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Abstract. We examine the geographical distribution and microphysical three-dimensional structure of convec-
tive overshooting over East China by matching the Global Precipitation Measurement Dual-frequency Precip-
itation Radar (GPM DPR) instrument with the European Centre for Medium-Range Weather Forecasts Fifth-
Generation Reanalysis (ERA5). Convective overshooting mainly occurs over Northeast China (NC) and north-
ern Middle and East China (MEC), and its frequency varies from 4 × 10−4 to 5.4 × 10−3. Radar reflectivity of
convective overshooting over NC accounts for a higher proportion below the freezing level, while MEC and
South China (SC) account for a higher proportion above the freezing level, indicating stronger upward motion
and more ice crystal particles. The microphysical processes within convective overshooting are unique, leading
to various properties of the droplets in precipitation. Droplets of convective overshooting are large but sparse,
with an effective droplet radius of nearly 2.5 mm below 10 km, which is about twice that of non-overshooting
precipitation. The findings of this study may have important implications for the microphysical evolution asso-
ciated with convective overshooting and provide more accurate precipitation microphysical parameters as input
for model simulations.

1 Introduction

Convective overshooting provides a rapid transport mecha-
nism that can irreversibly transport water vapor and chem-
ical constituents from the lower troposphere to the upper
troposphere and lower stratosphere (UTLS) by mixing them
with environmental air (Fueglistaler et al., 2004; Frey et al.,
2015); this has a direct impact on radiation balance and
global climate change (Solomon et al., 2010). As one of
the main sources of ozone destroying OH hydroxyl radicals,
stratospheric water vapor can help to destroy ozone, which
has potential effects on radiative forcing (Anderson et al.,
2012). Water vapor enters the stratosphere mainly through
the tropical tropopause layer. Several studies show that trop-
ical convective overshooting has a net dehydrating effect on
the stratospheric humidity (Danielsen, 1993; Sherwood and
Dessler, 2001), while modeling and observational studies
have universally shown tropical convective overshooting hy-

drating the stratosphere (Chaboureau et al., 2007; Jensen et
al., 2007; de Reus et al., 2009; Avery et al., 2017) because of
the injection of ice mass into the stratosphere (Grosvenor et
al., 2007; Corti et al., 2008; Chemel et al., 2009; Khaykin et
al., 2009). At midlatitudes, observations and model simula-
tions show that deep convective overshooting is also an im-
portant source for lower-stratosphere water vapor (Liu and
Liu, 2016; Smith et al., 2017; Liu et al., 2020; Werner et
al., 2020; Wang et al., 2023). Wang et al. (2023) use a high-
resolution numerical model to study convective overshooting
moistening in the midlatitude lower stratosphere, and results
show that convective water vapor plumes above 380 K tem-
perature are stable in the stratosphere, while those closer to
the tropopause and cloud tops are less stable. In addition to
these impacts on water vapor, the effects of convective over-
shooting on the temperature of the UTLS have also attracted
much attention (Sherwood et al., 2003; Chae et al., 2011;
Biondi et al., 2012). Given these potentially significant im-
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pacts, it is of high importance to understand the characteris-
tics of convective overshooting, which have attracted consid-
erable attention in recent years (Johnston et al., 2018; Muhsin
et al., 2018).

Perhaps one of the most poorly understood features of con-
vective overshooting is the microphysical structure of precip-
itation, such as particle size, concentration, phase state, and
other parameters. Understanding the microphysical charac-
teristics of convective overshooting is helpful to clarify the
efficiency of water vapor transport to the lower stratosphere
by convective overshooting. Furthermore, the microphysical
processes within convective overshooting are closely related
to storm dynamics and thermodynamics through latent heat,
and the quantitative description of microphysical character-
istics is helpful in improving the accuracy of model simu-
lation parameters (Homeyer and Kumjian, 2015). In addi-
tion, thunderstorms with overshooting tops are closely asso-
ciated with hazardous weather at the Earth’s surface, such
as heavy rainfall, large hail, damaging winds, and torna-
does (Reynolds, 1980; Negri and Adler, 1981; Fujita, 1989;
Kellenbenz et al., 2007; Brunner et al., 2007; Setvák et al.,
2010; Dworak et al., 2012; Line et al., 2016; Bedka et al.,
2018; Marion et al., 2019), indicating the application of
overshooting detections for severe weather warnings (Mc-
Cann, 1983; Bedka, 2011; Homeyer and Kumjian, 2015).
Bedka (2011) has studied the relationship between over-
shooting cloud tops with severe weather over Europe, and
results show that overshooting was found near 47 % of the
confirmed severe weather events. Specifically, the overshoot-
ing top–severe weather relationship is strong for large hail
(53 %) and severe wind (52 %) but relatively weak for tor-
nado events (14 %). Dworak et al. (2012) show that severe
weather has often been associated with overshooting detec-
tions during the warm season (April–September). Further-
more, convective overshooting generates gravity waves, and
gravity wave breaking generates turbulence, which is of fun-
damental importance in the generation of small-scale mo-
tions that influence aircraft (Lane and Sharman, 2006). Tens
of commercial airline passengers are injured each year over
the continental United States during turbulence-related avi-
ation incidents (Lane et al., 2003). Cloud-to-ground light-
ning is also found to occur frequently near the convective-
overshooting region, which is also a threat to aviation safety
(Bedka, 2011). In summary, hazardous weather accompa-
nied by convective overshooting seriously harms the social
economy and human production and life. Quantitative study
of the precipitation structure of convective overshooting can
help in understanding the relationship between convective
overshooting and severe weather like heavy rainfall, pro-
viding a predictor for severe weather warning and ensuring
aviation safety. Liu et al. (2012) studied the climatological
characteristics of convective overshooting and found convec-
tive overshooting shows remarkable regionality and seasonal
variations. Homeyer and Kumjian (2015) observed the radar
reflectivity characteristics of convective overshooting from

