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Abstract: The northeastern China cold vortex (NCCV) is the main weather system affecting Northeast
China. Based on the precipitation products from the dual-frequency precipitation radar (DPR)
onboard the Global Precipitation Measurement core observatory (GPM) satellite, the precipitation
structures and microphysical properties for different rain types in 6432 NCCVs from 2014 to 2019
were studied using dynamic composite analysis. Our results show that the precipitation in NCCVs is
dominated by stratiform precipitation. Regions with high stratiform and convective precipitation
frequency have a comma shape. The growth mechanism of precipitation particles changes at ~4 km
in altitude, the lower particles grow through collision (more pronounced in convective precipitation),
and the upper hydrometeors grow through the Bergeron process. Additionally, the precipitation
structures and microphysical properties exhibit great regional variations in NCCVs. The rainfall
for all rain types is the strongest in the southeast region within an NCCV, mainly characterized by
higher near-surface droplet concentration, while precipitation events occur more frequently in the
southeast region for all rain types. There are active rimming growth processes above the melting
layer for convective precipitation in the western region of an NCCV. In the southeast region of an
NCCYV, the collision growth of droplets in both types of precipitation is the most obvious.

Keywords: northeastern China cold vortex; precipitation structure; GPM; microphysical properties

1. Introduction

The cutoff low over the northeastern China-Siberian section of the northwestern Pacific
coast is usually called the northeastern China cold vortex (NCCV) [1]. At present, the widely
used definition of an NCCV is as follows: (1) At 500 hPa, there is a low-pressure system
with an evident cold trough or a cold core, and at least one closed geopotential height
contour (4 dagpm interval). (2) The system appears in the region (35-60°N, 115-145°E).
(3) The system in the defined area must last for at least three days [2—4]. The NCCV can be
accompanied by strong convective weather such as rainstorms, tornadoes, and hail during
its formation, development, persistence, and dissipation, which brings economic loss and
human casualties to Northeast China. It is also worth noting that an NCCV can provide
favorable conditions for the initiation of mesoscale convective systems [5], which cause
asymmetries of precipitation in their interior. Obviously, it is particularly important and
urgent to study the precipitation structures of the NCCV in the background of the frequent
occurrence and serious impact of NCCVs on society in recent years.

During the past two decades, progress has been made in the study of macrocharac-
teristics and favorable conditions of precipitation inside the NCCV [6-13]. The NCCV
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precipitation has obvious asymmetry distribution, i.e., the east side of the NCCV is the main
area of precipitation [6,7], and the mesoscale weather generally occurs in the southern half
of the NCCV [8]. During different life stages of the NCCV, the precipitation characteristics
are different. Rainstorms generally occur in the development stage of the NCCV [9]. At
this stage, the cloud system at its head develops vigorously [10], and most of these systems
are characterized by large-scale mixed precipitation on the south side of the NCCV. At the
mature stage, the precipitation in the NCCV is mostly isolated convective precipitation [11],
and the precipitation center is located closer to the NCCV center [12]. In the dissipation
stage of the NCCV, the comma-shaped cloud system is not obvious, and the main form of
precipitation is isolated convective precipitation [10,11], with less frequent heavy rainfall
events [9]. The variations of environmental characteristics in the NCCV are responsible
for the different precipitation distributions. The positive vorticity advection is located
in the east side of the NCCV, and its forcing produces an updraft, which is favorable for
precipitation formation [13]. The convergence of water vapor occurs in the head and tail of
the NCCV comma-shaped cloud system, associated with the low-level jet and high-energy
wet tongue in the tail of the NCCV, making the convection develop violently [10]. During
the development period of the NCCV, the main factors affecting the precipitation area are
convective available potential energy and water vapor flux. During the mature period,
the convection is basically in the area with high convective available potential energy and
humidity. During the dissipation period, the convective precipitation is also related to the
low-level convergence line [11]. These previous studies are mostly limited to individual
cases or typical periods such as summer and flood seasons. The comprehensive statistical
analysis from multiple factors for different rain types in the NCCV is relatively rare.

It is worth noting that the microphysical structures and processes inside the NCCV
play an important role on precipitation and clouds [14]. Studying the microphysical charac-
teristics of the NCCV’s precipitation is crucial for understanding the NCCV’s structures,
providing the reference for cloud and precipitation modules in NCCV modeling, and
improving the accuracy of numerical predictions. Using observations from an aircraft,
Qi et al. [15] found that there was a high-concentration area of ice particles in the upper
part of the convective cloud band, and that ice particles increased rapidly in the areas with
high supercooled water content, which plays an important role on precipitation. Zhao
and Lei [16] studied the precipitation microphysics of the NCCV from the late-mature
stage to the dissipation stage using aircraft observations. They found that the particle
concentration in the warm layer of the clouds was larger, while in the supercooled water
layer, the particle concentration was much smaller. The high concentration of ice particles in
the layer between —3 and —6 °C is caused by the Hallett-Mossop ice-crystal multiplication
process. Zhong et al. [17] analyzed an NCCV in July based on CloudSat satellite data. In the
development stage of the NCCV, the convective clouds in the warm front on the east side
of the NCCV were mainly composed of ice water, corresponding to the strong echo band,
and the liquid water was mainly in the southeast quadrant of the NCCV. In the mature
stage, the convective systems with more ice water content were mostly located on the north
side of the NCCV, and the liquid water was mainly distributed below the 0 °C layer of the
NCCYV center. At present, due to the high cost of aircraft observation and the incomplete
information of cloud and precipitation obtained by ground-based radar [18], our under-
standing of the precipitation structure and microphysical characteristics in NCCVs is still
insufficient. Hence, it is necessary to introduce more refined data to study the internal
microphysical structure of the NCCV systematically and comprehensively.

The Global Precipitation Measurement core observatory (GPM) satellite can detect
precipitation activity in the range of 65°S-65°N, which provides us with an excellent
opportunity to study the precipitation characteristics of the NCCV in mid- and high-
latitude regions [19]. The dual-frequency precipitation radar (DPR) onboard the GPM
satellite has the ability to detect microphysical characteristics, which have been widely used
in the study of tropical and extratropical cyclones [20-24]. Therefore, the three-dimensional
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structures and microphysical properties and process of precipitation in NCCVs will be
analyzed using GPM DPR from 2014 to 2019 in the present study.

