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Abstract. Convective impulses (CIs) occur in thunderstorms and are strongly associated with severe convec-
tion, often contributing to hazardous weather events. However, the underlying physical mechanisms governing
CIs remain poorly understood. In this study, multiple CI events were identified in two selective thunderstorms
and analysed from the perspective of the cloud life cycle using polarimetric radar and lightning observations. We
investigated the roles of environmental conditions and cloud microphysics in CI events. Our results indicate a
pronounced increase in supercooled liquid water and graupel content prior to CI occurrence. The breakup of rain-
drops is closely linked to the observed increase in supercooled raindrops, suggesting that the fragmentation of
large raindrops below the melting layer contributes to raindrop multiplication at subfreezing temperatures. These
smaller raindrops subsequently freeze into graupel-like particles, releasing latent heat that may enhance convec-
tion and/or lightning activity. This hypothesized physical mechanism is further supported by idealized numerical
simulations, which demonstrate that the updraft intensity varies with the efficiency of raindrop breakup. Addi-
tionally, large raindrops involved in the breakup process originate from the coalescence of raindrops during the
initial pre-CI event, whereas graupel melting or shedding plays a role in subsequent pre-CI events. This improves
the understanding of Cls following precipitation loading, melting, and evaporation within a near-stationary thun-
derstorm cell. These findings reveal a likely physical mechanism contributing to CI events and offer new insights
into thunderstorm microphysics and dynamics.

Thunderstorms are intense convective clouds that play im-
portant roles in weather and climate, produce copious
amounts of precipitation, lightning, and tornadoes, and af-
fect cloud radiative forcing (MacGorman and Rust, 1998;
Williams et al., 2005; Zhang et al., 2009). Explaining how
the convective impulse (CI, which is often associated with

the convective updraft speed, radar reflectivity, and light-
ning flash rate) occurs in thunderstorms is always challeng-
ing but is key for understanding and simulating thunder-
storms (Bruning et al., 2024; Markowski and Richardson,
2010; Zhao et al., 2025; Zipser et al., 2006).

CI is a complex definition in meteorology because of the
ambiguous definition of convective intensity. As Zipser et
al. (2006) discussed, updraft magnitude, lightning flash rate,
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and hailstone size, with or without a tornado, were utilized
to implicitly equate the convective intensity, whose parame-
ters were selected on the basis of the intent of the researcher.
The local maxima of vertical wind velocity or the upwards
extension of a high-reflectivity zone were previously used to
define updraft impulses or CI via radar observations (Foote
and Frank, 1983; Schmid et al., 2000). Such updraft impulse
behaviour is also closely linked to cloud microphysical pro-
cesses. For example, enhanced condensation, freezing, and
graupel formation can release latent heat and further acceler-
ate vertical motion, reinforcing short-term updraft intensifi-
cation (Carey et al., 2019) and associated with lightning ac-
tivity (Bruning et al., 2024; Zhao et al., 2025). In this study,
CI events are identified on the basis of the concurrent in-
tensification of electrical and radar signatures, including in-
creased lightning frequencies and greater maximum reflec-
tivities (> 50dBz). The increasing phase of lightning fre-
quencies is used to define the duration of the CI event.

Unsteady updrafts tied to thermal bubbles generally in-
dicate CI events (Bruning et al., 2024). Three-dimensional
thunderstorm modeling studies have clarified thunderstorm
development by imposing a warm bubble in the lower lev-
els of a conditionally unstable environment (Markowski and
Richardson, 2010). The initiation of a sustained updraft by
warm bubbles is followed by an evolution that is strongly in-
fluenced by vertical wind shear and the convective available
potential energy (CAPE) of the environment (Grabowski and
Morrison, 2021; Markowski and Richardson, 2010). Obser-
vational studies of the spatial distribution of severe storms
have indicated that intense convection strongly preferentially
occurs over land and that the frequency of lightning is higher
than that over the ocean (Cecil et al., 2014; Orville and Hen-
derson, 1986; Zipser et al., 2006). The thermodynamic differ-
ence between land and ocean may account for this difference
(Grabowski, 2023; Grabowski and Morrison, 2021; Qie et
al., 2024; Thornton et al., 2017; Williams and Stanfill, 2002),
although some studies note that aerosol concentrations may
also be a factor (Fan J. et al., 2018, 2025; Koren et al., 2004,
Rosenfeld and Lensky, 1998; Rosenfeld et al., 2008; Wang
et al. 2018). Specifically, substantial storm-scale variability
in dominant thermodynamic controls on the strength of con-
vective updrafts coupled with substantial updraft and aerosol
variability in many given events are poorly quantified by ob-
servations and present further challenges for isolating aerosol
effects (Varble et al., 2023).

Previous studies have investigated environmental features
corresponding to severe storms, and the results have indi-
cated that thunderstorm intensity is closely related to strong
CAPE and wind shear (Liu et al., 2020). CAPE is nec-
essary but insufficient for convection initiation, and most
thunderstorms develop in environments with CAPE above
IOOOJkg_1 (Lucas et al., 1994; Markowski and Richard-
son, 2010). Wind shear primarily governs storm organi-
zation (e.g., single-cell, multicell, supercell) (Markowski
and Richardson, 2010). Although severe weather is more
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widespread under high shear and significant CAPE, pulse-
type severe storms can still arise in high-CAPE, weak-shear
environments (Markowski and Richardson, 2010).

The knowledge above essentially clarifies convection de-
velopment in the real world, as the observational resolutions
of CAPE, wind shear, and/or aerosol concentrations are not
enough to reveal these relatively short-lived CI events in
thunderstorms; thus, convective cloud development or be-
haviour characteristics during subsequent evolution are un-
clear, which explains why the CAPE and wind shear can-
not be perfect proxies for thunderstorms (Liu et al., 2020).
The impulses of convective strength in the subsequent evo-
lution of thunderstorms are strongly modulated by cloud mi-
crophysical processes, which are generally accepted by cloud
physicists, although some mechanisms that are theorized to
drive convective invigoration with increased aerosol load-
ing are controversial (Dagan et al., 2020; Fan et al., 2018a;
Grabowski and Morrison, 2020, 2021; Koren et al., 2004; Liu
et al., 2020; Rosenfeld et al., 2008; Thornton et al., 2017;
Varble et al., 2023; Zhao et al., 2024b). According to Fan
et al. (2025), condensational invigoration is most significant
under clean atmospheric conditions with high supersatura-
tion levels, where abundant ultrafine particles can be acti-
vated and condensation and latent heat release are enhanced.
Freezing-induced invigoration can be significant under simi-
larly clean conditions when many relatively large-sized par-
ticles are added, as supported by both modelling and obser-
vational evidence.

