley (central-eastern China), and Tibetan Plateau
(Zheng et al. 2008; Yang et al. 2015; Chen et al. 2019; Cui
et al. 2020). Over South China, MCSs frequently develop
along either cold fronts in April or quasi-stationarity fronts
during the mei-yu season in May-June (Sun and Zhang
2012; Yang et al. 2015; Cui et al. 2020). Orographic enhance-
ment may also play a role in triggering/enhancing MCSs and
heavy precipitation in South China (Du et al. 2020; H. Wang
et al. 2014). MCSs over the Yangtze River valley are often
associated with active mei-yu fronts during June—July (Yang
et al. 2015; Chen et al. 2019; Cui et al. 2020; Li et al. 2020).
Some MCSs originate over the second-step terrain just east
of the Tibetan Plateau and propagate eastward into the
plains or coastal regions in eastern China (Ding and Chan
2005; Yang et al. 2018; Mai et al. 2021; Meng et al. 2021).
This is similar to summertime MCSs over the continental
United States (CONUS), which frequently initiate on the
lee side of the Rocky Mountains and propagate eastward
into the Great Plains (Carbone and Tuttle 2008; Zhang et al.
2014; Feng et al. 2019). Another warm-season MCS maxi-
mum is reported over the southern Tibetan Plateau by IR
measurements (Zheng et al. 2008; Mai et al. 2021; Meng
et al. 2021; Zhang et al. 2021). However, it is uncertain
whether these MCSs produce significant rainfall at surface or
mainly thick, cold clouds, given the poor relationship between
IR brightness temperature and the surface precipitation (Arkin
and Meisner 1987; Rickenbach 1999). Though continuous satel-
lite IR observations provide important information about the
evolution and propagation of MCSs (Yang et al. 2015: Ai et al.
2016), details about the partitioning between convective and
stratiform rain areas, as well as the vertical structure of MCSs
are unknown from the IR-based MCS climatologies.

Many studies have examined organizational characteristics
of MCSs over China (mainly east and north China), especially
linear MCSs (squall lines) using ground-based radar measure-
ments (Meng et al. 2013; Zheng et al. 2013; Zhang et al. 2019;
Yang and Sun 2018; Liu et al. 2021; Ma et al. 2021). Meng
et al. (2013) identified 96 intense squall lines over eastern
China from 2008 to 2009, which tend to be the strongest over
coastal regions and the weakest over the mountainous areas.
They further found that certain synoptic patterns are more fa-
vorable for squall lines such as pre-trough, cold vortex, subtrop-
ical high, tropical cyclone, and post-trough. The organizational
modes of squall lines were also documented over the central
Eastern China, the Yangtze River basin, and the North China
based on operational radars, and attributed to various forms of
severe weather (Zheng et al. 2013; X. Wang et al. 2014; Liu et al.
2021). Over 70% of the trailing-stratiform MCSs over central-
eastern China produce heavy rainfall (>20 mm h™"), while ex-
treme precipitation (>50mm h™') is the most frequent in paral-
lel-stratiform MCSs (Zheng et al. 2013). Over North China,
severe winds (>17 m s~ ') over the plains are frequently pro-
duced by squall lines, whereas they are more connected to
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isolated convective clusters over the mountains (Yang and Sun
2018). Though the abovementioned studies found many inter-
esting features of linear MCSs in China, they mainly focused on
intense MCSs (e.g., inducing severe wind or hail) but knowl-
edge about their spatiotemporal coverage is relatively limited.
Moreover, ground-based radar measurements may be subject
to severe beam blockage issues over hill areas in southeast
China (Meng et al. 2013) and complex terrain in the western
parts of China.

Compared to the MCS horizontal structure, the vertical struc-
ture of MCSs in China are less known. Results based on nearly
10 years of TRMM precipitation radar measurements showed
significant regional and intraseasonal variations in the vertical
structure of MCSs in China (Xu et al. 2009; Luo et al. 2013).
During the active monsoon periods, MCSs over the Yangtze
River exhibit significantly higher radar echo-top heights
than those over South China (Luo et al. 2013). Interest-
ingly, MCSs have stronger radar vertical profiles (e.g.,
higher reflectivity) prior to the onset of the mei-yu season
than the active mei-yu periods (Xu et al. 2009). Similar in-
traseasonal variations in the vertical structure of MCS over
the coastal South China are also reported using ground-based
radar measurements (Chen et al. 2014). Recently, Sun et al.
(2020) found that the vertical structure of stratiform precipita-
tion in MCSs associated with mei-yu fronts are similar to those
over the ocean due to high relative humidity. They also re-
ported significant variations in the vertical structure and mi-
crophysics of convective cores during various mei-yu MCS
stages. However, the vertical structure and ensemble micro-
physical properties of MCSs in China (especially squall lines)
are rarely investigated as a function of organizational mode,
which is important for evaluating MCS structure and micro-
physical parameterization in high-resolution models.

The long-term global precipitation radar observations
from the Tropical Rainfall Measuring Mission (TRMM) and
the Global Precipitation Measurement Mission (GPM) sat-
ellites are uniquely beneficial for studying convective clima-
tology (Nesbitt et al. 2000; Zipser et al. 2006; Houze et al.
2007, Houze et al. 2015; Houze 2018). More importantly,
spaceborne radars have minimum beam-blocking issues by
“looking” down from the space and thus they are superior
to ground-based radars in observing convection over com-
plex terrain. This study makes use of this powerful tool to
comprehensively investigate the MCS climatologies over
China. Particularly, general MCS climatologies over East
Asia including China will be discussed in section 3, and
section 4 will compare linear and nonlinear MCSs over
China. Section 5 will focus on squall lines over China, includ-
ing their organization modes, environmental conditions, con-
vective characteristics, and vertical structure.

2. Data and methodology
a. Gridding TRMM and GPM pixel data

Satellite data used in this study include observations from
the precipitation radar (PR), Microwave Imager (TMI), and
Lightning Imaging Sensor (LIS) on board the TRMM satellite,
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and the GPM dual frequency precipitation radar (DPR). Both
the Ku-band radars of PR and DPR may subject to attenua-
tion issue especially by heavy precipitation, which has been
well corrected through advanced attenuation correction algo-
rithm (Iguchi et al. 2000; Seto and Iguchi 2015). Compared to
ground-based radars, spaceborne radars (PR and DPR) look
down directly from the space, therefore, they should have min-
imum influences (e.g., radar beam blockage) from complex
terrain. Ground clutter and sidelobe effects have been suffi-
ciently corrected (Iguchi et al. 2000, 2021). Also, artificial
strong reflectivities near the surface of some steep terrain in
V07 PR data (Hamada and Takayabu 2014) had been cor-
rected in VO8 (Wang and Tang 2020). Though there may be
still certain uncertainties in the near-surface radar reflectivity
or precipitation estimation, PR and DPR measurements are
supposed to be the best-available radar data over complex ter-
rain (Nesbitt and Anders 2009; Houze et al. 2015).