2. Materials and Methods
2.1. GPM Satellite and Precipitation Data

GPM DPR was designed by the Japanese Aerospace Exploration Agency (JAXA) and
the National Institute of Communication Technology (NICT). It consists of a Ku-band
precipitation radar (KuPR, 13.6 GHz) and a Ka-band precipitation radar (KaPR, 35.5 GHz).
The detection area can cover 65°S-65°N on the Earth [24-26]. The KuPR has only one
scanning mode (normal scan, NS), and its minimum detectable reflectivity is 14.5 dBZ. The
KaPR has two scanning modes, matched scan (MS) and high-sensitivity scan (HS). The
minimum detectable reflectivity is 16.7 dBZ and 10.2 dBZ, respectively [27]. The droplet-
size parameters of hydrometeors can be inverted by different responses of the KuPR and
the KaPR to hydrometeors [28]. Using ground-based observations, scholars have verified
the reliability of the droplet-size distribution retrieved by DPR [29]. We used the GPM
dual-frequency precipitation product 2ADPR from 2014 to 2019, including the rain type,
near-surface rain rate, storm-top height, and droplet-size distributions (DSDs). Above the
melting layer, for mixed-phase and solid-phase hydrometeors, the liquid-equivalent DSDs
were retrieved from the official 2ADPR dataset [30].

2.2. GPM Products for Rain Types

The variable typePrecip in the Classification Module (CSF Module) of GPM data
provides rain-type classification made by various methods: the single-frequency horizontal
pattern method (H-method), vertical profiling method (V-method) and measured dual-
frequency ratio method (DFR;;-method) [19]. In the V-method, the melting-layer bright
band (BB) is first detected. The detection of the BB is to determine whether the vertical
profile of radar reflectivity satisfies certain conditions which are typical for the profile of
the radar reflectivity factor when a BB exits by examining the vertical profile of the radar
reflectivity factor. When a BB is detected, if the reflectivity factor in the rain area does
not exceed the convection threshold (46 dBZ), then the rain type is stratiform. When no
BB is detected and the reflectivity factor exceeds the conventional convective threshold
(40 dBZ), the rain type is convective. If rain type is neither stratiform nor convective, the
rain type is other. In the H-method, the horizontal distribution of representative radar
reflectivity factors, i.e., the maximum value of the reflectivity factor along the considered
radar beam in the rain region, is detected. Rain-type classification adopts a modified
University of Washington convective/stratiform separation method, which is divided into
three categories: stratiform, convective, and other. Detection of convective precipitation is
made first. The rain type is stratiform if it is not convective, unless the reflectivity factor is
very small and has almost identical noise. If rain type is neither stratiform nor convective,
it is other.

For the same precipitation profile, due to the different rain-type classification methods,
the results may be different. Therefore, the variable typePrecip unifies rain types by the
above classification methods, that is, the single-frequency method and the dual-frequency
method are used to unify the rain types. In the dual-frequency method, the DFR,,-method
is used to detect the BB, which classifies rain into three types: stratiform, convective, and
transition. The dual-frequency method merges the rain type of the DFR;,;,-method with
the single-frequency Ku-band rain type, and it outputs a unified rain type: stratiform,
convective, and other. The features for the unification of the dual-frequency method are
as follows: When the DFR,, rain type is convective or stratiform, if no BB is detected, the
unified rain type follows the DFR;, rain type. If a BB is detected, however, the unified
rain type is stratiform. When the DFR,;, rain type is transition or the DFR,, processing
is skipped, the single-frequency Ku-band rain type is the unified rain type. If heavy ice
precipitation (HIP) or winter convection is detected, some stratiform type is changed into a
convective type.
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Since the rain-type identification by the DFR;,-method considers observations from
two bands, the rain types are probably more reliable. Therefore, the rain types in the present
study are retrieved from the dual-frequency method. Figure 1 shows the spatial distribution
of 10.4 um brightness temperature from the Japanese Himawari-7 meteorological satellite,
as well as the rain type, storm-top height, and radar echo at 6 km height from GPM DPR for
the NCCV at 1200 UTC on 12 June 2014. The brightness temperature of the cloud system
in the region of 24-28°N and 136-140°E is low (Figure 1a), and the radar echo intensity
at 6 km is higher than 20 dBZ (Figure 1d). However, this region is classified as stratiform
by GPM in Figure 1b. From the vertical profile of the radar echo of the NCCV (Figure 2),
there is a clear BB inside the cloud system in this region, and the echo intensity in the
BB is larger than that in the upper and lower layers. The BB is the main feature of the
stratiform precipitation echo, indicating that the airflow in the stratiform precipitation is
stable and there is no obvious convective activity. For the convective precipitation on the
southeastern edge of the stratiform region, the storm-top height is less than 5 km. It can
be seen in Figure 2d that there is no BB in the precipitation system, and there is a strong
echo higher than 40 dBZ in the radar reflectivity factor. Therefore, the rain types from
the dual-frequency method in GPM have relatively high reliability from the vertical and
horizontal distribution of radar echoes.
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Figure 1. (a) The 10.4 um infrared brightness temperature of the Himawari-7 satellite (shading,
k), (b) the rain type identified by GPM DPR (shading, unitless), with yellow (blue) representing
convection (stratiform), (c) the storm-top height (shading, km), and (d) the reflectivity at 6 km height
(shading, dBZ) within 2000 km distance of the NCCV center at 1200 UTC on 12 June 2014 with GPM
orbit No.001631. (The purple lines represent the swath of GPM DPR; the ‘+’ represents the NCCV
center; and lines AB, CD, EF, and GH represent the section position in Figure 2).
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Figure 2. Vertical sections of the radar echo along lines (a) AB, (b) CD, (c) EF, and (d) GH in Figure 1d.
The X axis represents the latitude along the cross-section direction. The yellow and blue dots at the
11 km altitude represent the convective and stratiform precipitation retrieved from the dual-frequency
method in GPM, respectively.