Nevertheless, while the above knowledge can clarify the
convective enhancement of thunderstorms that are moving
and organized (i.e., the CAPE or aerosol concentration may
increase with the variety of environments), it is ineffective
for understanding the short-term impulses of convective in-
tensity (i.e., multiple CI events) in thunderstorms or near-
stationary thunderstorm cells. Here, the objective of this
study is to explore the cloud microphysics and kinematics
and the underlying mechanism that are attributed to CI events
on the basis of observations of the evolutionary cycle of thun-
derstorms and numerical simulations.

2 Data and methods

We selected two special thunderstorms that occurred dur-
ing the warm season over South China, as detected by a
three-dimensional lightning location system and an S-band
dual-polarization radar. One thunderstorm cell was a near-
stationary thunderstorm with a CAPE value of 2669 Jkg~!,
weak wind shear, and a relatively clean environment; this
thunderstorm remained isolated throughout its life cycle, was
referred to as case A, and occurred on 20 June 2016 (the initi-
ation location of case A was marked as red squares in Fig. 1a,
b). The other thunderstorm was a moving thunderstorm with
a CAPE value of 40761] kg_l, strong wind shear, and a rel-
atively clean environment; this thunderstorm remained iso-
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lated during the early stage of its life cycle, but later experi-
enced partial merging and splitting; this case was referred to
as case B and occurred on 13 June 2016 (the initiation loca-
tion of case B was marked as red squares in Fig. 1c, d).

In this study, the evolutionary cycle of thunderstorms is
defined as the duration from the first identifiable radar echo
(i.e., the radar volume scan in cases where the horizontal re-
flectivity (Zy) is > 5 dBz when clouds are first detected by
radar) to the echo dissipation stage (when the maximum re-
flectivity decreased below 30 dBz). The evolutionary cycles
of the two thunderstorms are displayed in Figs. S1 and S2
in the Supplement. And Fig. S3 shows case B can be dis-
tinguished from neighbouring convection cloud during the
merging moments. To ensure the quality of the radar and
lightning data, the locations of the centers of the two thun-
derstorms meet the conditions and are restricted to approxi-
mately the analyzed areas, which are the regions of overlap-
ping coverage between the radar radii of 25—100 km and the
lightning-location-system network center radius of 70 km.

2.1 Lightning location system

A low-frequency E-field detection array (LFEDA, 10 sen-
sors, orange dots in Fig. 1) was used to detect lightning
events in the study area and resolve the three-dimensional
structures of cloud-to-ground lightning and intracloud light-
ning. The system achieves ~ 100% detection efficiency
and a mean location error of ~ 102m, representing the
highest performance among lightning location systems in
Guangzhou, China (Chen et al., 2012; Fan et al., 2018b; Shi
et al., 2017). Operating at 160 Hz ~ 600 kHz, it locates dis-
charge pulse events (DPEs) using a time-of-arrival method.
The quality control method for the DPEs followed that of Liu
et al. (2020), the located heights should be less than 20 km
and the chi-square goodness-of-fit values were limited to 10
or less. The method for grouping DPEs into flashes followed
those of Shi et al. (2017) and Zheng et al. (2019); that is, a
potential flash DPE must have occurred within 400 ms of the
previous DPE and within 4 km and 600 ms of any other flash
DPE.

2.2 Radar observations and preprocessing

The Guangzhou S-band dual-polarization radar (GZ radar,
as marked by the white circle in Fig. 1) provided radar ob-
servations. The configurations of this radar are as follows:
the beam width of 1°, the radial range resolution of 250 m,
and an azimuth resolution of 1°. This radar works in the
mode of volume coverage pattern 21, which consists of nine
plan position indicator scans with a volumetric update time
of 6 min. A quality control procedure was carried out to re-
move anomalous propagation, biological scatter, and ground
clutter (Zhao et al., 2021a, b, 2022). The differential reflec-
tivity (Zpr) was calibrated during light rainfall periods, and
the calibration accuracy ranged from 0.1-0.2 dB (Bringi and
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Chandrasekar, 2001). The quality-controlled radar data were
bilinearly interpolated onto a Cartesian grid at a horizontal
resolution of 250 m and a vertical resolution of 500 m from
0.5 to 20 km above the mean sea level (Zhang et al., 2017;
Zhao et al., 2024a, c).

2.3 ERAS5 data and environmental observations

Hourly ERAS reanalysis data, with a 0.25° x 0.25° hor-
izontal resolution (Bell et al., 2020), were regridded to
0.1° x 0.1° via linear interpolation to better match the scale
of thunderstorms in this study. The environmental temper-
ature and relative humidity provided by the sounding data,
which were obtained from the Qingyuan meteorological ob-
servatory (as marked by the dark blue diamonds in Fig. 1),
were regarded as the true observations for comparison with
the ERAS reanalysis data. Because case A occurred at 17:18
(all instances are in Beijing time) on 20 June 2016 and case
B occurred at 11:48 on 13 June 2016, we selected the ad-
jacent sounding moment as the reference time for compari-
son, namely, 20:00 and 08:00, respectively. Comparisons of
the temperature and relative humidity between the sounding
and ERAS data from 1000 to 400 hPa at the same spatial—
temporal position revealed that the average difference in tem-
perature was approximately 0.6 °C and that the mean differ-
ence in relative humidity was approximately 7 % (Fig. 2).
In addition, the difference in CAPE between the sounding
and ERAS data is approximately —246Jkg~!, and the dif-
ference in convective inhibition is —171Jkg~!. The hourly
observed particulate matter (PM> s5) mass concentration data
were provided by the Ministry of Ecology and Environment
of the People’s Republic of China (Wang and Zhang, 2020),
and three ground sites for aerosol concentrations within the
analysed area were used, as marked by the dark blue dots in
Fig. 1.