TRMM samples from 35°S to 35°N, and GPM’s sampling
extends to 65°S to 65°N. The observations from TRMM and
GPM are available from 1998 to 2014 and from 2014 to 2019,
respectively. The TRMM/GPM orbital data, with original hor-
izontal resolutions ranging from 5 to 8 km, are remapped to
the Cartesian coordinate with a horizontal resolution of 0.05°
and vertical resolution of 250 m, using the closest point inter-
polating method. The areal-mean rain rates (1° X 1°) in
1998-2018 are derived by averaging the near-surface precipita-
tion data from both the TRMM and GPM precipitation radars.
The original UTC times in TRMM/GPM data are adapted to lo-
cal time (LT) using the time and longitude information of specific
grids. That is, T, = [Trc + lon X (24/360)] mod 24, where
Tiocal and Tyt are the LT and UTC, respectively, and lon is
longitude.

b. MCS identification and categorization

MCSs are identified based on the gridded TRMM PR and
GPM DPR data. The flowchart of the identification procedures
and algorithms are shown in the appendix (see Fig. Al).
Contiguous raining grids (rain rate > 0.1 mm h™') at the
near surface are first clustered as echo objects using an
elliptical fitting method similar to the TRMM precipitation
feature (Nesbitt et al. 2000; Liu et al. 2008). An MCS is
then defined as an echo object satisfying the following con-
ditions: 1) major axis (of the fitting ellipse) greater than 100 km,
2) total areas of convective rain larger than 900 km? (not neces-
sarily continuous), and 3) maximum near-surface reflectivity
reaching at least 40 dBZ. Identified MCSs are categorized as
either linear or nonlinear. Linear MCSs are subjectively identi-
fied based on the linear organization of the convective areas
(PR/DPR convective precipitation type), following previous stud-
ies (Meng et al. 2013; Parker and Johnson 2000; Zheng et al.
2013). Specifically, the convective region of linear MCSs meets the
following criteria: 1) contiguous 35-dBZ areas with the longest di-
mension greater than 75 km, 2) the ratio of shorter dimension to
the longer dimension of the convective region < 0.3, 3) a quasi-
contiguous 40-dBZ band is embedded within the convective
region. Note that the intensity criterion (quasi-contiguous
40-dBZ band) is the same as Parker and Johnson (2000),
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but slightly lower than Meng et al. (2013), which focused on
strong squall lines with strictly contiguous 40-dBZ band.
MCSs that fail to meet the aforementioned criteria are clas-
sified as nonlinear.

Linear MCSs are further divided into five organizational
modes based on the shape of the convective region and the ar-
rangement of the stratiform precipitation region, namely,
trailing stratiform (TS), leading stratiform (LS), parallel
stratiform (PS), bow echo (BE), no stratiform (NS), and em-
bedded line (EL). These organizational modes are identified
subjectively following rules outlined in previous studies
(Zheng et al. 2013; Ma et al. 2021; Gallus et al. 2008; Parker
and Johnson 2000). Examples of various linear MCS modes
are shown in the appendix (see Fig. A2). TS and LS are con-
vective lines having a trailing/leading stratiform precipita-
tion region, respectively. Since the MCS moving direction is
unable to be determined by the TRMM/GPM snapshots,
the TS and LS are classified into the same group. BEs have
similar convective organization as TS and LS, except that
their convective line is in a bow shape. EL is characterized
as a convective line embedded in the stratiform precipita-
tion, whose maximum widths on both sides of the convective
region are wider than that of the convective line. NS is de-
fined as convective line having little stratiform precipitation
at both the leading and trailing edges of the line. As far as
PS, at least one-third of the convective line has little strati-
form precipitation, while the other part of the convective
line is embedded in significant stratiform precipitation.

Meanwhile, nonlinear MCSs are categorized into three dis-
tinct groups objectively, namely, near-circular MCSs (NC),
broad stratiform MCSs (BS), and other MCSs (OT). First,
nonlinear MCSs with a ratio of shorter to the longer dimen-
sion of the convective region > 0.6 are classified as NCs (Liu
and Zipser 2013a). Liu and Zipser (2013a) reported that the
convective intensity of near-circulative systems (over the en-
tire tropics/subtropics) is stronger than the linear convective
systems, whose conclusion was somehow contradictory to the
traditional concept that linear convective systems (squall
lines) are more likely to produce severe weather. Therefore,
it is intriguing whether this conclusion also applies to MCSs in
China. Second, nonlinear MCSs containing an extremely large
area of stratiform precipitation (> 40000 km?) are identified
as BSs following Houze et al. (2015). Finally, nonlinear MCSs
that are not categorized as NCs or BSs are assigned as OTs.

c¢. MCS statistics

All MCSs are numbered after being identified, and grid
cells (0.05°) within the same MCS are tagged by the corre-
sponding MCS number. The climatological MCS probability
(section 3) is calculated as the number of MCS grid cells
(0.05°) within a 1° X 1° box divided by the total number of
grid cells (0.05°) sampled by PR and DPR in the same box.
Similarly, the climatological rainfall contribution (section 3)
from MCSs is computed as the summation of MCS precipita-
tion divided by the total precipitation over a 1° X 1° grid box.

MCS centroids (elliptical fitting) are assigned as the
MCS centers along with time and location information.

Unauthenticated | Downloaded 11/21/22 12:53 AM UTC



2700 MONTHLY WEATHER REVIEW
(b) MCS Probability [x1077]
55
= B
5 5.0
w
45
- 4.0
& 35
3.0
= 25
2K 20
1.5
z 1.0
‘ Q 0.5
. o 0 ; 0.0
80°E 90°E 100 110°E 120°E 130°E  140°E 80°E  90°E 100°E 110°E 120°E 130°E  140°E
(€) MCS Rainfall Contribution [%] - (d) Elevation [km]
z X %R e A ] 00.0 z —— — 8.0
2 A, 900 & 6.0
\ - 4.0
80.0 i
Z [ Z PP S 20
S 700 2 16
60.0 1.2
z z
Y- 500 & UM <R . FECS|T 08
0.4
40.0
nZ 30 U ﬂZ R T T TRl 0‘2
& TR \ .ﬂ 0.1
i 20.0 ‘ ; - - 0.0
80°E  90°E 100°E 110°E 120°E 130°E  140°E 80°E  90°E  100°E 110°E  120°E  130°E  140°E

FIG. 1. Distribution of (a) annual mean rain rate (unconditional, mm day~!); (b) MCS frequency, defined by proba-
bility (1072) over 1° X 1° grids; (c) annual rainfall contribution (%) from MCSs; and (d) terrain elevation height (km).
In (d), the yellow, red, green, and blue rectangles indicate the Southern China (SCH), Yangtze River valley (YZR),
Eastern China Sea (ECS), and Sichuan (SCB) regions, respectively, and the magenta text indicates the topographical
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features. The black contours in the inland regions of all panels represent elevations of 1000 and 3000 m.