2.3. Reanalysis Data

The 500 hPa geopotential height fields are extracted from the fifth-generation European
Centre for Medium-Range Weather Forecasts (ECMWF) atmospheric reanalysis (ERAS5)
data with a temporal resolution of 1 h and a spatial resolution of 0.25° x 0.25° [31]. They
were used to correct the initial 6 h NCCV centers provided by Chen et al. [1] which were
identified from a reanalysis dataset with a temporal resolution of 6 h and a spatial resolution
of 1° x 1°. Firstly, NCCV centers at hourly resolution are obtained from the initial 6 h ones
by a linear interpolation method. Secondly, the 1° resolution NCCV centers are refined
to 0.25° resolution using the ERA5 500 hPa geopotential height field. The NCCV center
is corrected by the lowest geopotential height within 1° from the original NCCV center.
In this way, we can obtain the NCCV centers at hourly resolution, and match the NCCV
centers with GPM data at the same time.

2.4. NCCV Coordinate System and Dynamic Composite Analysis

For the convenience of statistics, an NCCV coordinate system is defined in this study.
In this coordinate system, the origin represents the center of the NCCV, the x axis indicates
the east-west direction, and the y axis indicates the north-south direction.
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The near-surface rain rate and other physical variables for precipitation were analyzed
using dynamic composite analysis [7,32] in the NCCV coordinate system. The formula of
dynamic composite analysis is

1

N
S(x,y) = 21 St(x,y), 1)
t=

Z|

where S¢(x,y) are the physical variables at time ¢, and (x,y) are the coordinates in the
composite area, which moves with the position of the NCCV center. N is the total number
of samples, and S(x,y) is the average value of the samples obtained after the dynamic
composite analysis. In the composite analysis, the NCCV center is used as the composite
center; we took 2000 km in each direction around the NCCV center [24] to perform dynamic
composite analysis in a square area with a side length of 4000 km.

In total, 6432 NCCV cases from 2014 to 2019 are used in the dynamic composite
analysis. These things considered, the samples with near-surface rain rate greater than
0.5 mm h~! are defined as precipitation samples.

3. Results
3.1. Subsection Horizontal Distributions of Stratiform and Convective Precipitation in the NCCV
3.1.1. Precipitation Characteristics

In order to understand the internal precipitation structure of the NCCYV, the horizontal
distribution of near-surface rain rate (the total rain rate of the precipitation samples in
the grid divided by the number of precipitation samples), precipitation frequency (the
number of precipitation samples in the grid divided by the number of total observational
samples), and storm-top height of total, stratiform, and convective precipitation in the
NCCV coordinate system are given, respectively (Figure 3). There are obvious regional
differences in the distribution of near-surface rain rate for two types of precipitation. The
rain rate is high in the south of the NCCYV, especially in the southeast region, while it is
the smallest in the northeast (Figure 3a—c), which may be related to the more abundant
water vapor transport in the south [1]. The rain rate of stratiform in the southeast quadrant
(Figure 3b) is generally higher than 2 mm h~1, while it is generally lower than 2 mm h~lin
other regions. Compared to stratiform precipitation, the convective rain rate (Figure 3c)
is generally larger in the NCCV, and the rain rate in the south of the NCCV is higher
than 3.5 mm h~!, while the rain rate in other regions is also higher than 2 mm h~1. The
horizontal distribution of the total rain rate (Figure 3a) is similar to that of stratiform,
which is related to the high proportion of stratiform precipitation in the NCCV. The rain
rate of stratiform in each region is smaller than that of convective precipitation, while the
precipitation frequency is significantly higher, indicating that the precipitation in the NCCV
is more composed of stratiform precipitation with weaker precipitation intensity.

There is an obvious comma-shaped rain band for the precipitation frequency dis-
tribution of the NCCV, which is consistent with the research results of Chen et al. [1]
(Figure 3d—f). For total (Figure 3d) and stratiform (Figure 3e) precipitation, the regions
with precipitation frequency higher than 4% are mainly located over the small area near
the center in the northeast of the NCCV and a large area in the southeast of the NCCV. This
is in good agreement with previous research results that the east side of the NCCV is the
main area of precipitation [6,7], while in most of the other areas of the NCCV, precipitation
frequency is generally lower than 1.5%. With the increase in the distance from the center
of the NCCV, the region with high precipitation frequency shifts from the northeast to the
southeast quadrant. Compared to stratiform precipitation, the frequency of convective
precipitation is lower in all regions. The precipitation frequency in the comma-shaped
rain band is mainly in the range of 0.5-1.5%, while it is basically lower than 0.5% in other
regions (Figure 3f). As the distance to the center of the NCCV increases, the high convective
precipitation frequency occurs, and the frequency of convective precipitation increases



Remote Sens. 2023, 15, 3399

7 of 22

in the southeast quadrant, which is probably related to the higher instability and more
moisture in this region (figure omitted).

total stratiform convective
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Figure 3. The distribution of (a—c) near-surface rain rate (shading, mm h~1), (d—f) precipitation
frequency (shading, %), and (g—i) storm-top height (shading, km) for total, stratiform, and convective
precipitation at each 50 km x 50 km grid in the NCCV coordinate system, derived from GPM DPR
for 2014-2019. (The black dots represent the NCCV center; 6432 NCCVs are included in the dynamic
composite analysis).

The horizontal distribution of storm-top height in the NCCV also has an obvious asym-
metric structure (Figure 3g-i). For total (Figure 3g) and stratiform (Figure 3h) precipitation,
the storm-top height is highest (4.5-6.5 km) in the southwest quadrant and lowest in the
northeast quadrant. Although the precipitation cloud develops deeply in the southwest
regions, the rain rate is small. Conversely, the storm-top height in the northern half of
the NCCV is basically lower than 4.5 km, indicating shallower precipitation clouds, and
the rain rate is also small. The storm-top height in the southeast region of the NCCV is
generally lower than 5 km, but the rain rate is the largest in the NCCV, which may be
related to the more abundant water vapor in this area [1]. The convective precipitation
cloud in the west of the NCCV develops higher (Figure 3i), and the average storm-top
height is higher than 5 km, even up to 8 km in some areas which also have a higher rain
rate. The storm-top height in the southeast quadrant of the NCCV is basically lower than
4.5 km, but the rain rate is the highest in the NCCV. One possible explanation is that these
areas are mostly located over the ocean, where shallow convection with low storm-top
height prevails, according to a previous study [22]. The sufficient water vapor over the
ocean may provide favorable moisture conditions for the formation of shallow convection.