the analysis of polarimetric radar observations. Although the
above studies have explored the characteristics of some pre-
cipitation parameters within the context of convective over-
shooting, we still lack an understanding of other precipitation
microphysical parameters and more detailed microphysical
processes within convective overshooting due to the limita-
tions of observation methods.

To fully study the microphysical characteristics of con-
vective overshooting, accurate methods of detecting the fre-
quency and long-term distribution of convective overshoot-
ing are required. The traditional way to detect convective
overshooting from satellites is to find pixels in infrared im-
agery with brightness temperatures colder than a given tem-
perature threshold (Machado et al., 1998; Rossow and Pearl,
2007). Gettelman et al. (2002) have studied the cloud re-
gions colder than the tropopause temperature on infrared im-
ages and have found that the frequency of tropical convec-
tive overshooting is about 0.5 %. However, it is impossible to
guarantee that the low value of infrared brightness tempera-
ture represents clouds penetrating the tropopause rather than
cirrus or anvil cloud in the upper air due to the lack of ver-
tical structure information of convection. Also, overshoots
mix with relatively warm stratosphere air such that cold pix-
els are often diminished and not a reliable means to identify
overshooting. With the launch of precipitation radar aboard
the Tropical Rainfall Measuring Mission (TRMM), three-
dimensional structure information of precipitation within
the convective overshooting can be provided (Alcala and
Dessler, 2002; Liu and Zipser, 2005), and a new method for
detecting the convective overshooting is proposed whereby
pixels with rain top height higher than tropopause height are
found (Xian and Fu, 2015; Sun et al., 2021), improving the
accuracy of detecting convective overshooting. Still, TRMM
PR cannot provide precipitation microphysical information,
which limits our study on the internal microphysical structure
within convective overshooting. Besides, TRMM PR can un-
derestimate the height of convective overshooting because of
only being sensitive to large precipitation particles (sensitiv-
ity at ∼ 17 dBZ) (Takahashi and Luo, 2014).

As the continuation of TRMM PR, the Global Precipi-
tation Measurement (GPM) mission carrying the first radar
of its kind, the Dual-frequency Precipitation Radar (DPR),
launched in February 2014. GPM DPR includes two bands
of precipitation radar, which provides excellent opportunities
for studying the microphysical structure of precipitation (Sun
et al., 2022a). Liu and Liu (2016) and Liu et al. (2020) have
used GPM KuPR and the ERA-Interim 6-hourly dataset to
study the climatology and detection of convective overshoot-
ing. However, the above studies only use the KuPR data and
mainly focus on the geographical distribution; the vertical
and microphysical precipitation structure of convective over-
shooting remains unknown.

East China is a densely populated area, an area of eco-
nomic concentration, and an important food-producing area
in China. Affected by the circulation anomalies of the East
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Asian tropical and subtropical monsoon and their interac-
tions, extreme precipitation events occur frequently over East
China. Many scholars have studied the characteristics of pre-
cipitation in East China (Zhang and Fu, 2018; Xu, 2020), but
few have studied the characteristics of convective overshoot-
ing and its internal precipitation microphysical structure over
East China, which can not only help flood prevention work in
summer over East China, but also ensure social economic de-
velopment to a certain extent. In addition, there are thousands
of aircraft that operate over East China, carrying hundreds
of millions of passengers every year. In view of the impact
of convective overshooting on social economic and aviation
safety, it is necessary to conduct relevant research on East
China. The purpose of this study is to examine the micro-
physical characteristics of convective overshooting over East
China by matching the precipitation data from GPM DPR
and meteorological parameters from ERA5. We will focus
on the vertical structure of precipitation within convective
overshooting and further explore its microphysical structure
feature of precipitation.