Distributions of MCSs in section 4 and section 5 are based
on MCS centers, for consistency to previous squall lines
studies. A variety of TRMM/GPM parameters are saved as
proxies for MCS’s precipitation intensity, horizontal struc-
ture, convective intensity, and microphysical property (ana-
lyzed in sections 4 and 5). These variables include MCS’s
precipitation area, maximum rain rate, the volume of heavy
precipitation (>10 mm h™?'), the areal fraction of strati-
form-type rain, total lightning flash rate, maximum echo-top
heights of 20 dBZ (Maxht20) and 35 dBZ (Maxht35), and
minimum microwave brightness temperature (polarization
corrected temperature, PCT) at 85 GHz (Min85PCT) and
37 GHz (Min37PCT).

d. Reanalysis data

The European Centre for Medium-Range Weather Fore-
casts fifth-generation reanalysis data (ERAS) (Hersbach
et al. 2020) are used to investigate the large-scale environ-
mental conditions for MCSs of various organizational
modes. We utilize the ERAS data at a 0.25° horizontal reso-
lution and 3-hourly temporal resolution with 11 vertical lev-
els. Environmental conditions 3 h prior to MCSs occurrence
are composited as a function of MCS organizational modes.
Specifically, ERAS fields of winds, relative humidity, geopo-
tential height, and divergence at the lower (850-hPa), middle
(500-hPa), and upper (200-hPa) levels are analyzed. The
convective available potential energy (CAPE) and convective

inhibited energy (CIN) are derived from the ERAS tempera-
ture and dewpoint profiles (11 levels).

3. Spatiotemporal variations of MCSs over China

This section first provides a broad picture of MCSs over the
broad East Asia region, and then examines more detailed
characteristics of MCSs over China. MCS climatology over the
entirety of East Asia (15°-55°N, 80°~140°E) is derived through
combining TRMM and GPM observations (section 3a). A
total of 48804 and 14757 MCSs are identified over East
Asia from TRMM and GPM, respectively. It should be
noted that the MCS frequency may be overestimated
(Schumacher and Rasmussen 2020), as the MCS life dura-
tion is not counted here (PR and DPR are not capable to
provide high temporal resolution data). The GPM-based
MCS samples in the middle and higher latitudes (north of
38°N) are relatively small. Therefore, seasonal and diurnal
variations of MCSs (sections 3b-3c) are only examined us-
ing TRMM data over the MCS-populated region in China
(15°-35°N, 100°-140°E), considering the ample sample and
long-term consistency of TRMM.

a. Geographical distribution and rainfall contribution

Distributions of annual rainfall, MCS population, and rain-
fall contribution by MCSs over East Asia are presented in
Figs. la—c, with elevation information provided in Fig. 1d.
Generally, East Asia is featured by an offshore heavy rainband
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(5-6 mm day ') ranging from South China Sea (SCS) to
southern Japan, and a precipitation pattern decreasing step-
wise from eastern China (34 mm day ') to the foothills
(1.5-2 mm day ') of the eastern Tibetan Plateau. Annual rain-
fall also decreases from the central to northern China due to the
reducing influence of the summer monsoon. The greatest accu-
mulated rainfall in mainland China occurs over the Wu-Yi
Mountain areas (marked in Fig. 1d) in southeast China, possibly
due to the elevated frequency of mei-yu fronts over that region
(Ding and Chan 2005; Xu et al. 2009) in combination with oro-
graphic enhancement. Another rainfall maximum appears in the
coastal southern China (SCH; marked in Fig. 1d). These radar-
based rainfall patterns are consistent with precipitation climatol-
ogy from multisatellite rainfall products (Xu 2020) and rain
gauge measurements (Zhou et al. 2008). Moreover, the radar-
estimated precipitation over coastal regions and steep terrain
displays a stronger gradient compared to rainfall derived
from passive microwave/IR or rain gauge (Xu 2020; Zhou
et al. 2008).

The spatial distribution of MCS frequency (probability,
Fig. 1b) in East Asia largely mimics that of precipitation
(Fig. 1a). MCSs contribute over 50%—-60% of the total rain-
fall over regions influenced by the summer monsoon, and
less than 20%-30% over arid areas such as the Tibetan Plateau
and northwest China (Fig. 1c). Similarly, MCSs contribute more
than 50% of the warm season rainfall in most regions to east of
the Rocky Mountains in the United States (Fritsch et al. 1986;
Ashley et al. 2003; Feng et al. 2016; Haberlie and Ashley 2019;
Feng et al. 2019). It should be noted that the rainfall fraction
due to MCSs in this study may be overestimated by polar-
orbiting satellites (TRMM/GPM) as many deep convective
storms may not meet the MCS life-duration threshold but
easily satisfy the dimensional criteria (Wang et al. 2019;
Schumacher and Rasmussen 2020). Over China, an obvious
MCS band (Fig. 1b) shows up from the Sichuan basin to
the lower reaches of the Yangtze River (YZR) and Wu-Yi
Mountain areas (geographics marked in Fig. 1d). Maximum
MCS activity also occurs over SCH to the east of the Yun-
Gui Plateau. Interestingly, MCSs frequently develop
over Northeast China (Fig. 1b), where the annual rainfall
amount is relatively limited (Fig. 1a). These MCS climatol-
ogies are generally consistent with results based on IR ob-
servations and multisatellite rainfall products (Zheng et al.
2008; Yang et al. 2015; Feng et al. 2021). A significant num-
ber of MCSs develop over the second-step terrain just east
of the eastern Tibetan Plateau, which frequently propagate
eastward and contribute a large fraction of rainfall over
the lower reaches of the YZR (Yang et al. 2018). However,
there is little MCS activity over the Plateau (Fig. 1b), contrast-
ing to the maximum MCS band over the southern Plateau
reported in IR-based studies (Zheng et al. 2008; Yang et al.
2015; Chen et al. 2019; Mai et al. 2021). This suggests that con-
vective cloud systems over the plateau may have extensive
and very thick, cold cloud shields (revealed by IR measure-
ments) but minimum precipitation down to the ground
(not detectable by the spaceborne radars). This is likely
because that the air below these cold clouds is dry over
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the Plateau, so not much moisture is available to produce
rainfall.