To better understand the contribution of stratiform and convective precipitation within
the NCCV and the distribution of NCCV precipitation, the horizontal distribution of pre-
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cipitation amount contribution (the total rain rate of stratiform/convective precipitation
samples divided by the total rain rate of precipitation samples), and precipitation frequency
contribution (the number of stratiform/convective precipitation samples in the grid divided
by the number of precipitation samples) for stratiform and convective precipitation within
2000 km of the NCCV center are given (Figure 4a—d). Overall, the precipitation in NCCVs
is dominated by stratiform precipitation, and the precipitation frequency (mostly more
than 70%) and amount contribution (mostly more than 60%) of stratiform precipitation are
greater than that of convection precipitation. The difference between convective and strati-
form precipitation amount (frequency) contributions is the largest in the northeast quadrant
of the NCCV. The latter is significantly higher than the former. For example, in the northeast
of the NCCV, the contribution of stratiform precipitation amount (frequency) can reach 80%
(90%), while convective precipitation is less than 20% (10%). It is worth noting that in the
southwest of the NCCV, although the contribution of convective precipitation frequency
is smaller than that of stratiform precipitation (basically less than 30%), the contribution
of precipitation amount is higher than 60% locally, exceeding stratiform precipitation. For
stratiform and convective precipitation, the distribution of precipitation frequency contribu-
tion of the NCCV (Figure 4c,d) is very similar to that of precipitation amount contribution
(Figure 4a,b). Generally, the regions with high (low) precipitation frequency contribution
also exhibit a high (low) precipitation amount contribution. However, since the rain rate of
stratiform is generally lower than that of convective, the contribution of the rain amount is
smaller than the frequency for stratiform precipitation. On the contrary, the contribution of
the convective precipitation amount increases compared to the frequency contribution.

stratiform convective
near-surface rain rate contribution(%) near-surface rain rate contribution(%)

40

20

S-N distance (50 km)
o

-40 -20 0 20 40 -40 20 0 20 40
precipitation frequency contribution(%) precipitation frequency contribution(%)
40

20

S-N distance (50 km)

-40 -20 0 20 40 -40 -20 0 20 40
W-E distance (50 km) W-E distance (50 km)

Figure 4. The distribution of (a,b) precipitation contribution (shading, %), and (c,d) precipita-
tion frequency contribution (shading, %) for total, stratiform, and convective precipitation at each
50 km x 50 km grid in the NCCV coordinate system, derived from GPM DPR for 2014-2019. (The
black dots represent the NCCV center; 6432 NCCVs are included in the dynamic composite analysis).
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3.1.2. Characteristics of Near-Surface Microphysics

Rain rate is controlled by both raindrop concentration and raindrop size [28]. The
microphysical structure and process inside the NCCV also play a very important role in
precipitation [14]. The characteristics of the DSD can reflect the microphysical processes of
precipitation. The DSD parameters provided by GPM 2ADPR products are used, including
D, and dBNy,, where Dy, represents the size of the particles and N, represents the particle
concentration. In order to reduce the influence of DSD retrieval uncertainties caused by
ground clutters, the D;, and dBNy, at 2.5 km height are chosen to represent the near-surface
DSDs. In order to facilitate the display, dBNy, is used to represent the particle concentration
parameter (dBN;, = 10l0g19 (Nw)).

The near-surface particle diameter (Figure 5a—c), concentration (Figure 5d—f), and
radar reflectivity (Figure 5g—i) are very similar horizontal distributions for stratiform and
convective precipitation. The D, and reflectivity factor in the southeast quadrant of the
NCCV are small and the dBNy, is high, while the dBN;, and reflectivity factor in the
northwest quadrant are low and the Dy, is large. For stratiform precipitation (Figure 5b),
the Dy, in the northwest quadrant is generally higher than 1.3 mm and the dBN, is lower
than 33, while the D, in the southeast is mostly higher than 1.25 mm and the dBNy, is about
34. For convective precipitation, the D, in the northwest is generally higher than 1.45 mm
and the dBNy, is lower than 32. The D,; in the southeast is generally below 1.25 mm and
the dBNy, is generally higher than 36. For convective and stratiform precipitation, the radar
reflectivity is very similar to the D,, distribution, which is mainly because the near-surface
echo intensity is more affected by particle size. For convective and stratiform precipitation,
the near-surface rain rate is close to the horizontal distribution of dBN,. For example, the
high rain rate of different types of precipitation in the southeast quadrant of the NCCV
(Figure 3a—c) corresponds to the high concentration of particles (smaller size), while the
weak precipitation in the northwest quadrant corresponds to the low concentration of
hydrometeors (larger size). This shows that the rain rate in the NCCV is closely related to
the raindrop concentration. The heavy precipitation in the southeast is mainly contributed
to by higher raindrop concentration.

Compared to stratiform precipitation, convective precipitation generally has stronger
near-surface echoes, smaller particle concentration, and larger particle size in the western
and northwestern regions of the NCCV, while the convective precipitation in the eastern
and southeastern quadrants generally has weaker near-surface radar echo, higher particle
concentration, and smaller particle size. This shows that there are differences in the
microphysical processes of precipitation in different types of precipitation clouds and
different quadrants. The following section will further study the variation of precipitation
characteristics in different regions in the NCCV.

3.2. Azimuthal Distributions of Stratiform and Convective Precipitation in NCCV
3.2.1. Precipitation Characteristics

The above studies show that there is a significant asymmetric structure in the hori-
zontal distribution characteristics of stratiform and convective precipitation in the NCCV.
In order to understand the distribution characteristics and differences of precipitation in
different directions within the NCCV, the azimuth distribution of precipitation frequency,
near-surface rain rate, precipitation frequency contribution, precipitation amount contribu-
tion, and storm-top height within 2000 km of the NCCV center are given in Figure 6.
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Figure 5. The distribution of near-surface (a—c) droplet mass-weighted mean diameter D,, (shading,
mm), (d—f) particle concentration parameter dBNy, (shading, no unit), and (g-i) average reflectivity
(shading, dBZ) for total, stratiform, and convective precipitation at each 50 km x 50 km grid in the
NCCV coordinate system, derived from GPM DPR for 2014-2019. (The black dots represent the
NCCV center; 6432 NCCVs are included in the dynamic composite analysis).