2.4 Numerical model configuration

The Weather Research and Forecasting (WRF) model was
utilized in this study. The idealized em_quarter_ss case was
selected because it represents an isolated three-dimensional
storm, which is more consistent with the observed thunder-
storms investigated in this study. The default thermal pertur-
bation in the original em_quarter_ss experiment was reduced
to one-third to avoid producing an excessively intense thun-
derstorm and to better represent the convective intensities
observed in this study. The Morrison two-moment scheme
(Morrison et al., 2009) was used. To investigate the effects
of raindrop breakup on the graupel concentration and on the
convective intensity (updraft velocity) within clouds, the pa-
rameterization of raindrop breakup is introduced here.

The drop breakup simulation in the WRF model is based
on the self-collection of raindrops; the collection efficiency
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Figure 1. Distribution of observational systems and weather backgrounds derived from ERAS. The conditions of the temperature (a, b) and
relative humidity overlaid horizontal wind field (¢, d) were derived from hourly ERAS reanalysis data at 1000 hPa, prior to the occurrence of
these two thunderstorms (case A occurred at 17:18 on 20 June 2016; case B occurred at 11:48 on 13 June 2016, Beijing time). The upper row
indicates case A, and the bottom row indicates case B. The dark blue diamond indicates the Qingyuan meteorological observatory, and the
three dark blue dots represent aerosol sites. The white circle indicates the GZ radar, and the 10 orange dots represent the LFEDA network.
In addition, the red square indicates the location of the maximum reflectivity of thunderstorm, which occurred at the first identified moment
by the GZ radar.
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Figure 2. Comparison between sounding and ERAS data. (a) Temperature versus pressure. (b) Relative humidity versus pressure. The orange
line indicates case A at 20:00 on 20 June 2016, and the blue line indicates case B at 08:00 on 13 June 2016. The solid line represents the
observations from the sounding, and the dashed line represents the ERAS data.
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(E.) is defined as follows:

EC=17 Dm<Dth7 (1)
Ec=2—P00Pn=Dw)l " p > Dy, @)

where Dy, is the volume-number mean diameter of the
raindrop and Dy, is the threshold mean diameter related
to breakup. In the Morrison two-moment scheme, Dy, =
0.3 mm (Morrison et al., 2012). The default setup, described
above, is used for the baseline model configuration (here-
after, RB). To test the role of breakup in convection sim-
ulation, a sensitivity experiment (hereafter, noRB) is con-
ducted to close raindrop breakup process; namely, E. must
be greater than zero when Dy, > Dy,.

The domain size is 80 km x 80 km in the horizontal direc-
tion with the model lid at 20 km. The horizontal and verti-
cal grid spacings are approximately 1000 and 250 m, respec-
tively. The simulation was integrated for 180 min, with out-
put data saved every 1 min. The 1 min output interval pro-
vides a finer temporal resolution than the radar observations
and allows examination of the rapid evolution of the thunder-
storm. Convection is initiated by inserting a warm bubble,
assuming thermal perturbation, to initiate convection. The
sounding data for the simulation are shown in the Supple-
ment.

2.5 Analytical method

Lightning activity and echo-top height provide kinematic
variation in the evolutionary cycle of thunderstorms with
temporal resolution considerations (Carey and Rutledge,
2000; Zipser et al., 2006). Benefiting from polarimetric radar
observations, warm- and mixed-phase microphysics, even
the “fingerprint” of microphysical processes, were derived
to study how microphysical processes increase convective
strength (Carey and Rutledge, 2000; Hu and Ryzhkov, 2022;
Kumjian and Prat, 2014; Kumjian et al., 2022; Zhao et al.,
2025).

The classified fingerprint of cloud microphysical pro-
cesses was based on dual-polarization radar observations.
Vertical changes in polarimetric variables towards the sur-
face (e.g., Zyg or ZpRr) can clearly discriminate different mi-
crophysical processes (Kumyjian et al., 2022). Kumjian and
Prat (2014) utilized a one-dimensional bin-microphysical
rain shaft model and S-band polarimetric radar observations
to display the distinctive signatures related to coalescence,
breakup, size sorting/evaporation, and balanced breakup and
coalescence processes within specific areas of the Zg—Zpr
space. In this study, we used the changes in Zpr and Zy from
heights of 0.5 to 3.5km to determine the warm-rain micro-
physical processes. Moreover, the mass-weighted mean drop
diameter (Dy,, mm) was retrieved from the Zy and Zpgr to
support these fingerprints. The Dy, retrieval method followed
Tokay et al. (2020) and the absolute bias of Dy, ranged from
0.31-0.36 mm in their study.
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Specifically, the ice and rain water contents were estimated
from the GZ radar measurements via the difference reflectiv-
ity (Zpp) method (Carey and Rutledge, 2000; Golestani et
al., 1989). The precipitation-sized ice particles were likely
more spherically symmetrical or tumble, resulting in a near-
zero Zpr (Pruppacher and Klett, 1997). Therefore, ice par-
ticles can be regarded as “effective spheres”, and the Zpp
is solely influenced by raindrops. The horizontal reflectivity
of raindrops can be derived from the relationship between
horizontal reflectivity and Zpp (raindrops), where the empir-
ical relationship was derived from 2-year disdrometer data in
Guangdong Province (Li et al., 2020), and the residual dif-
ference in the observed horizontal reflectivity is associated
with ice particles. On the basis of the scattering properties of
typical graupel (Zhao et al., 2021b), if Zy > 35 dBz, the cor-
responding ice mass was regarded as a graupel mass, as used
in Carey and Rutledge (2000). The standard error for the rela-
tionship between the horizontal reflectivity and Zpp has been
reported to be approximately 1 dB in previous studies (e.g.,
Carey and Rutledge, 2000). The estimated mass is propor-
tional to the actual mass and depends on the variability in the
intercept parameter of an assumed inverse exponential distri-
bution for the hydrometeor and its density; thus, the trends
of the estimated mass are deemed sufficient for application
in this study.

Once the ice water content was determined, the total num-
ber concentration () of ice particles larger than 0.1 mm was
computed; the relationship follows that of Hu and Ryzhkov
(2022). Notably, the radar retrieval techniques were valid
mainly in the stratiform parts of storm systems where grau-
pel and hail are usually absent, and the derived ice micro-
physics were representative of storm areas where the radar
reflectivity does not exceed 30 dBz. Notably, the reflectivity
constraint (Zy <30dBz) is applied only to the retrieval of
ice N; and does not affect the estimation of the ice or graupel
content above the melting layer.