b. Seasonal variability

The monthly mean MCS frequency is shown for the warm
season with the 850-hPa winds in Fig. 2. Seasonal variations of
MCS frequency in East Asia are closely related to the pro-
gression and retreat of the summer monsoon (Wang 2006;
Ding and Chan 2005; Ding 2007). Before the onset of the
summer monsoon over the SCS (April), MCSs already ac-
tively develop over central eastern China to the east of the
Sichuan basin (Fig. 2a), possibly due to frequent cold front
activity (Xu et al. 2009; Lin et al. 2021). Maximum MCS ac-
tivities during the spring season are also reported over the
CONUS due to the increase of surface heating and en-
hanced low-level southwesterly/southerly flows in the spring
(Haberlie and Ashley 2019; Feng et al. 2019). After the onset
of the SCS monsoon (strong southwesterlies) in May-June,
maximum MCS frequency occurs over the SCH (southern-
most China), as the warm and moist monsoon flows impinge
on the coast and coastal mountains (Xu et al. 2009; Xu and
Zipser 2011; Ding and Chan 2005). The MCS frequency max-
ima coincide with the convergence of the low-level flows.
Both MCSs and the low-level southwesterlies migrate north-
ward from May to July along with the monsoon progression
(Wang 2006; Ding and Chan 2005; Ding 2007). In June,
MCSs penetrate farther westward, up to the foothills of the
Tibetan Plateau or the Yun-Gui Plateau, likely due to a
warmer and moister environment with the full establish-
ment of the summer monsoon in China. MCS maxima are
located farther north in August (not shown). In September,
MCSs over the entire mainland China decrease rapidly with
the retreat of the summer monsoon, as indicated by the
switch of southwesterly/southerly low-level winds to easterly/
northeasterly flows. These MCS seasonal patterns are gener-
ally close to previous MCS climatologies based on rain gauge-
satellite combined precipitation data and the IR observations
(Li et al. 2020; Yang et al. 2015). However, the radar-observed
MCS distribution in this study shows a more evident band-
shaped feature (e.g., compared to Fig. 3 in Zheng et al. 2008
and Fig. 6 in Yang et al. 2015) associated with the mei-yu front
and stronger seasonal migration patterns, realistically repre-
senting the mei-yu rainband and its northward progression
(Ding and Chan 2005; Ding 2007).

¢. Diurnal variations

Besides seasonal variability, MCS also exhibits strong diur-
nal variations (Fig. 3). MCS frequency over the YZR and
SCH peaks in the early morning and afternoon, respectively.
MCSs over Sichuan Basin and the key mei-yu rain belt (from
middle reaches of the YZR to Japan) start to increase at mid-
night (0000-0300 LT) and maximize in the early morning
(0300-0900 LT). This nocturnal MCS peak is evident over
both land and ocean within the mei-yu rain belt. The morning
enhancement of MCS frequency over the YZR is consistent
with the nocturnal rainfall peak previously reported, which is
related to the strengthening of the southwesterly low-level jet
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FIG. 2. Geographical distributions of monthly mean (April-September) MCS frequency (probability) from 1998 to 2014
using only TRMM PR observations overlaid with monthly mean winds at 850 hPa (vectors) derived from ERAS data.

from SCH and the enhancing moisture convergence in the
YZR mei-yu rainband (Geng and Yamada 2007; Cui et al.
2020; Guan et al. 2020). Over the CONUS, summertime MCSs
frequently initiate on the lee side of the Rocky Mountains and
propagate eastward into the Great Plains in the nocturnal
hours (Carbone and Tuttle 2008; Zhang et al. 2014; Feng et al.
2019). However, this study shows no significant eastward prop-
agation signal on MCSs developed over the foothills of the
eastern Tibetan Plateau including the Sichuan basin. This is
possibly because the MCS frequency over the downstream
(YZR) is enhanced by the nocturnal convergence (Cui et al.
2020; Guan et al. 2020) in the mean time when MCSs devel-
oped over the foothill regions due to mountains—plains sole-
noids (Xu and Zipser 2011; Bao et al. 2011). On the other
hand, MCSs over SCH evolve more like typical continental
convection, which peak in frequency in the afternoon and di-
minishes in the morning.

The diurnal cycle of MCS properties over several selected
regions are further examined (Fig. 4). The diurnal patterns of
MCS number (storm-scale, Fig. 4a) are generally consistent
with the gridscale MCS frequency (Fig. 3). There are two
peaks of the MCS number over YZR (red curves), a primary
one in the early morning and a secondary one in the after-
noon (Fig. 4a). However, MCS rain area and precipitation in-
tensity over YZR are the most enhanced in the early morning
and minimized in the afternoon (Figs. 5b,c). Though the MCS
population over the SCH (black curves) maximizes in the
afternoon, their size and precipitation intensity markedly
peak in the early morning, possibly due to MCS upscale
growth and/or precipitation enhancement by the noctur-
nally strengthened low-level jet over SCH (Du et al. 2020).
The number, rain area, and rain rate of MCSs over Sichuan
Basin (blue curves) all peak in the early morning when
lower-level convergence over the Basin becomes the most
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FIG. 3. Diurnal variations of PR-based MCS frequency (probability) composited in local time: (a) 0000-0300,
(b) 0300-0600, (c) 0600-0900, (d) 0900-1200, (e) 12001500, (f) 1500-1800, (g) 18002100, and (h) 2100-2400 LT.

enhanced (Xu and Zipser 2011; Bao et al. 2011). Over the
oceans (green curves), the population and rain rate of MCSs
are elevated in the morning, while their rain areas show lit-
tle diurnal variability.

4. Comparisons between linear and nonlinear MCSs

Though the total MCSs and linear MCSs in China have
been investigated by many studies, their differences (especially
convective intensity) are still less known. Therefore, this sec-
tion compares characteristics of linear (LN) versus nonlinear
MCSs over land areas of China (20°-35°N, 96°~121°E). A total
of 10173 MCSs are identified in this region from TRMM PR
observations (Table 1), ~600 MCSs per year. Li et al. (2020)
tracked the long-lived (> 6 h) MCSs over a similar region in
eastern China (21°-38°N, 102.5°-121.5°E) using hourly gauge-

satellite-combined rainfall product and found an annual
mean MCS frequency of 420 yr~'. Given that a significant
fraction of MCSs do not last 6 h, MCS frequency in this
study is comparable to that reported by Li et al. (2020).
Nearly 20% of the MCSs are linearly organized, while more
than 80% MCSs are nonlinear. Only 13% and 8% of the
MCSs are identified as near-circular (NC) and broad strati-
form (BS) systems, respectively, and 61% of the MCSs are
categorized as other types (OT). In other words, fractions of
linear MCSs in China are lower than those in the CONUS
(23%-40%) reported by studies using ground-based radar
observations (Gallus et al. 2008; Ashley et al. 2019; Cui et al.
2021). This difference is possibly because the environment
conditions of continental United States are more conducive
to linear MCS organization such as stronger vertical wind
shear (Meng et al. 2013).