The peak value of precipitation frequency is in the southeast quadrant of the NCCV
for different rain types (Figure 6a). In each direction of the NCCV, the frequency of
stratiform precipitation is greater than that of convective precipitation. This indicates that
the NCCV precipitation is dominated by stratiform precipitation, which is consistent with
the horizontal distribution (Figure 3e,f). The convective precipitation frequency changes
slightly in the northern half of the NCCV, while it gradually increases from west to southeast,
and then gradually decreases to the east. The peak of the precipitation frequency is about
1% in the southeast of the NCCV. The frequency of stratiform precipitation varies greatly
in different directions of the NCCV. From the east side of the NCCYV to the southwest, the
frequency of stratiform precipitation gradually decreases and reaches the minimum in the
southwest of the NCCV, about 1.3%. Then to the southeast, the frequency of precipitation
increases rapidly and reaches the peak in the southeast of the NCCV, about 4%. The
azimuthal distribution of the total precipitation frequency is basically consistent with that
of stratiform precipitation but is larger than that of stratiform precipitation in each direction.
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Figure 6. The azimuthal distributions of (a) precipitation frequency, (b) near-surface rain rate,
(c) precipitation frequency contribution, (d) precipitation contribution, and (e) storm-top height for
total (black solid lines), stratiform (blue solid lines), and convective (red solid lines) precipitation
in the NCCV coordinate system, derived from GPM DPR for 2014-2019. (A total of 6432 NCCVs
are included in the dynamic composite analysis; samples should be within 2000 km distance of the
NCCV center).

The peak of average rain rate in the NCCV is in the south of the NCCV (Figure 6b)
for convective and stratiform precipitation, which is more westward than the peak of
precipitation frequency. In all directions in the NCCV, the convective rain rate is higher
than that of stratiform precipitation. The convective rain rate varies greatly in different
directions of the NCCV. It gradually increases from the east side to the south side in the
NCCV and reaches the peak in the southwest (about 6 mm h~!), and then gradually
decreases to the east side. The stratiform rain rate changes little in the northern region of
the NCCV and gradually increases from the west to the south. The peak is in the south
of the NCCV, about 2.67 mm h~ !. From south to east, the stratiform rain rate gradually
decreases. Due to the high proportion of stratiform precipitation, the azimuth distribution
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characteristics of the total rain rate are basically the same as the stratiform rain rate, which
is not described here.

In all directions within the NCCV, the precipitation frequency and amount contri-
bution for stratiform precipitation is greater than those of convective precipitation; they
are generally between 80% and 90%, and 60% and 90%, respectively. The precipitation
amount and frequency contribution for stratiform precipitation are the lowest in the south-
west quadrant and the highest in the northeast quadrant of the NCCV (Figure 6¢,d). On
the contrary, the contribution of convective precipitation is the highest in the southwest
region and the lowest in the northeast region. The precipitation frequency and amount
contribution for stratiform precipitation increase slightly from the east to the south of the
NCCV, reaching the peak in the northeast quadrant, about 92% and 87%, respectively. After
that, they gradually decrease and reach the valley in the southwest, at about 80% and
62%, respectively. On the contrary, the peak value of convective precipitation contribution
is in the southwest of the NCCV center; the contribution of precipitation frequency and
the amount is about 19.8% and 37%, respectively. The valley value is in the northeast,
where the frequency contribution is about 7.7% and the precipitation amount contribution
is about 13%.

The peak of average storm-top height for all types of precipitation in the NCCV is in
the southwest quadrant of the NCCV, while the peak of convection is more westward. The
valley of the storm-top height is in the east (Figure 6e). The storm-top height of convective
precipitation in the southeast of the NCCV is smaller than that of stratiform, while it is
opposite in other quadrants. The storm-top height of convective precipitation varies greatly
in different directions. From the east side to the southwest side, it gradually increases,
reaching a peak in the southwest, about 6.24 km, and then to the east side, the storm-top
height gradually decreases, reaching the valley value in the east. The storm-top height
peak value of stratiform precipitation is about 5.4 km in the southwest, and the valley value
is about 3.83 km in the east of the NCCV. The azimuth distribution of storm-top height
for total precipitation is basically consistent with that for stratiform precipitation, which is
related to the large proportion of stratiform precipitation in the NCCV.

3.2.2. Characteristics of Near-Surface Microphysics

Figure 7a,b shows the azimuthal distribution of near-surface D;, and dBN,, of the
total, stratiform, and convective precipitation in the NCCV. The D, for different types of
precipitation shows obvious asymmetry, and the azimuth distribution characteristics are
similar (Figure 7a). The peak values are in the west of the NCCV, and the valley values are in
the east. Except for the southeast quadrant, the D, of convective precipitation is generally
larger than that of stratiform in all directions. The D,, of convective precipitation changes
the most in different directions within the NCCV (the asymmetry is more obvious). From
the east side of the NCCV to the west side, the D;, gradually increases and continues to the
east side, where the D,, gradually decreases. The peak value in the west is about 1.66 mm,
and the valley value is in the southeast, about 1.24 mm. For stratiform precipitation, the
average azimuthal variation of Dy, is small, with a peak of about 1.32 mm in the west and a
valley of about 1.25 mm in the east. The D,, distribution of total precipitation is similar to
that of stratiform precipitation.
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Figure 7. The azimuthal distributions of near-surface (a) droplet mass-weighted mean diameter Dy,
and (b) particle concentration parameter dBNy, for total (black solid lines), stratiform (blue solid
lines), and convective (red solid lines) precipitation in the NCCV coordinate system, derived from
GPM DPR for 2014-2019. (A total of 6432 NCCVs are included in the dynamic composite analysis;
samples should be within 2000 km distance of the NCCV center).

The azimuth distributions of dBN;, for different types of precipitation are also ob-
viously similar (Figure 7b). In the southeast or south of the NCCYV, the concentration of
precipitation particles is the highest (~36); the lowest is in the northwest (~31) for both con-
vective and stratiform precipitation. The variation of convective precipitation in different
directions is larger than that of stratiform clouds. From the east side of the NCCV to the
northwest side, the particle concentration gradually decreases, and then to the southeast
side, the particle concentration gradually increases. The peak value in the southeast is
about 35.9, and the valley value in the northwest is about 31. For stratiform precipitation,
the peak value is about 33.8 in the south, and the valley value is about 32.3 in the north-
west. The particle concentration distribution of total precipitation is basically consistent
with that of stratiform. In general, the concentration of convective precipitation systems
will have lower concentration and larger hydrometeors, while in Figure 7b, except in the
southeast and northeast quadrants of the NCCV, the concentration of droplets in convec-
tive precipitation is relatively smaller, which proves that the microphysical distribution
varies with weather systems [21,23,24,33]. However, for a specific type of precipitation,
the peak and valley values of particle concentration are opposite to that of D,,, which
is related to the characteristics of the droplet-size distribution (high-concentration small
particles or low-concentration large particles). This is consistent with the research results
of Qi et al. [15] that particle concentration and diameter showed a negative correlation.
In addition, compared to D,,, near-surface rain rates for the different types in the NCCV
(Figure 6b) are closer to the azimuth distribution of the dBN,. Especially for stratiform
precipitation, the peak of heavy rain rate in the south corresponds well to the peak of high
concentrations of hydrometeors in the south.