Notably, uncertainties are inherent in the radar-based es-
timation (e.g., Dy, N, and ice and rain water contents).
However, our analysis focuses on the relative variations and
comparisons rather than their absolute values, which are less
sensitive to such systematic errors. Moreover, the interpreta-
tion of microphysical processes is jointly supported by mul-
tiple polarimetric radar variables and retrieved parameters,
providing independent constraints. Therefore, the impact of
these uncertainties on the main conclusions is limited.

3 Results

3.1 Overview of two thunderstorms in the environment
and their development

The data from the last hour before the occurrence of these
two thunderstorms (case A and case B), derived from hourly
ERAS reanalysis data and hourly averaged concentration ob-
servations of particulate matter (PM> s) from three ground
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sites show lower CAPE and PM, 5 concentrations in case A
(2669 kg~! and 23 ugm™3) and higher CAPE and PM s
concentrations in case B (4076 Jkg~! and 47 ug m—3, respec-
tively). The PM» s concentrations suggest that the environ-
ments prior to the presence of these two thunderstorms were
relatively clean, especially for case A. The conditions of rel-
ative humidity and wind shear derived from the hourly ERAS
reanalysis data indicate more vapour and stronger low-level
wind shear (i.e., the variation in the wind speed between 1000
and 850 hPa) in case B than in case A (Fig. 3a, b). These en-
vironments suggest that the conditions are more favourable
for thunderstorm development in case B than in case A.

The evolutionary cycles of these two thunderstorms are de-
rived from radar and lightning observations. Specifically, the
evolution of the maximum Zy values for every height layer
(a vertical resolution of 500 m over 0.5 to 20km of a radar
volume scan) is displayed in Fig. 4a and b; the evolutions of
the echo-top height and the maximum Zy value in a radar
volume scan are displayed in Fig. 4c and d; and the lightning
frequency in a radar volumetric update time of 6 min is dis-
played in Fig. 4a and b. These two thunderstorms are deep
convective clouds (Fig. 4a, b). We divided the evolution cy-
cles of these two thunderstorms into three stages according
to the lightning activity and echo intensity: initiation, light-
ning and collapse. For the initiation stage (Fig. 4c, d), the
mean values of the echo-top heights (reflectivity thresholds:
30 and 40dBz) in case B are clearly greater than those in
case A; in addition, the average maximum Zy value in case
B (48 dBz) is greater than that in case A (42 dBz). An echo-
top height of 50 dBz occurs in case B but is absent in case A.
These characteristics indicate that the convective strength is
greater in case B during the initiation stage. This confirms the
above suggestion provided by environmental characteristics.

While environmental characteristics and radar observa-
tions during the initiation stage suggest that the thunderstorm
in case B is more intense, the convective intensity during the
lightning stage is confusing between cases A and B (the av-
erage maximum Zg values are 53 and 54 dBz, respectively;
the average echo-top heights of 30 and 40 dBz in case A are
0.1 ~0.2km greater than those in case B, and the average
echo-top height of 50dBz in case A is 1km greater than
that in case B). Moreover, the lightning frequency also has
a higher peak value in case A than in case B. Finally, in case
A, the thunderstorm rapidly collapsed, but in case B, it slowly
dissipated. These characteristics indicate that the convective
intensity of the thunderstorm rapidly changed.

3.2 Convective impulse events

The convective intensity indicated by the lightning fre-
quency, echo-top height of 50 dBz, and maximum Zy value
clearly displays short-term impulses (Fig. 4a, b, ¢, and d).
We utilized the variation in the lightning frequency to define
the duration times of the convective impulse (CI) and pre-
CI. Specifically, the CI duration corresponds to the increas-
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ing phase of the lightning frequency. There are two CI events
and two corresponding pre-CI events in each thunderstorm
(Fig. 4e, f). The overlapping time between the pre-CI and CI
indicates CI initiation, and vice versa.

In case A (Fig. 4e), the duration of the first CI event ranged
from 18:00 to 18:12 (Beijing time), and that of the second CI
event ranged from 18:24 to 18:30; the duration of the first
pre-CI event ranged from 17:18 to 18:00, and that of the
second pre-CI event ranged from 18:12 to 18:24. In case B
(Fig. 4f), the duration of the first CI event ranged from 12:06
to 12:24, and that of the second CI event ranged from 12:48
to 13:00; the duration of the first pre-CI event ranged from
11:48 to 12:06, and that of the second pre-CI event ranged
from 12:24 to 12:48. The CI event essentially corresponds to
the convective enhancement revealed by the lightning activ-
ity, echo-top height and maximum Zy. Thus, to study how
cloud microphysics modulate convective intensity, we fo-
cus on cloud microphysics during the corresponding pre-CI
event.

3.3 Cloud microphysics in the first pre-Cl

Latent heat release can be regarded as the energy source
for increasing buoyancy (Rosenfeld et al., 2008; Varble et
al., 2023), but some debates still exist (e.g., Grabowski and
Morrison, 2020). More specifically, observational studies
indicate that the nucleation process from abundant super-
cooled liquid water to graupel is closely related to lightning
(Bringi et al., 1997; Carey and Rutledge, 2000; Smith et al.,
1999). Graupel is rimed ice precipitation. The “coalescence—
freezing” mechanism is often regarded as the most impor-
tant pathway to the first graupel/hail formation, the first sig-
nificant electrification and the first lightning flash in warm-
based clouds (Beard, 1992; Braham, 1986; Bringi et al.,
1997; Carey and Rutledge, 2000; Herzegh and Jameson,
1992; Mattos et al., 2017; Smith et al., 1999; Stolzenburg
et al., 2015). This mechanism depends on the development
of rain drops in warm rain collision—coalescence processes,
followed by lofting of the rain drop in the updraft to areas
of subfreezing temperatures (which are frequently observed
by polarimetric radar, called Zpr column), followed by drop
freezing and finally the formation of graupel or small hail.
The logarithmic total water content in cases A and B dur-
ing the first pre-CI period are shown in Fig. 5a and b. The
logarithmic total ice contents in cases A and B during the
first pre-CI period are shown in Fig. 5c and d. When the
first CI initiates at 18:00 (case A) or 12:06 (case B), grau-
pel sharply occurs, and the contents of warm-phase rainwa-
ter and supercooled rainwater reach peak values. The graupel
content in case A (1077 kg) is clearly greater than that in case
B (10%! kg). However, in case B, more liquid water accumu-
lates in less time (corresponding to more favorable moisture
and CAPE). In addition, the amount of supercooled rainwa-
ter clearly increases beginning at 17:48 in case A, which is
approximately 10° times greater than that at 17:42.
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Figure 3. The environmental characteristics of the two thunderstorms. The conditions of relative humidity and wind shear from the last hour
before the occurrence of these two thunderstorms (case A occurred at 16:00 on 20 June 2016; case B occurred at 11:00 on 13 June 2016)
were derived from hourly ERAS reanalysis data. (a) Relative humidity; the orange line indicates case A, and the blue line indicates case B.
(b) Vertical wind vectors; the left column represents case A, and the right column represents case B.