Unauthenticated | Downloaded 11/21/22 12:53 AM UTC



(@) MCS Number

CBCH <fZR AECS 4SCB

1879 1753 2003 1879

1154

Number [#/10° km?]
Area [x10%m?]

00 03 06 09 12 15 18 21
Local Time

MONTHLY WEATHER REVIEW

(b) MCS Median Area

3.0 T ———w,
CBCH <$¥ZR AECS #SCB - OBCH <¥ZR AECS *SCB
1753 2003 1154 - 1879 1753 2003 1154 7
— 25 —
f L 4
£ L i
£ i I
m
S B ]
€ 20 -
T L ]
o
15 —

00 03 06 09 12 15 18 21
Local Time

VOLUME 150

(c) MCS Median Rainrate

00 03 06 09 12 15 18 21
Local Time

FIG. 4. Time series (3-hourly local time) of (a) number of MCSs, (b) MCS median area, and (c¢) MCS median rain rate over the various regions
including SCH (black), YZR (red), ECS (green), and SCB (blue) marked in Fig. 1b.

a. Geographical distribution and large-scale conditions

The locations and rainfall contribution of MCSs in various cat-
egories (LNs versus nonlinear systems) are presented in Fig. 5.
LNs mainly occur over lower-elevation regions (<1000 m) in the
eastern and southern China (Fig. 5a), consistent with maxi-
mum squall lines over the Great Plains in CONUS (Ashley
et al. 2019; Cui et al. 2021). LNs contribute 20%-25% of the
total rainfall over these regions (Fig. 5b). These results are
generally consistent with the squall-line frequency reported
by ground-based radar studies (Meng et al. 2013; Zheng
et al. 2013), e.g., over the Jiangsu province. However, MCSs
are also quite frequent over Wu-Yi Mountain, which was
not detected by the ground-based radars (Meng et al. 2013).
Meng et al. (2013) pointed out that ground-based radars
may be subjected to significant beam blockage (missing
data) in hilly areas like Wu-Yi Mountain. On the other
hand, NCs distribute more evenly over the lower-rising
(<1000 m) areas in China and have a limited contribution to
the regional rainfall (5%-10%). BSs show a maximum fre-
quency band ranging from the central (Sichuan basin) to
eastern China (Wu-Yi Mountain) and contribute 15%-20%
of the total rainfall in these regions (Figs. Se,f). Compared
to the LN and BS, OTs penetrate farther west and show a
maximum along the Yun-Gui plateau and foothills of the
eastern Tibetan Plateau (>1000 m), where OTs contribute
more than 30% of the annual rainfall (Figs. 5gh).

To better understand the large-scale conditions responsible for
each MCS category, their environmental variables are composited
(anomalies with respect to the climatology), respectively (Fig. 6).
In these composites, seasonal (April-August) means are
subtracted from averages during times when a given MCS
category is present over the key region, where most of these
MCSs occurred (marked by the white box). In general,
the large-scale circulations and thermodynamic conditions
of MCSs are all enhanced and share certain similarities
among various categories. The large-scale features of MCSs

(compared to the seasonal mean) include strengthened low-
level (850 hPa) southwesterly winds, moister environments
at both the lower and middle (500 hPa) levels, and stronger
upper-level (200 hPa) divergence. However, there are also
significant differences in the environmental conditions
among the four MCS categories. LNs are associated with
the most enhanced low-level flows, deep midlevel troughing,
and the strongest upper-level westerly jets, as well as the great-
est upper-level divergence. BSs show a similar large-scale condi-
tion as LNs but an even moister midtroposphere and deeper
midlevel trough, possibly because some LNs eventually evolve
into BSs under a moist midlevel and stronger troughing dy-
namic conditions. Compared to LNs and BSs, NCs and OTs are
associated with a relatively weaker dynamical (no troughing)
and thermodynamical (drier) environment.

b. Precipitation characteristics and convective properties

The convective intensities and structure may determine the
type and severity of MCS impacts (e.g., flooding and hail),
therefore, their differences between LNs and nonlinear MCSs
in China are further examined here. Note that only warm-
season MCSs (80%) are considered for analyses, as cold-season
MCSs (20%) have generally weak convection. The cumulative
distribution frequency (CDF) of LNs and nonlinear MCSs are
calculated as a function of rain area, areal fraction of stratiform
rain, maximum rain rate, and heavy rain (>10 mm h™!) volume
(Fig. 7). First of all, LNs (median of ~1.5 X 10* km?) are gener-
ally larger than nonlinear MCSs (~1 X 10* km?) except BS
(Fig. 7a). BSs own the largest rain areas and the greatest frac-
tion of stratiform precipitation (Figs. 7a,b), likely because they
have the strongest wind shear and greatest amount of midlevel
moisture (Table 1). LNs and nonlinear MCSs (except BS) share
a similar stratiform rain fraction CDF with a median value of
around 70%. Furthermore, LNs frequently produce extremely
high peak rain rates (median of 70 mm h™!), much more
intense than nonlinear MCSs (Fig. 7c). Interestingly, BSs
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FIG. 5. (left) Number and (right) annual rainfall contribution (%) of MCSs in different categories: (a),(b) LN; (c),(d)
NC; (e),(f) BS; and (g),(h) OT. MCS number and rainfall fractions are calculated over a 2° X 2° grid box.

(dominated by broad stratiform rain) have a greater peak rain
rate than other nonlinear MCSs. BSs also generate very large
heavy precipitation (>10 mm h™') volumes (amounts), similar
as the LNs (Fig. 7d). This indicates the great potential of both
BSs and LNs in inducing heavy rain events. In contrast, NC and
OT systems own much smaller heavy rain volumes.