The above results reveal the different characteristics of near-surface DSDs of the
NCCV precipitation in different directions. In order to further analyze the near-surface
microphysics at different positions in the NCCV and study the corresponding relationship
between particle concentration and particle size, Figure 8 shows the two-dimensional
frequency distribution of dBN;, and Dy, at 2.5 km in four quadrants for convective and
stratiform precipitation in the NCCV coordinate system. The stratiform and convection in
each quadrant generally have high concentrations of small particles and low concentrations
of large particles. The DSDs of stratiform precipitation are more concentrated, while the
DSDs of convective precipitation are much wider, with higher concentrations and larger
hydrometeors.
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Figure 8. The frequency pattern (shading, %) in two-dimensional space of D, and dBNy, at 2.5 km
in the (a,e) northeast, (b,f) northwest, (c,g) southwest, and (d,h) southeast regions within 2000 km
distance of the NCCV center for stratiform and convective precipitation. (The black (white) solid line
represents the frequency higher than 4% (36%)).

For stratiform precipitation (Figure 8a-d), the particle D, is mainly concentrated
between 0.8 and 2.4 mm, and the dBNy, is mainly between 22 and 46. There are differences
in DSDs in different quadrants. The DSDs in the southeast quadrant are the widest,
followed by the southwest quadrant, and the average particle concentration is higher
and the diameter is larger in the two quadrants, corresponding to a high rain rate. For
convective precipitation (Figure 8e-h), the D, is concentrated between 0.6 and 3.0 mm,
and the dBNy, is between 18 and 52. The difference of DSDs in different quadrants is more
significant than that in stratiform clouds. There are two peak centers of DSDs, located
in the northeast and northwest quadrants of the NCCV. One peak center is concentrated
on Dy, in the range of 0.8-1 mm, and the dBNy, is concentrated in the range of 38—40,
which is composed of a high concentration of small particles. Another peak center is
concentrated when D,, ranges from 1.25 to 1.75 mm, and the dBN, is concentrated from
30 to 34, which indicates a low concentration of large particles probably resulted from
deep convection. However, there is only the former DSD peak center in the southwest and
southeast quadrants, which may be caused by a higher proportion of shallow convective
precipitation in these regions. For the southeast and southwest quadrants with higher
convective rain rates, the strong convective precipitation on the southeast side of the NCCV
is mainly contributed to by near-surface high-concentration hydrometeor particles. The
average diameter of the hydrometeor particles is the smallest, 1.27 mm, while the dBNy, is
the largest, 35.82. The DSDs are also more concentrated on large dBN, values and small
Dy, values (high particle concentration and small particle diameter, indicated by white solid
lines), with few particles with D, higher than 2 mm. The stronger convective rain rate in
the southwest quadrant is contributed to by higher particle concentration (dBNy, = 34.01)
and larger particle size (D, = 1.47 mm).
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3.3. Vertical Structure Characteristics of Stratiform and Convective Precipitation in NCCV
3.3.1. Precipitation Characteristics

The vertical distribution structure of the radar echo of precipitation can effectively
reflect the vertical distributions of solid, liquid, and solid-liquid mixed particles in the
NCCYV precipitation cloud. Contoured frequency by altitude diagram (CFAD) is helpful to
clearly show the vertical structure characteristics of the NCCV precipitation. Figure 9 shows
the CFAD distribution of radar reflectivity of total, stratiform, and convective precipitation
within 2000 km in NCCV coordinate systems from 2014 to 2019. Above 4 km, the radar
reflectivity factors for all types of precipitation increase rapidly with the decrease in height,
and the hydrometeors such as supercooled water and ice crystals in this layer continue
to freeze and grow through the Bergeron process. For total precipitation (Figure 9a) and
stratiform precipitation (Figure 9b), radar echoes are mainly distributed between 20 dBZ
and 29 dBZ below 4 km, and as the height decreases, the radar reflectivity factor can
reach a larger value, showing a wider radar reflectivity factor spectrum. The frequency of
40 dBZ can reach 5%, reflecting the collision-growth process of particles. For convective
precipitation below 4 km, the increase in radar reflectivity factor is more obvious with the
decrease in height, reflecting the more obvious collision-growth process. Compared to
stratiform clouds, the radar reflectivity factor spectrum of convective precipitation below
4 km is wider, which is distributed from 17 dBZ to 50 dBZ. There is a shallow precipitation
characteristic area, the echo is concentrated below 3 km, and the echo is between 17 dBZ
and 28 dBZ. Another echo center is below 3 km, and the echo is in the range of 32-37 dBZ,
indicating deep convection. These two echo centers corresponded well to the two frequency
centers of near-surface DSDs (Figure 8). Particularly, there is a clear BB feature for stratiform
precipitation, showing a sudden increase in echo impacted by the melted ice particles at
the height of approximately 3~4 km in altitude.
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Figure 9. The CFADs (shading, %) of the Ku-band reflectivity for (a) total, (b) stratiform, and

(c) convective precipitation within 2000 km distance of the NCCV center, derived from GPM DPR for
2014-2019.