3.3.1 The microphysical characteristics of ice in the first

pre-Cl

The latent heat released from supercooled liquid water that
freezes and/or rimes into graupel is likely the kinematic
source corresponding to the first CI event. From the perspec-
tive of the supercooled water content, more abundant super-
cooled rainwater is present in case B during the last three
moments, which seems to suggest that if the number concen-
trations of graupel embryos in the two cases are similar, the
accreted graupel content from the riming process in case A
should not be greater than that in case B during short-term
variation (the duration of graupel content variation does not
exceed 6 min). However, the content is related to both the
particle size and the number concentration. We retrieve the
content from the echo intensity corresponding to the radar
sample volume, and the determination of the nature of the
radar sample volume depends mainly on the large particles
(e.g., graupel). Thus, if there are more graupel particles dis-
tributed in more space, a greater sample volume of graupel
in the radar corresponds to a greater graupel content.

The number concentration (logjo N, L1 of ice particles
(<30dBz) when the first CI initiates at 18:00 (case A) or
12:06 (case B) is shown in Fig. 6a. Ice particles are poten-
tial sources of graupel embryos (Bringi et al., 1997; Carey
and Rutledge, 2000). Moreover, the radar sample volume of
the graupel particles clearly corresponds to a larger volume
in case A (Fig. 6b). Thus, the observational characteristics
support the above hypothesis; namely, the number concen-
tration of graupel particles in case A is greater than that in
case B, resulting in a clearly greater graupel content derived
from radar in case A.

A greater number concentration of graupel depends on the
increasing number concentration of graupel embryos. How-
ever, why are there more graupel embryos? Ice crystals and

https://doi.org/10.5194/acp-26-11091-2026

supercooled raindrops are the main sources of graupel em-
bryos (Bringi et al., 1997; Carey and Rutledge, 2000). While
the mechanism through which secondary ice production oc-
curs increases the number concentration of ice crystals, the
total time for a 10 um ice crystal to develop into a 1 mm grau-
pel particle is approximately 10-30 min in vigorous convec-
tive clouds, with early growth dominated by diffusion pro-
cesses and later rapid growth dominated by riming (Prup-
pacher and Klett, 1997; Rogers and Yau, 1989; Vongpaseut
and Barthe, 2025). Thus, although rapid growth may occur
under favourable conditions, the conversion of newly gener-
ated micrometre-sized secondary ice crystals into millimetre-
sized graupel particles within a few minutes (~ 6 min) is dif-
ficult to explain solely by diffusion growth and riming pro-
cesses. In light of the previous hypothesis and observations,
we suggest that the raindrops freeze into graupel particles
may dominate the graupel formation during the initial phase
of warm-based thunderstorms. The phase transition can be
completed in a few minutes. Therefore, increasing the num-
ber concentration of supercooled raindrop-sized particles can
increase the number concentration of graupel within 6 min.

3.3.2 How do supercooled raindrops increase in the first
pre-Cl?

Naturally, we seek to determine how the number of super-
cooled raindrops increases during the first pre-CI. The po-
larimetric “fingerprint” of warm-rain processes is quantified
in Fig. 6¢, d. Each colored dot indicates the changed Zpgr
and Zy values over an approximate 3 km rain shaft from one
radar volume scan at different times. Warm-rain processes
clearly differ between cases A and B. In case B (Fig. 6d),
raindrops continuously undergo size sorting or evaporating
processes; the stronger CAPE (4076 Jkg™!) and low-level

Atmos. Chem. Phys., 26, 11091-11110, 2026
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Figure 4. Overview of two thunderstorms in their development. Panels (a) and (b) show the evolution of the maximum Zp values for every
height layer (a vertical resolution of 500 m over 0.5 to 20km of a radar volume scan), with cloud development. The left column indicates
case A, and the right column indicates case B. The gray lines indicate the flash frequency for a radar volumetric update time of 6 min. The
black dashed lines indicate the 0, —10, —20, and —38 °C isotherm heights. The echo-top heights of 20 (gray bars), 30 (blue bars), 40 (yellow
bars), and 50 dBz (pink bars) in every radar volume scan with cloud development are shown in (c) case A and (d) case B, respectively. The
black lines indicate the evolution of the maximum Zpy values of a radar volume scan (neglecting values < 30dBz). In addition, the gray
dashed lines divide the evolutionary cycle of thunderstorms into three stages (i.e., initiation, lightning, and collapse). The durations of the
convective impulse (CI) and pre-CI are shown; each case involves two CI events, and two pre-CI events are shown in (e) case A and (f) case
B. The overlapping time between the pre-CI and CI indicates CI initiation, and vice versa. Vertical cross-sections of the radar differential
reflectivity (ZpRr) (g) at 17:54 in case A and (h) at 12:00 in case B.
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wind shear account for this difference (Carey and Buffalo,
2007; Fuchs et al., 2018; Stough et al., 2021; Williams et
al., 2005). Not only does the ERAS reanalysis data indi-
cate greater low-level wind shear in case B than in case A
(Fig. 3b), but the positive Zpr column from the cloud base
to the mixed-phase layer in case B is also more tilted than
that in case A (Fig. 4g, h).