2 Data and method

2.1 DPR-based precipitation dataset

GPM DPR includes KuPR (Ku band, 13.6 GHz) and KaPR
(Ka band, 35.5 GHz), two bands of the precipitation radar.
KuPR is similar to TRMM PR and has a longer wavelength,
which is better at detecting heavy precipitation (the minimum
detected precipitation is about 0.5 mm h−1). However, KaPR
has a shorter wavelength, which is more sensitive to weak
precipitation (the minimum detected precipitation is about
0.2 mm h−1). Based on the different echo characteristics of
Ku band and Ka band, the dual-channel inversion algorithm
can be used to retrieve the droplet size distribution (DSD).
Here we use the precipitation datasets provided by the GPM
level 2 product 2ADPR in version 6. The horizontal resolu-
tion is 5 km, and the vertical resolution is 125 m. The precip-
itation microphysical parameters provided by GPM 2ADPR
include droplet concentration (dBN0) and effective radius
(D0).

2.2 ERA5-based meteorological dataset

The meteorological data are from ERA5 reanalysis prod-
uct, whose name is “ERA5 hourly data on pressure levels
from 1940 to present”. And the following parameters are
used in this paper: temperature, specific humidity, vertical
velocity, U component of wind, and V component of wind.
The time resolution is 1 h, and the horizontal resolution is
0.25° × 0.25°. Vertical coverage is 1000 to 1 hPa, and verti-
cal resolution is 37 pressure levels (1000, 975, 950, 925, 900,
875, 850, 825, 800, 775, 750, 700, 650, 600, 550, 500, 450,
400, 350, 300, 250, 225, 200, 175, 150, 125, 100, 70, 50, 30,
20, 10, 7, 5, 3, 2, 1 hPa).

2.3 Detection method of convective overshooting

Convective overshooting is defined as occurring where the
storm top height is above the real-time tropopause height in a
precipitation pixel. Obtaining correct tropopause height data
with high spatial and temporal resolution is the most im-
portant and difficult step in convective-overshooting detec-
tion. On the one hand, the determination of the tropopause
is still under debate. At present, the following four def-
initions of the tropopause are widely adopted throughout
the world: cold-point tropopause, thermal tropopause, dy-
namic tropopause, and ozone tropopause. The cold-point
tropopause is only physically meaningful in the latitude
zone 10° S–10° N near the Equator (Highwood and Hoskins,
1998; Rodriguez-Franco and Cuevas, 2013). The dynamic
tropopause is based on the differing values of potential vor-
ticity in the troposphere and stratosphere and applies to ex-
tratropical areas (Danielsen et al., 1987; Holton et al., 1995).
The ozone tropopause is defined based on ozone sounding
profiles, whose disadvantage is that the choice of ozone mix-
ing ratio thresholds varies with region and season (Bethan
et al., 1996; Zahn et al., 2004). Therefore, this paper uses
the thermal tropopause, which is defined by the World Me-
teorological Organization (WMO) (WMO, 1957). The ther-
mal tropopause is based on the temperature lapse rate and
is also known as the lapse-rate tropopause. The accurate
calculation of the tropopause height based on this defini-
tion, on the other hand, depends on the temperature pro-
file data with high spatial and temporal resolution. The lat-
est generation of ECMWF reanalysis data, ERA5, provides
hourly estimates of a large number of atmospheric, land, and
oceanic climate variables and has attracted much attention
due to its much higher spatial and temporal resolution than
its predecessor ERA-Interim, especially in the upper tropo-
sphere and lower stratosphere (Hoffmann et al., 2019). Sun
et al. (2022b) verified the accuracy of the tropopause height
calculated from temperature profiles of ERA5 by compar-
ing ERA5 with other popular datasets. Based on the above
analysis, the process of convective-overshooting detection is
shown as follows.

Firstly, match each pixel of GPM DPR detection with
ERA5 grid data using the principle of the nearest method.
The matching time between GPM and ERA5 is 1 h, and the
matching range is 0.25° × 0.25°. Storm top height is obtained
from GPM DPR.

Secondly, real-time tropopause height is calculated from
the temperature profiles from ERA5 according to the defi-
nition from the World Meteorological Organization (WMO,
1957). The algorithmic process is shown as follows: firstly,
find the X layer whose atmospheric lapse rate is 2 K km−1

or less, starting from the first layer (near the ground) of the
temperature profile, and then judge whether the atmospheric
lapse rate does not exceed 2 K km−1 between the X level and
all higher levels within 2 km; if so, the height of X layer is
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Figure 1. Study areas and their tropopause characteristics. (a) Re-
gionalization of East China (black boxes: divisions between NC,
MEC, and SC; only the land surface is studied) and their terrain
features. (b) Climatological mean of tropopause height from 2014
to 2020 in summer (June, July, and August). (c) Distribution of stan-
dard deviation of tropopause height. Publisher’s remark: please note
that the above figure contains disputed territories.

the tropopause height, and if not, repeat the above algorithm
starting from the X layer until the tropopause layer is found.