In order to further explore the vertical variation characteristics and differences of
precipitation in different quadrants within the NCCV, Figure 10 shows the CFADs of
radar reflectivity for total, stratiform, and convective precipitation in each quadrant within
2000 km in the NCCV coordinate system from 2014 to 2019. For stratiform precipitation
(Figure 10a—d), the echo top in the southwest quadrant is the highest and the echo is the
strongest, followed by the southeast quadrant of the NCCV. The echo top of stratiform
precipitation in the southwest quadrant of the NCCV is about 12 km, and the echo is mainly
concentrated below 5 km, distributed between 20 dBZ and 30 dBZ. The echo top of the
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southeast quadrant is about 11 km, and the echo is concentrated below 4 km, distributed
in 20-30 dBZ. The storm-top heights of the northwest and northeast quadrants are 10
and 9 km, respectively, and the echoes are concentrated below 4 km, distributed from
20 dBZ to 28 dBZ. Significant BB characteristic areas can be seen in each quadrant. The BB
is higher in the southwest and southeast quadrants, indicating that the melting layer is
also higher. Below 5 km, as the height decreases, the radar reflectivity factor value in the
southeast quadrant can reach a greater value, the spectral width is wider, and the particle
collision-growth process is the most obvious. This may be due to the relatively stronger
upward movement in the southeast quadrant, and the raindrops fall against the airflow,
which is conducive to rapid collision growth.
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Figure 10. The CFADs (shading, %) of the Ku-band reflectivity in the (a,e) northeast, (b,f) northwest,
(c,8) southwest, and (d,h) southeast regions within 2000 km distance of the NCCV center for stratiform
and convective precipitation, derived from GPM DPR for 2014-2019.

For convective precipitation (Figure 10e-h), the echo height and intensity in each
quadrant are greater than those of stratiform precipitation, and the echo spectrum width is
much wider. As the height decreases, the echo spectrum width increases more significantly,
indicating that the collision growth of particles is more obvious. The CFAD in each quadrant
is significantly different. In the southeast and northeast quadrants, the width of the echo
spectrum increases more significantly as the altitude decreases, indicating that the collision
growth of particles is more obvious. The shallow convection characteristic area can be seen
in each quadrant, and the echo is concentrated below 3 km, distributed in 18-27 dBZ. This
characteristic is particularly significant in the southeast quadrant of the NCCV. Probably
because this area is mostly located in the ocean, shallow convection occurs easily on
the sea surface, resulting in a high proportion of shallow convection and an obvious
characteristic area. In the other three quadrants, a deep convective feature area can be seen,
and the echo is generally concentrated in 32-39 dBZ, which is particularly significant in the
northwest quadrant of the NCCV. In the northwest and southwest quadrants of convective
precipitation (Figure 10f,g), the storm-top height is higher, and the radar echo above 4 km
altitude is stronger, which increases rapidly with the decrease in height, reflecting the
microphysical processes such as ice-crystal and rime growth. Below 4 km in altitude, the
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radar echo also increases rapidly with the decrease in height, which reflects the obvious
collision-growth process in this area, which is consistent with the discovery that the near-
surface particles have larger diameters and smaller concentrations (Figure 5).

In order to further explore the precipitation structures in the NCCV at different direc-
tions and heights, the azimuthal average profiles of radar reflectivity for total, stratiform,
and convective precipitation within 2000 km in the NCCV coordinate system from 2014
to 2019 are presented in Figure 11. For total precipitation (Figure 11a) and stratiform
precipitation (Figure 11b) below 10 km, the reflectivity factor increases with the decrease
in height. This phenomenon is the most significant in the southeast quadrant, indicating
collision growth of particles, corresponding well to the high rain rate in the quadrant. For
convective precipitation (Figure 11c), the echo intensity of each position in the NCCV is
greater than that of the stratiform. The reflectivity factor in the southwest and northwest
quadrants of the NCCV increase with the decrease in height, indicating that the particles
continue to collide and grow during the falling process. The height of the convective echo
top in some areas within the southwest of the NCCV is higher than 14 km, indicating that
there is penetrating convection in the area [34]. In the southeast and northeast, the echo
is smaller than that in the west side of the NCCV, which is different from the results of
the individual case [17] that the east of the NCCV corresponds to a strong echo. In the
southeast quadrant of the NCCV, the storm heights in some areas can be as high as 14 km,
but the frequency of occurrence of these deep clouds over this region is relatively low. The
reflectivity of the upper layer is the smallest, part of which is lower than 21 dBZ, and the
reflectivity near the height of 4 km is up to 28 dBZ. The reflectivity factor increases rapidly
with the decrease in height, indicating that the particle collision growth is more obvious.
However, within the height of 2-3 km, there is a relatively weak echo area, which may
be due to the breakup of particles in the lower layer, showing that the particle diameter
decreases significantly and the concentration increases.
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Figure 11. The azimuthal distribution of Ku-band reflectivity (shading, dBZ) for (a) total, (b) strati-
form, and (c) convective precipitation within 2000 km distance of the NCCV center, derived from
GPM DPR for 2014-2019. (The sample size in the gray area is less than 0.1% of the maximum
sample size).

3.3.2. Microphysical Structures

The intensity of precipitation echo is affected by both particle concentration and parti-
cle size. Figure 12 shows the CFAD of D,;, and dBN,, of total, stratiform, and convective
precipitation within 2000 km in the NCCV coordinate system from 2014 to 2019. The
dBNy, of convective precipitation is larger (smaller) than that of stratiform below (above)
5 km in altitude. The D,, of convective precipitation is larger than stratiform precipita-
tion above 5 km in altitude. The stronger ascending motion within convective clouds
may bring hydrometers to higher altitude and increases the chances of collision, which
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eventually leads to large-sized hydrometeors and low concentrations. The D;, of total
precipitation (Figure 12a) is concentrated between 0.6 and 2.8 mm at each height layer,
and the dBNy, is almost concentrated between 20 and 48 (Figure 12d); the D, of stratiform
precipitation (Figure 12b) is mainly concentrated between 0.8 and 2.4 mm, and the dBNy, is
almost concentrated between 20 and 46 (Figure 12e). The D), of convective precipitation
(Figure 12c¢) is mainly concentrated between 0.6 and 3 mm, and the distribution of dBNy, is
mainly concentrated between 18 and 52. As the height decreases, the particle diameter and
concentration of convective and stratiform precipitation increase, and the spectral width
increases, which corresponds to the increase in reflectivity. In convective precipitation,
there are two high-frequency regions for particle concentration and size. Particles with a Dy,
of 0.8 to 1 mm and a dBNy, of 38 to 40 correspond to shallow convection and mainly high
concentrations of small particles. Another high-frequency characteristic region corresponds
to deep convection. The Dy, is within 1.2 to 1.6 mm, and the dBN,, is 30 to 36.
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Figure 12. The contoured frequency (shading, %) by altitude diagram of D, and dBNy, for (a,d) total,
(b,e) stratiform, and (c,f) convective precipitation within 2000 km distance of the NCCV center,
derived from GPM DPR for 2014-2019.