In case A (Fig. 6c, e), the raindrops undergo size sorting
or evaporation first, and then, the liquid drops are more likely
to experience cyclic growth by coalescence under upright
airflows and/or possibly weaker updrafts (smaller CAPE,
2669Jkg_1) (Kumjian et al., 2014; Mather et al., 1986;
Stough et al., 2021); thus, these raindrops coalesce at two
subsequent moments, and large raindrops form (exceeding 2
mm). However, aerodynamic deformation causes these rain-
drops to break into many raindrops at 17:42 and/or 17:48,
after which these raindrops can be easily lofted and/or partic-
ipate in the coalescence process (i.e., 17:54 and 18:00). The
breakup of raindrops at 17:42 and/or 17:48 accounts for the
sharply increasing amount of supercooled rainwater, which
is noted above in Fig. 5a, b.

https://doi.org/10.5194/acp-26-11091-2026

Therefore, compared with case B, the relatively weaker en-
vironmental low-level wind shear and CAPE in case A may
influence the storm dynamics and microphysical processes,
which could indirectly favour raindrop breakup (e.g., Morri-
son et al., 2012), and more raindrops are lofted to areas of
subfreezing temperatures and freeze into graupel with higher
number concentrations but fewer riming processes. We call
this underlying mechanism “breakup—freezing”, which is a
hypothesis and is likely an important way to clarify the for-
mation of thunderstorms with relatively weak CAPE (i.e.,
2669 Jkg~! of case A in this study) and weak wind shear.
In contrast, the stronger the environmental low-level wind
shear and CAPE are, the more likely it is that more droplets
are lifted to areas of subfreezing temperatures and feed less
graupel but moderately or heavily riming; this mechanism
is similar to those of previous hypotheses (Carey and Buf-
falo, 2007; Fuchs et al., 2018; Stough et al., 2021). Naturally,
we focus on the following question: after the first CI event
(i.e., when convective clouds have developed into maturity
and produced lightning or precipitation), does the “breakup—
freezing” mechanism dominate the subsequent CI events, es-

Atmos. Chem. Phys., 26, 11091-11110, 2026
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Figure 6. Cloud microphysics in the first pre-CI and comparisons between these thunderstorms. (a) The number concentration (logygMNt,
L~1) of ice (<30 dBz) particles when CI initiates. The red and blue dashed lines indicate cases A and B, respectively. (b) The radar sample
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change in ZppR vs. the change in Zy over an approximate 3 km rain shaft and the microphysical processes represented by each quadrant or
“fingerprint” are annotated: (c¢) case A and (d) case B. Each colored dot indicates the changed ZpRr and Zy values over an approximate 3 km
rain shaft from one radar volume scan at different times. The retrieved mass-weighted mean drop diameter (Dy,) is shown in (e) (case A) and
(f) (case B), the lines indicate the mean values and the shaded area indicates the 95 % confidence interval.

pecially for thunderstorms that are near stationary (i.e., when
surface sensible heating is suppressed by rainfall and radia-
tion heating of the surface is weakened by thunderclouds)?

3.4 Why do subsequent Cl events occur?

The logarithmic total water and ice contents and the lightning
frequency in cases A and B during the second pre-CI event
are displayed in Fig. 7a, b, ¢ and d. In general, the contents of

Atmos. Chem. Phys., 26, 11091-11110, 2026

liquid water and ice decrease first with decreasing lightning
frequency, indicating that the convection intensity is weaken-
ing and that rainfall is occurring. However, when the second
Cl initiates at 18:24 in case A, the supercooled raindrop con-
tent increases (Fig. 7a), whereas the graupel content does not
increase at 18:24 (Fig. 7¢); it obviously increases to 1073 kg
at the next radar volume scan (18:30). Similarly, the super-
cooled raindrop content and graupel content increase when
the second CI initiates at 12:48 in case B (Fig. 7b, d).

https://doi.org/10.5194/acp-26-11091-2026
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The frequency of the Zy values (> 35 dBz) in every height
layer (a vertical resolution of 500 m over 0.5 to 20km of
a radar volume scan) is shown in Fig. 8a and b, the height
of the Zy values (> 35dBz) tends to decrease during the
second pre-ClI period, and the height is lower than the 0°C
isotherm height. These characteristics indicate that the grau-
pel particles fall into the warm-phase layer and melt, which
can lead to the formation of large raindrops by melting and/or
small raindrops by shedding in a short time (Rasmussen and
Heymsfield, 1987a, b, c¢; Wisner et al., 1972). The melting
and shedding behavior of graupel is significantly affected by
its initial size (Rasmussen and Heymsfield, 1987b). Smaller
graupel particles preferentially melt faster than large parti-
cles do (Rasmussen and Heymsfield, 1987b). The shedding
of graupel can be an important source of new raindrops (Wis-
ner et al., 1972); the rate of shedding depends on the graupel
size, and larger graupel produces more shedding (Rasmussen
and Heymsfield, 1987b). These findings indicate that the be-
haviors of melting and shedding with respect to graupel size
are inversely related.

The data in Fig. 8c and d show that raindrop breakup oc-
curred during the second pre-CI period; however, the occur-

https://doi.org/10.5194/acp-26-11091-2026

rence time in case A differed from that in case B. Specifically,
the occurrence time of raindrop breakup in case A was ear-
lier than that in case B. The coalescence process was absent
in case A, but raindrop breakup occurred, corresponding to
graupel melting. This suggests that the large raindrops that
break may have formed by the complete melting of smaller
graupel in a shorter time. In addition, the coalescence process
occurred before raindrop breakup in case B, and the small
raindrops involved in the coalescence process may have re-
sulted from shedding (Wisner et al., 1972; Rasmussen and
Heymsfield, 1987a). This opinion is validated via retrieved
raindrops Dy, (Fig. 8e, f). In case B, the graupel size would
be larger than that in case A (larger maximum Zy values
and a lower concentration of graupel in case B (Figs. 4 and
6a, b)). Thus, the larger graupel in case B preferentially pro-
duces small raindrops from shedding when the particles fall
below the 0 °C isotherm height; the rate of melting is lower
than that in case A.