At last, convective overshooting is identified based on the
storm top height and tropopause height.

2.4 Study areas

The study areas are marked as black boxes in Fig. 1a, and
only the land parts are studied because characteristics of the
vertical structure of precipitation over land and sea are very
different; this study is limited in space and focuses only on
the land region. Using years of NCEP/NCAR Reanalysis
data, Xia (2015) analyzed the climatic feature of tempera-
ture and water vapor in China and divided China into differ-
ent climatic zones. To have a better understanding of precip-
itation microphysical structure over different regions of East
China, we also divided East China into three climatic zones
according to its climatic characteristics and previous stud-
ies (Xia, 2015; Sun et al., 2022a). From north to south, they
are Northeast China (NC; 38–50° N, 118–130° E), Middle
and East China (MEC; 26.5–38° N, 112–123° E), and South
China (SC; 18–26.5° N, 108–123° E). For the three regions,
the lower-latitude areas have higher surface temperature, a
greater temperature lapse rate, and lower temperature of the
stratosphere. Temperature profiles of same latitude are essen-
tially the same over SC and MEC, and meridional differences
over NC exist in temperature signals. Atmospheric humidity
has remarkable regional characteristics. SC is wetter, with a
surface relative humidity of more than 70 %, while NC and
MEC are drier and their humidity ranges from 50 % to 70 %
(Xia, 2015). The study time frame is defined as the time from
2014 to 2020 in summer (June, July, and August)

3 Results

3.1 Case studies

Three cases selected from NC, MEC, and SC are analyzed
to lay a foundation for the subsequent statistical analysis.
The precipitation characteristics of the three cases are shown
in Fig. 2. Case 1 (C1) occurs in NC at 14:00 UTC on
1 July 2017. Convective overshooting is observed in a to-
tal of 65 pixels for C1, whose mean rain rate is 20.7 mm h−1

(Fig. 2a) and mean storm top height is 14.1 km (Fig. 2b). The
strong radar reflectivity along A1–B1 occurs 35–95 km away
from point A1, and the strongest echo is up to 50 dBZ, ap-
pearing at 0–5 km (Fig. 2c). The maximum echo height is
about 15 km, 2 km higher than the tropopause height. Case 2
(C2) occurs in MEC at 13:00 UTC on 30 July 2015. Con-
vective overshooting is observed in a total of 58 pixels for
C2, and their mean rain rate is 29.7 mm h−1 (Fig. 2d) and
mean storm top height is 15.2 km (Fig. 2e). The radar echo
along A2–B2 is very strong, and the strongest echo is up
to 50 dBZ, which is about 45–95 km away from point A2
(Fig. 2f). The highest echo can reach to about 17 km altitude.
Case 3 (C3) occurs in SC at 17:00 UTC on 13 June 2015.
Convective overshooting is observed in a total of 8 pixels for
C3, and their mean rain rate is 46.3 mm h−1 (Fig. 2g) and
mean storm top height is 16.9 km (Fig. 2h). The strongest
echo occurs at 60–70 km away from point A3, and the high-
est echo can reach to 17.2 km, about 0.5 km higher than the
tropopause height (Fig. 2i).

To learn about the characteristics of the large-scale circu-
lation for these three cases, we calculate the distribution of
precipitable water vapor (PWV), streamlines, and vertical ve-
locity (VV), and locations of the three cases are shown as the
black boxes in Fig. 3. In general, areas in which convective
overshooting occurs have abundant PWV and strong ascend-
ing movement. In C1, the PWV of the region in which con-
vective overshooting occurs is between 50 and 55 mm, which
is higher than otherwise (Fig. 3a). Upward motion near the
convective overshooting is strong, ranging from −0.03 to
−0.12 Pa s−1, contributing to the occurrence of convective
overshooting (Fig. 3b). The PWV of C2 is more abundant
than C1, and the PWV of the area in which convective over-
shooting occurs is between 55 and 60 mm (Fig. 3c). The VV
near the convective overshooting is mostly between −0.09
and −0.15 Pa s−1 (Fig. 3d). In C3, the PWV near the pre-
cipitation area and convective-overshooting area is the most
abundant compared with C1 and C2, with its maximum ex-
ceeding 70 mm (Fig. 3e). Upward movement near the precip-
itation area and convective-overshooting area is very strong,
and the VV is between −0.12 and −0.18 Pa s−1, which pro-
vides abundant water vapor and dynamic conditions for the
occurrence of convective overshooting.
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Figure 2. Precipitation characteristics of convective-overshooting cases. (a) Distribution of the rain rate of Case 1 (C1). (The pixels in which
convective overshooting occurs are marked as black points.) (b) Distribution of the storm top height of C1. (c) Radar reflectivity cross section
along A1–B1; the black line shows the tropopause height along A1–B1. (d) Distribution of the rain rate of C2. (e) Distribution of the storm
top height of C2. (f) Radar reflectivity cross section along A2–B2. (g) Distribution of the rain rate of C3. (h) Distribution of the storm top
height of C3. (i) Radar reflectivity cross section along A3–B3.