Convective intensities of MCSs are examined in terms of CDFs
of TRMM convective parameters, including Maxht20, Min85pct,
Maxht35, and lightning flash rate (Fig. 8). These TRMM proxies

all indicate that LNs have the strongest convection and
BSs the weakest. Nearly 60% LNs have precipitation-sized
particles (20 dBZ) reaching above 12 km (Fig. 8a), a well-
accepted deep convective threshold (Liu et al. 2008; Xu
and Zipser 2012; Xu 2013). Also, more than 20% of the
LNs may induce overshooting, i.e., the echo-top height of
20 dBZ > 16 km, an altitude that is very possibly above the
tropopause in east Asia (Xu 2013; Liu and Liu 2016). Further-
more, the depressed microwave PCT (85 GHz) signature of
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TABLE 1. Samples and environmental conditions of MCSs in various categories including linear MCS (LN), near-circular MCS
(NC), broad-stratiform MCS (BS), and other MCS (OT) over the selected region (20°-35°N, 96°~121°E) in China based on TRMM

PR data from 1998 to 2014.

Nonlinear MCS

All MCS LN NC BS oT
Population (fraction) 10173 1733 (17.0%) 1407 (13.8%) 827 (8.1%) 6206 (61.0%)
Wind shear of 200-850 hPa (m s ') 19.4 204 18.6 26.1 18.6
Relative humidity at 500 hPa (%) 67.1 633 66.75 734 67.4

LNs (a median value of ~150 K) suggests the presence of a
very deep column of ice particles in these storms (Fig. 8b).
Similarly, the majority of LNs (>50%) have graupel-sized
particles (35 dBZ) in the deep mixed-phase region (Fig. 8c),
i.e., 89 km (equivalent to —15° to —20°C). Most LNs (70%)
have at least one lightning flash observed by the TRMM
LIS (Fig. 8d), and 30%-40% LNs are associated with
intense thunderstorms, e.g., a flash rate of 10-20 flashes per
minute (hereinafter abbreviated fl min~") (Cecil et al. 2005;
Zipser et al. 2006).

BSs show the weakest convective intensities, for instance,
only 10% BSs satisfy the abovementioned intense convection
thresholds (i.e., Maxht35 > 8 km or flash rate > 10 fl min™"').
The population-dominant OTs show only weak-to-moderate
mixed-phase process (median Maxht35 ~6 km), even though
their convective depth (Maxht20) and total ice water path
(PCT85) are quite impressive. On the other hand, the con-
vective intensities of the NCs are in between the LNs and
BSs. Liu and Zipser (2013a) reported that NCs have stron-
ger convection than LNs. However, their objective MCS
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FIG. 6. Composited large-scale environments (all anomalies) of MCSs in different categories during April-August: (a)-(d) 850-hPa
wind and water vaper flux (color shaded); (e)-(h) 500-hPa geopotential height and relative humidity (color shaded); and (j)—(m) 200-hPa
wind, geopotential height, and divergence (color shaded). The rectangle (black or white) marks the highest-frequency region of MCS in
specific category selected for analysis. In (a)—(d), red wind vector represents a wind speed greater than 5 m s~ L. In (a)-(d), data are
blanked out over the 3500-m elevation (golden color filled). The anomalies are the differences between the four MCS modes and the sea-
sonal mean conditions (MCS minus seasonal mean).
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volume. Different colors represent various MCS categories.

classification technique likely includes some intense BE
(linear) convection in the NC category (Liu and Zipser
2013a).

5. Squall lines in various organizational modes

Previous sections have examined the spatiotemporal variations
of MCSs in China and found significant differences between lin-
ear and nonlinear MCSs. This section further emphasizes the
structural difference among linear MCSs in various organizational
modes, including TS/LS, BE, EL, NS, and PS. Of the 1733 linear
MCSs identified in the study region (Table 2), TS/LS systems
have the highest frequency (46.2%), followed by NS (28.3%), PS
(10.5%), BE (8.7%), and EL (6.4%). These relative frequencies
among various linear MCS organizational modes are consistent
with previous results using ground-based radar data either in east-
ern China or the CONUS (Parker and Johnson 2000; Gallus et al.
2008; Zheng et al. 2013; Ma et al. 2021).

a. Locations and storm environments

Geographic distributions of various types of linear MCSs
are shown in Fig. 9. The most populated TS/LS storms widely
distribute over the lower-rising areas (<1000 m) with a maxi-
mum center located over the east/southeast China (Fig. 9a).
There are also a significant number of TS/LS systems situated
over the Yun-Gui Plateau (1000-2000 m) in the southwest
China. BEs mainly occur over eastern China (Jiangsu Prov-
ince and Wu-Yi Mountain) and southernmost China near the

Yun-Gui Plateau (Fig. 9b). EL systems are the most popu-
lated over Wu-Yi Mountain and Sichuan Basin (Fig. 9c),
likely due to orographic enhancement in these areas. Also,
EL MCSs (Fig. 9c) mainly occur to the north of ~25°N, possi-
bly due to reduced wind shear over the southernmost China
(Xu 2013; Xu 2020). Zheng et al. (2013) showed that EL sys-
tems are dominant over the central east China during sum-
mer, as most convective lines over there are embedded in
large-scale stratiform precipitation along the mei-yu front.
Maxima in the occurrence frequencies of both NS and PS
storms occur the eastern plains to the north of the YZR and
the southeast edge of the Yun-Gui Plateau.

The large-scale environments among various organiza-
tional modes of squall lines are generally similar, but with
some distinguishable features. Figure 10 shows the anoma-
lies of large-scale conditions during times when a given
MCS category is present over the key region (marked by the
white box) relative to the climatological mean. TS has en-
hanced low-level southwesterly winds, the most elevated
moisture flux at 850 hPa (Fig. 10a) and a moderate CAPE
(~1000 J kg™, Table 2). Cui et al. (2021) also reported simi-
lar storm environments for TS systems in the CONUS. In
addition to the enhanced low-level flows (~8 m s '), BE is
associated with the deepest midlevel (500 hPa) troughing
(Fig. 10g), the largest CAPE (~1300 J kg™ '), and the stron-
gest CIN (Table 2). EL, the largest linear MCS (will be
shown later), is characterized by an enhanced trough and
the moistest middle level (Fig. 10h), as well as the strongest
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vertical wind shear (Table 2) likely associated with mei-yu  shown in Fig. 11. EL owns the largest rain area and the high-
front (Zheng et al. 2013). PS occurs under conditions with  est areal fraction of stratiform precipitation, while NS has the
relatively shallower midlevel trough and weakest upper- smallest (Figs. 11a,b). Nearly half of the EL systems satisfy
level jets. Overall, TS/LS, BE, EL, and PS mostly occur the areal threshold of BSs (>40 000 km?), whereas the median
ahead of a midtropospheric trough and are associated with NS storms only have a rain area of ~5000 km?. These charac-
upper-level divergence, which are similar to situations in the teristics are associated with the moistest midtroposphere and
CONUS (Cui et al. 2021). On the other hand, NS exhibits  the largest wind shear of ELs, and the much drier midlevel
the weakest large-scale dynamics, e.g., weakest low-level and reduced shear of NSs (Table 2). TS/LS, PS and BE sys-
winds, little (if any) midlevel trough, lowest wind shear, and tems are also quite extended, with a median rain area of
the largest displacement from the upper-level jet stream. ~20000 km? Note the actual precipitation areas of all the sys-
Therefore, NS is more like thermally driven convection un-  tems should be larger than what have been shown here, as the
der moderate CAPE (~930 J kg ™', Table 2). sensitivity of TMM PR is ~18 dBZ, equivalent to a rain rate
of 0.5 mm h™'. In addition, EL systems have an extremely
high stratiform rain fraction (~95%), close to BSs (Fig. 7). Of
Besides the distributions and environments of specific lin-  all the linear MCSs, BE produces the heaviest peak rain rate
ear MCS categories, their precipitation characteristics and  (median of ~80 mm h™!) and the greatest heavy-rain volume
convective structure are also important to know. The CDFs of  (Figs. 11c,d).
precipitation area, stratiform rain fraction, maximum rain Different types of linear MCSs also show different con-