On the basis of the above characteristics and analysis, we
suggest that the smaller graupel in case A easily melted into
large raindrops (>2mm, Fig. 8e) in a shorter time, after
which the upright airflow promoted raindrop breakup. The

Atmos. Chem. Phys., 26, 11091-11110, 2026
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Figure 8. Cloud microphysics during the second pre-CI period. The left column indicates that case A occurred on 20 June 2016. The right
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shaft from one radar volume scan at different times. The retrieved mass-weighted mean drop diameter (Dyy,) is shown in (e) (case A) and (f)
(case B), the lines indicate the mean values and the shaded area indicates the 95 % confidence interval.

precipitation loading, melting, evaporation and upright be-
havior of the storm affected the updraft intensity, resulting
in a delay of broken raindrops from the warm phase lift-
ing to areas of subfreezing temperatures. The larger grau-
pel in case B preferentially produces small raindrops from
shedding (< 2 mm, Fig. 8f) in tilted downdrafts, and small
raindrops may undergo coalescence to form large raindrops

Atmos. Chem. Phys., 26, 11091-11110, 2026

in tilted downdrafts (these large raindrops may reduce the
evaporation rate (Pruppacher and Klett, 1997)), followed by
breaking into many raindrops and reentering into low-level
updrafts. Finally, the stronger updrafts at a low level in case
B (likely resulting from moving and organizing air flow, and
less consumption by evaporation) lifts raindrops to subfreez-
ing temperatures in a shorter time than those in case A do.

https://doi.org/10.5194/acp-26-11091-2026
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Therefore, abundant raindrops produced by raindrop
breakup and lifting to subfreezing temperatures account for
the increased supercooled rainwater and graupel contents and
the latent heat released to increase the convective intensity
within clouds. Notably, while the “breakup—freezing” mech-
anism likely provided the kinematic source for the second
CI, the methods of producing large raindrops to break dif-
fered between the second pre-CI period and the first pre-CI
period. Moreover, the loading, melting and evaporation of
precipitation likely reduced the net kinematic intensity for
the second CI, resulting in the echo-top heights gradually de-
creasing during such CI events (Fig. 4a, b, c, d).

3.5 Physical basis for the “breakup—freezing” hypothesis
in model simulations

To support our hypothesis, a sensitivity experiment is con-
ducted with the WRF model. In the first experiment, rain-
drop breakup is considered, namely, RB; in the second exper-
iment, raindrop breakup parameterization is closed, namely,
noRB. The WRF output information reveals that the thunder-
storm begins to develop at the 27th minute. At this stage, the
echo top is below the —30 °C isotherm height, and updrafts
dominate the vertical air flux (Fig. 9a, c). After 95 min of
simulation, the thunderstorm reaches its mature stage, with
the echo top extending to approximately 14 km (Fig. 9b, d).
The rear stratiform region and downdrafts become evident,
indicating the mature convective structure of thunderstorms.
Notably, the maximum updraft exceeded 50 ms~! at approx-
imately 95 min, likely resulting from the combined effects of
enhanced buoyancy associated with latent heat release and
storm-scale dynamic forcing.

The differences in the rain concentrations, graupel concen-
trations, and vertical velocities between the RB and noRB ex-
periments are shown in Fig. 10. The modelled convection de-
veloped at 27 min, and compared with the noRB experiment,
the RB experiment exhibited greater raindrop concentrations
above the melting layer (Fig. 10al). At approximately the
same location, the RB experiment also revealed increased
graupel concentrations and stronger updrafts, while the in-
crease in updraft velocity was relatively small, on the or-
der of 1072 ms~! (Fig. 10bl, c1). Similarly, higher raindrop
concentrations, graupel concentrations, and stronger updrafts
were shown in the RB experiment when the thunderstorm
reached its mature stage (Fig. 10a2, b2, and c2). Notably, the
regions with enhanced raindrop and graupel concentrations
were not completely collocated at 95 min, and the increase
in updraft velocity was on the order of 10° ms~!. Thus, the
“breakup—freezing” mechanism has a physical basis for ex-
plaining the formation of CI events.

4 Conclusion and discussion

In this study, we collected multiple CI events within two
thunderstorms on the basis of observations from a polarimet-
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ric radar and lightning location system. The convective in-
tensity indicated by the lightning frequency, echo-top height
of 50dBz, and maximum Zy value clearly displayed short-
term impulses during the evolutionary cycles of two thunder-
storms (case A: 20 June 2016; case B: 13 June 2016) over
southern China. Two CI events and two corresponding pre-
CI events in each thunderstorm were defined.

By comparing the microphysical characteristics between
the thunderstorms in cases A and B from the first pre-CI
event to the initial moment of the first CI event, we propose a
hypothesis “breakup—freezing” mechanism to potentially ex-
plain the convective enhancement in the first CI event with a
less significant CAPE, weak low-level wind shear, and clean
environment. For significant CAPE, strong low-level wind
shear and a clean environment, which followed the previous
hypothesis for convective enhancement based on faster up-
drafts in the environment, resulted from the stronger CAPE,
as described in Stough et al. (2021).

This “breakup—freezing” mechanism dominated the sub-
sequent CI events in these two thunderstorms, although the
methods for forming large raindrop breakup differed from
those dominated by droplet cyclic growth coalescence in the
first pre-CI. Large raindrops are formed by the complete
melting of smaller graupel or by the coalescence of small
raindrops from the shedding of larger graupel. This is impor-
tant for understanding the enhancement of convection after
precipitation loading, melting, and evaporation with a near-
stationary thunderstorm cell.

Finally, a sensitivity experiment was conducted with the
WRF model to investigate the effects of raindrop breakup on
the number concentration of graupel and on the convective
intensity within clouds. The simulation results confirmed that
the “breakup—freezing” mechanism provided a physical ba-
sis for explaining the formation of CI events. The conceptual
model in Fig. 11 illustrates the “breakup—freezing” mecha-
nism for the enhancement of convection.

CAPE and low-level wind shear are stronger in case B than
in case A. Notably, the thunderstorm in case A is nearly sta-
tionary (indicating that surface sensible heating is suppressed
by rainfall and that radiation heating of the surface is weak-
ened by thunderclouds), but that in case B is moving fre-
quently.