3.2 Statistical results

3.2.1 Geographical distribution

Firstly, the horizontal-distribution characteristics of convec-
tive overshooting over East China are analyzed by design-
ing a more accurate algorithm for convective-overshooting
determination. Accurate determination of tropopause height
is the first step of the convective-overshooting determina-
tion algorithm. We first analyze the geographical distribu-
tion of the climatological mean of the tropopause height over
East China calculated from ERA5, shown in Fig. 1b. In gen-
eral, the tropopause height over East China is between 11.6
and 16.7 km and has an obvious zonal distribution pattern:
tropopause height over SC and southern MEC (18–36° N) is
the highest and has small spatial variabilities, concentrated
at ∼ 16.7 km. Over northern MEC (36–38° N), tropopause
height decreases and forms a gradient, which decreases to
16 km. Tropopause height over NC is the lowest and contin-
ues to decrease in a gradient pattern from south to north, de-
creasing to 13 km near central NC (45° N) and 12 km near
northern NC (48° N). The minimum standard deviation of
tropopause height appears in SC, along with central and
southern MEC, and is lower than 0.2 km. From northern
MEC to northern NC, the standard deviation first increases

and then decreases, reaching a maximum of more than 2 km
around 42° N, and standard deviation over NC is generally
above 1 km.

Obtaining storm top height from precipitation data is the
second step of the convective-overshooting algorithm. Fig-
ure 4 shows the geographical distribution of storm top height
for total precipitation, convective precipitation, and convec-
tive overshooting. Total precipitation represents all pixels
with a rain rate higher than 0 mm h−1 detected by GPM
DPR, and those pixels whose rain type is “convective” are
defined as convective precipitation. As shown, mean storm
top height over East China varies from 4.5 to 8.5 km, while
convective storm top height is mainly distributed between 3.5
and 9 km. Convective storm top heights over NC and north-
ern MEC are the highest, with most areas exceeding 6.5 km,
and as we noted above, tropopause height in these two re-
gions is lower (Fig. 1b); it can be inferred that convective-
overshooting events are more likely to occur. Further analysis
of the frequency of convective overshooting in the following
text will confirm this point. Compared with NC, convective
storm top height over SC and southern MEC is lower, mainly
distributed below 6.5 km. The storm top height of convec-
tive overshooting ranges from 10 to 21 km (Fig. 4c), much
higher than normal precipitation (total and convective precip-
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Figure 3. Characteristics of large-scale circulation of convective-
overshooting cases. (a) Distribution of precipitable water vapor
(PWV) and streamlines at 850 hPa of C1. The area where the case
occurred is marked with large black boxes, and the pixels in which
convective overshooting occurs are marked as small black boxes.
The black line is the GPM detection orbit. (b) Distribution of ver-
tical velocity (VV) at 500 hPa of C1. (c) Distribution of PWV and
streamlines of C2. (d) Distribution of VV of C2. (e) Distribution of
PWV and streamlines of C3. (f) Distribution of VV of C3.

itation) and increasing gradually from north to south. Storm
top heights of convective overshooting over NC and northern
MEC are low, distributed between 10 and 16 km, which is
due to a lower tropopause height (Fig. 1b) allowing convec-
tion with a lower storm top height to reach the stratosphere.
This lowers the mean storm top height of convective over-
shooting in these regions, while tropopause heights over SC
and southern MEC range from 16 km to 21 km (Fig. 1b), al-
lowing only strong convection to reach the stratosphere.

The frequency of convective overshooting is defined as the
number of convective-overshooting events divided by the to-
tal observed sample number of GPM DPR. Statistical results
indicate that the frequency of the convective overshooting
over East China is very low, with a magnitude of only 10−3,
varying regionally (Fig. 5). The sample size of convective
overshooting over NC is the highest, followed by MEC, and
SC is the lowest (Table 1). Convective overshooting over NC
and northern MEC, whose frequency ranges from 4×10−4 to
5.4×10−3 (Fig. 5), occurs more frequently than over SC and

Table 1. The sample number of total precipitation, convective pre-
cipitation, and convective overshooting over NC, MEC, and SC.

NC MEC SC

Total precipitation 652 489 546 313 319 127
Convective precipitation 111 903 137 674 111 900
Convective overshooting 2394 582 296

southern MEC, whose frequency is between 2 × 10−4 and
6 × 10−4, which is mainly because the former has a lower
tropopause height and it is easier for convective overshoot-
ing to occur.