b. Precipitation characteristics and convective properties

rate, and volume of heavy precipitation in linear MCSs are  vective intensities and ensemble microphysics (Fig. 12). In

TABLE 2. Samples and environmental conditions of linear MCSs in various organizational modes, including trailing stratiform and
leading stratiform (TS/LS), bow echo (BE), embedded line (EL), no stratiform (NS), and parallel stratiform (PS).

TS/LS BE EL NS PS
Population (fraction) 802 (46.2%) 150 (8.7%) 110 (6.4%) 489 (28.2%) 182 (10.5%)
Wind shear of 200-850 hPa (m s~ ') 21.3 15.1 24.6 16.8 23.1
Relative humidity at 500 hPa (%) 69.0 652 83.0 58.1 69.3
CAPE (T kg ™) 967 1297 805 930 754
CIN Jkg™hH 47 60 40 51 40
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addition to precipitation intensity (Fig. 11c), BE also shows
the strongest convective intensities indicated by various
TRMM proxies (Fig. 12). The broad EL systems exhibit the
weakest convective intensity, and other linear MCSs (NS,
TS/LS, and PS) have relatively strong convection. Specifi-
cally, nearly 50% (30%-40%) of the BE (NS, TS/LS, and
PS) storms have 20-dBZ echo tops (Maxht20) extended
near or above the tropopause (15-16 km). The median
Maxht20 of BE is significantly higher (1-2 km) than TS/PS/NS,
and much taller (4 km) than that of EL (Fig. 12a). BE also
shows very cold microwave brightness temperature at 85 GHz
(Min85pct), with a median value of 145 K (Fig. 12b). The sec-
ond group of the linear MCSs (NS, TS/LS, and PS) still induce
impressive ice scattering signatures (median Min85pct ~ 155 K).
On the contrary, the median EL systems exhibit a relatively
warm Min85pct (~200 K).

The echo-top height of 35 dBZ (Maxht35), a proxy for the
maximum height reached by graupel-sized particles, shows
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FIG. 9. Number of linear MCSs in various organiza-
tional modes: (a) trailing/leading stratiform line (TL/LS),
(b) bow echo (BE), (c) embedded line (EL), (d) no strati-
form line (NS), and (e) parallel line (PS). MCS number is
accumulated over a 3° X 3° grid box.

similar patterns as the other convective proxies (Fig. 12c). BE
exhibits a very robust mixed-phase process as indicated by its
median echo-top height being higher than all others at
roughly 10 km. NS exhibits a Maxht35 distribution just below
that of BE, with a median Maxht35 of 9 km, indicating that
NS storms also have a marked convective intensity. Most of
the TS/LS and PS systems are indicated as being able to loft
graupel-size ice particles (35 dBZ) well above the freezing
level (8-9 km). Though weakest in intensity, EL systems still
evidence of significant mixed-phase process (median Maxht35
of 6-7 km). Again, BE produces a high lightning flash rate
(Fig. 12d), e.g., more than 50% and 20% of the BE storms
reach intense (10 fl min~') and severe thunderstorm levels
(50 fl min™1), respectively. In contrast, only 15% of the EL
systems produce a flash rate of 10 fl min~'. NS induces a
lower flash rate than BE, even though their Maxht35 is com-
parable, probably because the NS storms have a much smaller
size than BE (Fig. 11a).
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FIG. 10. As in Fig. 6, but for the linear MCS in various organizational modes.

o

Vertical precipitation structure

Vertical precipitation structure of MCSs in China are the
least known, especially for different modes of linear MCSs.
Therefore, the vertical profiles of the TRMM PR reflectivity
are composited as a function of LN organizational modes
(Fig. 13). Obviously, BE and NS present the strongest vertical
profiles of radar reflectivity, especially for the higher
percentile profiles (e.g., 95th and 90th percentiles). The
95th-90th-percentile radar reflectivity profiles of BE and
NS have 35-40 dBZ at 7-9 km altitudes (—10° to —25°C),
indicating the presence of significant amount of large-size
ice particles (graupel/hail) in the deep mixed-phase region
induced by strong convection. Since the climatological
warm-season freezing-level height over eastern China is
4.5-5.3 km (Guo et al. 2022), the 7-9 km altitudes have a
temperature from —10° to —25°C, assuming a lapse rate of
6°~7°C km ™', The mixed-phase (7-9 km) echoes of TS and
PS storms are 2-3 dBZ lower than those of the BE/NS, al-
though their surface reflectivities are similar (<1 dBZ differ-
ence). The reflectivity lapse rates of the vertical profiles
between 0° and —20°C (3 km interval above the freezing level)
for BE/NS and TS/PS systems are —2.5 to —3.5 dBZ km ™!,
close to those of typical continent convection (Zipser and Lutz
1994; Liu et al. 2008). Most of the TS/LS and PS systems are
likely capable of lofting graupel-size particles well above
the freezing level, based on observations of 35-dBZ echoes
to 89 km. Though EL systems have the weakest vertical
precipitation structure, they still show relatively strong
reflectivity (30-35 dBZ) within the key mixed-phase region

(7-9 km), suggesting active ice-based process. EL convection owns
vertical profiles that decrease faster upward above the freezing
level (—5 dBZ km™') compared to the other linear MCSs, likely
due to a much weaker updraft (Zipser and Lutz 1994).