4. Discussion

It is important to know the limitations of the present study. To obtain the NCCV center,
ERADJ data at a temporal resolution of 1 h and a spatial resolution of 0.25 degree are used
in this study. Despite the high spatial-temporal resolution, it is still coarser than that of
the DPR observations. The uncertainties during the processes in the identification of the
NCCV center may introduce uncertainties to the results. However, the relatively large
number of samples (6432 NCCVs) included in the synthetic analysis may partially cancel
out the uncertainties. These things considered, since the GPM cannot continuously observe
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the precipitation systems, the analysis of the particle growth and precipitation process
formation can only be derived by deduction, based on the dynamic composite maps.

Here, we try to provide some explanations on the distributions of NCCV precipitation
frequency and intensity. First, the frequency of convective systems is relatively higher in the
southern part of the NCCV. This may be because the NCCV provides a favorable circulation
background to guide the cold air southward. If there are heating conditions at the lower
level, an unstable stratification with high-level dry, cold air and low-level warm and humid
air will be formed, which is conducive to the triggering of the convective system [5,35,36].
The warm and cold air usually intersect in the southern half of the NCCV, which is also the
rear part of the warm and humid tongue [8]. At the same time, the coupling of high- and
low-level jets under the background of NCCV causes a large-scale upward movement on
the southeast side of the system, which invigorates deep convection and heavy rain [37].
In addition, the average storm-top height for all types of precipitation is highest in the
southwest quadrant, while average rain rate in the NCCV is largest in the south of the
NCCV. The mechanism of the obvious phase differences of storm-top height and rain rate
is unknown, and a study of this will be carried out in our subsequent research.

5. Conclusions

To reveal the microphysical characteristics of NCCV precipitation, an NCCV coordi-
nate system is firstly introduced in the present study. Under the coordinate system, the
horizontal distribution, azimuth distribution, and vertical structures of stratiform and
convective precipitation in the NCCV are hereafter explored during 2014-2019. The main
findings are listed as follow.

The near-surface rain rate for convective precipitation in the NCCV is stronger than
that for stratiform precipitation, while the convective precipitation frequency is lower than
stratiform precipitation. The contribution of precipitation frequency and precipitation
amount for stratiform precipitation are both larger than those for convection precipitation,
which are generally higher than 70% and 60%, respectively. The regions with high con-
vective and stratiform precipitation frequency have a comma-shaped distribution. With
the increase in the distance from the NCCV center, the region with frequent stratiform
precipitation occurrence shifts from the northeast quadrant to the southeast quadrant, while
it is mainly located in the southeast quadrant for convective precipitation. The near-surface
droplet sizes of the strong stratiform and convective rain rates inside the NCCV are not
larger than those of smaller rain rates, while the droplet concentration is much higher. This
indicates the great contribution of high droplet concentration to intense rain rate in the
NCCV. The echo top of convective precipitation is higher than that for stratiform precipita-
tion in the NCCV. Below 4 km, the radar reflectivity increases as the altitude decreases for
both convective and stratiform precipitation, but with a much more obvious increase for
convective precipitation, indicating more efficient collision-growth processes. Above 4 km,
hydrometeor particles such as supercooled water and ice crystals in convective and strati-
form precipitation grow through the Bergeron process. The stronger updraft in convective
precipitation clouds may provide favorable environmental conditions for the growth of
precipitation particles. As a result, the droplet concentration of convective precipitation is
greater than that for stratiform below 5 km, but above 5 km, the concentration is smaller
than stratiform and the droplet diameter is larger. There are shallow and deep convections
in the convective precipitation inside the NCCV. Compared to shallow convection, deep
convection has a larger droplet diameter, lower concentration, and stronger echo near the
surface.

The precipitation and microphysical structures vary in different regions of the NCCV
for stratiform and convective precipitation. Convective and stratiform precipitation mostly
occurred in the south part of the NCCV, and the near-surface rain rates are also the largest
in this region, especially in the southeast quadrant of the NCCV. The peak convective and
stratiform rain rates are 6 mm h~! and 2.67 mm h~! in the southeast quadrant, respectively.
In addition, the precipitation frequency in the southeast quadrant of the NCCV is also the
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largest, with the azimuthal averages of convective and stratiform precipitation frequencies
reaching 1% and 4%, respectively. The frequency and precipitation contribution of strat-
iform precipitation are the lowest in the southwest of the NCCV and the highest in the
northeast quadrant (reaching 92% and 87%, respectively). On the contrary, the contribution
peaks of convective precipitation frequency and amount in the southwest quadrant of the
NCCV are 19.8% and 37%, respectively. Convective and stratiform precipitation have peak
storm-top heights in the southwest quadrant of the NCCV. The peak values of droplet
concentration and diameter are in the southeast and west of the NCCV, respectively. In the
northwest and southwest quadrants of the NCCV, convective clouds develop deeply, and
the radar echo above the melting layer is stronger than those in other quadrants, which
increases rapidly as the height decreases, indicating the microphysical processes such as
collision-growth and rimming processes of ice crystals and other hydrometeors. Below
the melting layer, as the height decreases, the radar echo increases rapidly, indicating
collision-growth processes, leading to the prevalence of a low concentration of large-sized
droplets at the near-surface, while due to the relatively insufficient water vapor in this
quadrant, the near-surface rain rate is relatively low. In the southeast quadrant of the
NCCYV, the storm-top heights are low for convective and stratiform precipitation. The
collision growth of droplets is more significant than that in other quadrants. However,
due to the fragmentation of droplets during the falling process, the rain hydrometeors
near the surface are mainly composed of high-concentration and small-sized droplets. The
high concentrations of hydrometeors together with enough water vapor supply provide
favorable conditions for heavy rain rate in this quadrant.

Previous studies have revealed the difference of DSDs in different seasons and regions
and different precipitation systems [21,23,24,33]. As a continuation of this work, future
work on the microphysical structures of NCCV precipitation in different seasons, and their
differences among different precipitation systems (such as Meiyu precipitation) are worthy
of further investigation using the joint observations from ground-based and satellite-based
instruments, which will help us gain a deeper knowledge of NCCV precipitation.
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