3.2.2 Vertical structures

Based on the reflectivity profiles and the rain rate profiles
provided by the GPM DPR instrument, we studied the ver-
tical structure of precipitation within convective overshoot-
ing. Contoured frequency by altitude diagram (CFAD) anal-
ysis of radar reflectivity can effectively indicate the three-
dimensional structure characteristics of precipitation; there-
fore they are applied in a large number of precipitation stud-
ies (Yuter and Houze, 1995). Figure 6 shows CFADs of the
DPR radar reflectivity. In general, radar reflectivity within
convective overshooting is stronger and its storm top height
is higher. The CFAD analysis also shows regional differ-
ences. The radar echo intensity of convective overshooting
over NC is the weakest, and the echo near the surface is
mainly distributed from 25 to 55 dBZ, with a sharp peak near
47 dBZ, while the peak of the total precipitation is around
16 dBZ. The maximum radar echo top within convective
overshooting over NC can reach to 13.5 km, 3.3 km higher
than the mean precipitation. Compared with NC, radar re-
flectivities within convective overshooting over SC and MEC
are stronger and their CFAD character is more similar. Their
echo top height is ∼ 18 km, 6.5 km higher than total precip-
itation and 4.5 km higher than NC, and their echo near the
surface is concentrated around 30–55 dBZ, while that of to-
tal precipitation is between 15 and 43 dBZ. Besides, radar
reflectivity of convective overshooting over NC accounts for
a higher proportion below the freezing level (altitude where
the temperature is 0 °C), while MEC and SC account for a
higher proportion above the freezing level, which indicates
that the upward motion within convective overshooting over
MEC and SC is stronger and there are larger ice crystal par-
ticles.

Quantitative analysis of the vertical structure of precipita-
tion within convective overshooting is one of the main issues
of interest in this study. Shown in Fig. 7, the rain rate pro-
files of convective overshooting are provided, and to high-
light their unique features, rain rate profiles of total precipi-
tation and convective precipitation are also given. In general,
the rain rate of convective overshooting is much higher, es-
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Figure 4. Geographical distribution of storm top height. (a) Distribution of storm top height for total precipitation. (b) Distribution of storm
top height for convective precipitation. (c) Distribution of storm top height for convective overshooting. Publisher’s remark: please note that
the above figure contains disputed territories.

Figure 5. Precipitation frequency. (a) Frequency of total precipitation. (b) Frequency of convective precipitation. (c) Frequency of convective
overshooting. Publisher’s remark: please note that the above figure contains disputed territories.

pecially below the freezing level (∼ 5 km), 5–10 times that
of normal precipitation. This indicates stronger convection
and a greater concentration of ice. In addition, differences be-
tween the three regions are obvious. The rain rate of convec-
tive overshooting over NC is about half as high as over MEC
and SC, which is consistent with the results of radar echo.
At 1 km altitude, the rain rates of convective overshooting
are 12 mm h−1 (NC), 22.5 mm h−1 (MEC), and 23 mm h−1

(SC), respectively. Below freezing level, the variation in the
rain rate with altitude is not very obvious, and the differences
in the rain rate between convective overshooting and normal
precipitation are ∼ 8 mm h−1 over NC and ∼ 20 mm h−1 over
MEC and SC. Above freezing level, the rain rate of con-
vective overshooting clearly decreases with increasing alti-
tude, and rain rates are 6 mm h−1 (NC), 10 mm h−1 (MEC),
and 6.5 mm h−1 (SC) at 10 km. However, rain rates of other
precipitation are no more than 2 mm h−1 above 8 km; we
therefore suggest that the strong upward flow within convec-
tive overshooting brings large amounts of moisture from the
lower layer to the upper layer.

We conduct probability density function (PDF) analysis
on the near-surface rain rate (NSRR) within convective over-
shooting, and PDFs for the NSRR of total and convective
precipitation are also calculated, as shown in Fig. 8. The
grades of precipitation are as follows: light rain, < 4.9 mm
per 12 h; moderate rain, 5.0–14.9 mm per 12 h; heavy rain,
15.0–29.9 mm per 12 h; torrential rain, 30.0–69.9 mm per
12 h; downpour, 70.0–139.9 mm per 12 h; and heavy down-
pour, ≥ 140.0 mm per 12 h (General Administration of Qual-
ity Supervision, 2012). The PDF curve of the NSRR of con-
vective overshooting is clearly different from that of normal
precipitation and has regional differences. The peak value
of PDF of convective overshooting appears at ∼ 10 mm h−1,
classified as downpour, while that of normal precipitation
appears at ∼ 1 mm h−1, classified as moderate rain, which
is obviously lower than convective overshooting. The PDF
of the peak value of convective overshooting over NC is
about 11.5 %, while those over MEC and SC are about 6 %.
Besides, the sample size of convective overshooting with a
precipitation grade of heavy downpour accounts for 34.0 %
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Figure 6. Contoured frequency by altitude diagrams (CFADs) of
radar reflectivity. (a) CFAD for total precipitation over NC (the
dashed green line indicates the altitude of the freezing level). (b)
CFAD for convective precipitation over NC. (c) CFAD for convec-
tive overshooting over NC. (d) CFAD for total precipitation over
MEC. (e) CFAD for convective precipitation over MEC. (f) CFAD
for convective overshooting over MEC. (g) CFAD for total precip-
itation over SC. (h) CFAD for convective precipitation over SC. (i)
CFAD for convective overshooting over SC.