All linear MCS types show radar reflectivity profiles in-
creasing downward (1-3 dBZ) below the melting level
(~5km), indicating significant growth of rain drops through
the warm-rain (collision—coalescence) process (Liu and Zipser
2013b; Zhao et al. 2022). The weaker the convective intensity,
the greater downward increase of the radar reflectivity
profiles, for instance, ~1 dBZ and 2-3 dBZ for the 95th-
90th-percentile and 80th-percentile-median profiles, respec-
tively. This is possibly because hydrometeors are more likely
to fall through the weaker updrafts where cloud drops are
abundant (supportive of active coalescence process), while
most hydrometeors will fall out of strong updrafts leading to
weaker coalescence process (Liu and Zipser 2013b). In short,
vertical radar reflectivity profiles suggest that both ice-based
and warm-rain processes play an important role in producing
heavy precipitation of linear MCSs over China. The lack of
increase in radar reflectivity with decreasing altitude in stron-
ger convection cases may also result from the melting hail
just beneath the melting layer, which could mask some of the
signal of collisions—coalescence.

6. Summary and discussion

This study conducted a comprehensive investigation in
MCSs over China (with the focus over south of 38°N), taking
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advantage of over 20 years of precipitation radar observations
from TRMM and GPM satellites. The spatiotemporal varia-
tions, underlying large-scale environments, convective charac-
teristics, and vertical precipitation structure of MCSs in various

(a) Max 20dBZ Echo Top [km]

organizational modes were extensively analyzed. The major

findings of this study are summarized and discussed as follows.
First, the spatial-temporal distributions of MCSs in East

Asia including China show a similar spatial pattern as
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including TS, BE, EL, NS, and PS.

precipitation, e.g., maximizing over the Yangtze River valley,
the Wu-Yi Mountain areas, and southernmost China. The
MCS frequency is at its minimum over the Tibetan Plateau,
contrasting to the previously reported maximum in MCS ac-
tivity over the southern Plateau using IR data (Zheng et al.
2008; Yang et al. 2015; Chen et al. 2019). This discrepancy is
possibly because convective cloud systems over the Plateau
have extensive and thick, cold cloud shields (thus detected by
IR) but minimum precipitation down to the ground (not
heavy enough to be detected as MCS by the spaceborne ra-
dar). The spaceborne radar-based climatology also better rep-
resents the mei-yu rainband, e.g., Figs. 2 and 3 compared to
Fig. 3 in Zheng et al. (2008) and Fig. 6 in Yang et al. (2015),
and its northward progression, exhibiting a more evident
band-shaped feature and stronger seasonal migration pattern.
On the diurnal scale, MCSs along the major mei-yu rainband
(e.g., Yangtze River valley) are substantially enhanced (in
terms of either frequency, size, or rain rate) in the early morn-
ing, possibly due to enhanced moisture convergence. Though

the MCS population over the southern China maximizes in
the afternoon, their size and precipitation intensity still peak
in the early morning, possibly due to precipitation enhance-
ment by the nocturnally strengthened low-level jet over the
upstream oceans.

Second, MCSs were categorized into linear MCSs (LNs)
and nonlinear MCSs over the MCS-prone region in China.
Only 17% of the MCSs (out of over 10000) are linearly orga-
nized (LN), while more than 80% of them are nonlinear. The
frequency and rainfall contribution of LN and BS are compa-
rable to those of OTs, even though the OTs dominate the
MCS population. While the occurrence frequency of nonlin-
ear MCSs maximizes over the Wu-Yi Mountain and YZR
areas, LNs are the occur most common over the northern
China plains (to the north of the YZR) and the southernmost
China. Linear MCSs are generally larger than nonlinear
MCSs except BSs. BSs own the largest rain areas and the
greatest fraction of stratiform precipitation, apparently due to
greatly enhanced background wind shear and midtropospheric
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moistest. All the TRMM convective proxies indicate that LNs
have much stronger convection than nonlinear MCSs, empha-
sizing that LNs are more likely to induce severe weather
(Zheng et al. 2013; Stevenson and Schumacher 2014; Cecil and
Blankenship 2012). Though BSs have the weakest convective
intensity, they induce a greater maximum rain rate and larger
amount of heavy precipitation (>10 mm h™') than other non-
linear MCSs. Thus, caution should be exercised by forecasters
when considering the possibility of extreme rainfall and flood-
ing due to BSs. LNs are associated with the most enhanced
low-level flows (~10 m s™'), the deepest midlevel trough and
the strongest upper-level jets, as well as the greatest upper-level
divergence. BSs show a similar large-scale condition as LNs but
an even moister midtroposphere, suggesting some BSs are likely
originated from LNs under a very moist midlevel condition.
Third, the convective and microphysical structure of lin-
ear MCSs in specific organizational modes were further ex-
plored, namely, trailing/leading stratiform (TS/LS), parallel
stratiform (PS), bow echo (BE), no stratiform (NS), and em-
bedded line (EL). TS and LS systems have the highest fre-
quency (46.2%), followed by NS (28.3%), PS (10.5%), BE
(8.7%), and EL (6.4%). BEs mainly occur under environ-
ments having enhanced low-level southwest flows, the deep-
est midlevel trough, and the largest CAPE (~1300 J kg™ %).
Broader EL systems are mainly located to the north of ~25° N,
where significant vertical wind shear is also common. On
the other hand, NS storms occur under the weakest large-
scale dynamical forcing and are therefore, they are more
likely thermally driven. As indicated by the radar reflectivity
proxy of updraft strength (i.e., 35 dBZ echo-top height), BEs
and NSs show the strongest convective intensity, ELs the
weakest, and TS/LS in between. Though BEs and NSs both
show the most vertically extended echo structure, strongest

microwave ice scattering, and highest lightning flash rates,
NSs induce a much lower rain rate likely due to a drier en-
vironment. Most linear MCSs exhibit at least graupel-size
hydrometeors in the deep mixed-phase regions (7-9 km), as
indicated by the vertical radar reflectivity profiles. In addi-
tion, radar reflectivity profiles significantly increase down-
ward below the melting height, suggesting that warm-rain
process also play an important role in the precipitation pro-
cesses of linear MCSs over China.

This study helps to better understand the convective organiza-
tion, precipitation structure, and ensemble microphysical proper-
ties of MCSs over China, and potentially provides guidelines for
evaluating high-resolution model simulations and satellite rainfall
retrievals for monsoonal MCSs. To further understand the evolu-
tion of MCS structure, future work will consider the life cycle of
MCSs. This could be done through combining spaceborne radar
profiles, ground-based radar measurements, and satellite IR ob-
servations with high temporal resolution.
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FIG. A2. Examples of linear MCSs in various organizational modes, including (a)—(e) linear MCSs and (f)-(h) nonlinear MCSs. Near-surface
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APPENDIX

Identifying and Categorizing MCSs

Figure A1l displays the flow chart for identifying and cate-
gorizing MCSs. Figure A2 shows the typical cases of MCSs
in various organizational modes.
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