Figure 7. Rain rate profiles for total precipitation, convective pre-
cipitation, and convective overshooting (red lines are convective
overshooting; blue lines are the convective precipitation; black lines
are the total precipitation). (a) The rain rate profiles over NC (the
dashed green line indicates the altitude of the freezing level). (b)
The rain rate profiles over MEC. (c) The rain rate profiles over SC.

(NC), 46.7 % (MEC), and 34.8 % (SC), respectively, 3–10
times the normal precipitation, which reminds us to pay spe-
cial attention to the extreme precipitation events caused by
convective overshooting that may cause harm to production
and life.

Figure 8. Probability density function (PDF) of the near-surface
rain rate (NSRR). (a) PDF of NSRR in NC. (b) PDF of NSRR in
MEC. (c) PDF of NSRR in SC.

3.2.3 Microphysical features

The GPM center provides the particle spectrum from the
dual-frequency radar. Based on the DSD profiles from
2ADPR, we further investigate the microphysical structures
of convective overshooting. The liquid water path (LWP)
and ice water path (IWP) show the overall water content
in the atmospheric column, which is closely associated with
microphysical processes within convective overshooting. To
quantify the characteristics of LWP and IWP within convec-
tive overshooting, the PDFs of LWP and IWP of convective
overshooting are shown in Fig. 9, and those of convective
and total precipitation are also shown for comparison. The
LWP and IWP within convective overshooting are the high-
est, with high values of PDF mainly distributed around 1000
and 5000 g m−3, respectively, much higher than those of nor-
mal precipitation, which are around 100 and 300 g m−3, in-
dicating sufficient water vapor inside convective overshoot-
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Figure 9. PDFs of the liquid water path (LWP) and ice water path
(IWP). (a) PDF of LWP over NC. (b) PDF of IWP over NC. (c)
PDF of LWP over MEC. (d) PDF of IWP over MEC. (e) PDF of
LWP over SC. (f) PDF of IWP over SC.

ing. Differences in IWP between convective overshooting
and normal precipitation are bigger than those in LWP, sug-
gesting that differences in water vapor above freezing level
between them are greater and convective overshooting brings
water vapor from the bottom of the troposphere to higher lay-
ers. Besides, differences in LWP and IWP between the three
regions are also worth noting: the LWP and IWP over MEC
and SC are more similar and higher than over NC. In par-
ticular, LWP over MEC has a bimodal structure with peaks
of 630 and 5000 g m−3, which is consistent with the bimodal
structure of NSRR PDF curve in Fig. 8. Analysis above in
Fig. 1b shows that tropopause height over northern MEC is
lower than over southern MEC, making it easier for con-
vective overshooting to occur over northern MEC. This in-
dicates that there are two types of convective-overshooting
events over MEC, weak events with lower storm top height
and strong events with higher storm top height, which corre-
spond to the two peaks of the LWP PDF curve, respectively.

We further use DSD parameter profiles, including the ef-
fective radius (D0) and droplet concentration (dBN0) pro-
files, to analyze the microphysical characteristics within con-
vective overshooting, shown in Fig. 10. Results show that
the microphysical processes within convective overshooting
are unique, leading to various properties of the droplets in
precipitation. Droplets of convective overshooting are large
but sparse. Influenced by strong updrafts, precipitation par-
ticles within convective overshooting continuously collide
and grow large enough to fall; therefore, the effective radii
of droplets are big below 10 km altitude, almost exceed-
ing 2.5 mm, which is about twice that of normal precipi-
tation. However, the droplet concentration within convec-
tive overshooting is relatively low. Differences in micro-

Figure 10. The effective radius (D0) and droplet concentration
(dBN0) profiles for total precipitation, convective precipitation, and
convective overshooting over NC, MEC, and SC. (a) D0 profiles
over NC. (b) D0 profiles over MEC. (c) D0 profiles over SC. (d) The
dBN0 profiles over NC. (e) The dBN0 profiles over MEC. (f) The
dBN0 profiles over SC (the dashed green line indicates the altitude
of the freezing level).

physical structure between the three regions are also worth
noting. Convective-overshooting events over NC have large
but sparse droplets, while those over SC have small but
dense droplets, and the effective radius and concentration of
droplets over MEC are between NC and SC. It is speculated
that this is related to the differences in aerosol content and
types over three regions. Specifically, at 1 km altitude, the ef-
fective radius of droplets over NC is the largest (2.87 mm),
followed by MEC (2.7 mm), and SC is the lowest (2.5 mm).
As altitude increases, the effective radius of droplets first in-
creases and then decreases, with a maximum of 2.93 mm over
NC at 2.5 km and a sharp peak over MEC (2.85 mm) and SC
(2.76 mm) near freezing level, about twice the normal precip-
itation. The effective radius of droplets for convective over-
shooting over NC and MEC is lower than 2.5 mm above 10
and 12 km, respectively. It is worth noting that the effective
radius of droplets for convective overshooting over SC shows
an increasing trend above 8 km altitude, which is similar to
convective precipitation, whose effective radius of droplets
over the three regions also shows an increasing tend from 9
to 13 km, which may be related to the strong upward motion
inside. When the upward motion is strong, ice particles must
grow large enough to fall (Langmuir, 1948). Droplet concen-
tration basically decreases with altitude, and that within con-
vective overshooting is obviously lower than for normal pre-
cipitation with NC being the lowest, while MEC and SC are
higher and similar. Droplet concentration within convective
overshooting near the ground is the highest, with 25.4 (NC),
28 (MEC), and 28 (SC), while that of normal precipitation is
mainly distributed between 32 and 35.
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4 Summary and conclusions

The microphysical characteristics of convective overshoot-
ing are essential but poorly understood due to the diffi-
culty in accurately detecting the convective overshooting and
obtaining microphysical parameters during severe weather
events. Based on the microphysical precipitation data from
GPM DPR and the meteorological data from ERA5 data,
we designed a more accurate algorithm for convective-
overshooting determination and examined the particle size,
concentration, phase state, and other parameters of the con-
vective overshooting over East China. The main conclusions
are as follows.

Firstly, the horizontal-distribution characteristics of con-
vective overshooting over East China are analyzed by design-
ing a more accurate algorithm for convective-overshooting
determination. Statistical results indicate that the frequency
of the convective overshooting over East China is very low,
with a magnitude of only 10−3, with large regional dif-
ferences. Convective-overshooting events occur more fre-
quently over NC and northern MEC than over SC and south-
ern MEC, mainly because of the lower tropopause height
of the former areas and the different underlying surfaces.
The mean convective-overshooting storm top height mostly
ranges from 10 to 21 km and has obvious regional distribu-
tion differences, and the convective-overshooting storm top
height over NC is 5–6 km higher than over SC.

Based on the reflectivity profiles and the rain rate profiles
provided by the GPM DPR instrument, we studied the ver-
tical structure of precipitation within convective overshoot-
ing. The CFAD analysis of the radar reflectivity shows that
radar reflectivity within convective overshooting is stronger
and its storm top height is higher. The CFAD analysis also
shows regional differences. Radar reflectivity of convective
overshooting over NC accounts for a higher proportion be-
low the freezing level, while MEC and SC account for a
higher proportion above the freezing level, which indicates
that the upward motion within convective overshooting over
MEC and SC is stronger and there are more ice crystal par-
ticles. Rain rate results also show that the rain rate within
convective overshooting is higher, 5–10 times that of normal
precipitation. In particular, the sample number of strong pre-
cipitation with the grade of precipitation of heavy downpour
accounts for 34.0 % (NC), 46.7 % (MEC), and 34.8 % (SC),
which reminds us to pay special attention to the extreme pre-
cipitation events caused by convective overshooting.

The GPM center provides the particle spectrum from
the dual-frequency radar. Based on the DSD profiles from
2ADPR, we further investigated the microphysical structures
of convective overshooting. Statistical results show that con-
vective overshooting has unique microphysical characteris-
tics compared with normal precipitation, with obvious re-
gional differences. The LWP and IWP within convective
overshooting are abundant, with high values of PDF dis-
tributed around 1000 and 5000 g m−3, respectively. More-

over, influenced by strong updrafts, precipitation particles
within convective overshooting continuously collide and
grow large enough to fall; therefore, the effective radius is
big below 10 km altitude, almost exceeding 2.5 mm, which
is about twice that of normal precipitation. However, the
droplet concentration within convective overshooting is rel-
atively low. Differences in microphysical structure between
the three regions are also worth noting. The effective radius
of droplets over NC is slightly bigger than MEC and SC,
while the droplet concentration is lower; it is speculated that
this is related to the differences in aerosol content and types
over the three regions.

Quantitative study of the internal microphysical charac-
teristics within convective overshooting has not been docu-
mented previously. Findings of this study may have impor-
tant implications for the microphysical evolution associated
with convective overshooting and provide more accurate pre-
cipitation microphysical parameters as the input of the model
simulation. This study is a continuation of previous research
(Sun et al., 2021). In the future, we will further explore the
impact of aerosols on the internal microphysical character-
istics within convective overshooting, and more microphysi-
cal parameters with higher spatiotemporal resolution are ex-
pected to provide more detailed features.
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