For the first CI event, two mechanisms account for the
convective enhancement: (1) the less significant CAPE and
weak low-level wind shear promote large raindrop (>2 mm)
formation by coalescence, and then, the large raindrops are
transferred into many smaller raindrops by breakup in ver-
tical air flow. These raindrops can be easily lifted to sub-
freezing temperatures and freeze into graupel with a higher
number concentration. The latent heat released from rain-
drop freezing triggered the first CI event (Fig. 11a, b). (2)
The significant CAPE and strong wind shear preferentially
lift more cloud droplets to subfreezing temperatures and feed
less graupel but with moderate or heavy riming, releasing la-
tent heat to increase convection intensity (Fig. 11e, f).

Atmos. Chem. Phys., 26, 11091-11110, 2026
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Figure 9. Output of the first experiment in the WRF model. The reflectivity and vertical velocity (unit, m s™1) of the first experiment at the
27th minute (a, ¢). The reflectivity and vertical velocity of the first experiment at the 95th minute (b, d). The black lines indicate the 0, —10,

—20, and —30 °C isotherm heights.

During the second pre-CI period, negative buoyancy is
produced by latent heat cooling and precipitation loading.
The surface sensible heating is suppressed, and the energy for
triggering the second CI event is unlikely to be sourced from
increasing surface energy, especially for that in the near-
stationary case A. However, the smaller graupel in case A
easily melts into large raindrops and then breaks up in the
vertical air flow. These raindrops produced by large rain-
drop breakup are lifted to subfreezing temperatures and then
freeze, leading to the formation of abundant graupel and the
release of latent heat, thus triggering the second CI event
(Fig. 11c, d).

However, the larger maximum Zy values and lower con-
centration of graupel indicate greater graupel in case B.
These large graupel particles preferentially produce small
raindrops from shedding in tilted downdrafts instead of rapid
melting into large raindrops (Rasmussen and Heymsfield,
1987a, b, c; Wisner et al., 1972). Small raindrops are trans-
formed into large raindrops by coalescence in tilted down-
drafts. Large raindrops subsequently break into many rain-
drops and reenter low-level updrafts. Finally, the updrafts lift
these smaller raindrops into areas of subfreezing tempera-
tures, where they turn into graupel and release latent heat
(Fig. 10g, h). Notably, the period between large raindrop
breakup and the second CI event initiated in case B is shorter
than that in case A, which is due to the stronger updrafts at
a low level in case B (the construction of tilted air flows and

Atmos. Chem. Phys., 26, 11091-11110, 2026

moving behavior and less consumption by evaporation may
be beneficial to the updrafts). Notably, the net kinematic in-
tensity for the second CI is weaker than that for the first CI
via latent heat cooling and precipitation loading.

In total, the “breakup—freezing” hypothesis involves a
sequential microphysical chain: large raindrop formation
(through coalescence or melting processes), breakup, lofting-
induced multiplication of supercooled raindrops, freezing,
graupel formation, and latent heat release. We acknowledge
that not all processes in this chain can be directly quantified
using the available polarimetric radar and lightning observa-
tions.

In this study, several steps are supported by observational
evidence. Although polarimetric radar cannot directly detect
individual microphysical processes, the changes in polarime-
try variables and radar-retrieved Dy, values can provide mi-
crophysical fingerprints that are associated with coalescence
and breakup processes, as discussed by Kumjian et al. (2022)
and Yu et al. (2022).

The lofting-induced multiplication of supercooled rain-
drops is inferred on the basis of the occurrence of breakup
signatures in the warm-rain layer and the ensuing increase
in the water content above the melting layer. The forma-
tion and enhancement of graupel are supported by reflectiv-
ity signatures and radar-retrieved ice masses. However, the
specific process through which supercooled raindrops freeze
into graupel cannot be directly verified from the current ob-
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Figure 10. Differences between the RB and noRB experiments. Two sensitivity experiments were conducted to investigate the effects of
raindrop breakup on the graupel concentrations and on the convective intensities (updraft velocities) within clouds. In the first experiment,
raindrop breakup is considered (hereafter RB); in the second experiment, none of the raindrop breakup parameterizations are used (hereafter
noRB). This figure shows the differences between the RB and noRB experiments. Rain concentrations (unit, kgfl) at the 27th and 95th
minutes, (al, a2). Graupel concentrations (unit, kg_l) at the 27th and 95th minutes (b1, b2). Vertical velocities (unit, m s_l) at the 27th and

95th minutes, (c1, ¢2). The black lines indicate the 0, —10, —20, and —30 °C isotherm heights.

servations and remains an inferred process on the basis of an
established microphysical understanding.

Furthermore, the associated latent heat release is a phys-
ically plausible consequence of freezing processes but can-
not be directly quantified in this study. The resulting convec-
tive intensification is supported by the concurrent increase
in lightning activity and vertical development of strong radar
echoes. Therefore, the “breakup—freezing” hypothesis should
be considered a mechanism that is supported by multiple ob-
servational signatures, while some intermediate microphysi-
cal processes remain inferred because of observational limi-
tations.

https://doi.org/10.5194/acp-26-11091-2026

These limitations do not invalidate the proposed mecha-
nism but highlight the need for further quantitative inves-
tigations. Notably, uncertainties in the radar-retrieved mi-
crophysical properties are inevitable. Nevertheless, our con-
clusions are based mainly on the temporal evolution and
relative changes in these retrieved microphysical character-
istics rather than their absolute values, which may reduce
the influence of uncertainties associated with individual re-
trievals. However, quantitatively constraining these micro-
physical processes remains essential for incorporating the
“breakup—freezing” mechanism into numerical models and
may improve simulations of thunderstorms.
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Figure 11. A conceptual model of the breakup—freezing mechanism for convective impulses. Convective impulses (CIs) are identified on the
basis of radar and lightning observations in this study. CI events in the evolutionary cycle of thunderstorms (case A: 20 June 2016; case B: 13
June 2016) over southern China are studied. The transitions from the first pre-CI stage to the first CI stage are shown in (a) and (b) (case A)
and (e) and (f) (case B). In case A, the strong CAPE and weak low-level wind shear promote the formation of large raindrops via coalescence,
and many raindrops produced by large raindrop breakup are lifted to subfreezing temperatures and then freeze, and abundant graupel forms
and releases latent heat. However, in case B, the significant CAPE and strong low-level wind shear suppress the warm rain processes. More
cloud droplets are lifted to subfreezing temperatures, promoting the riming process, the formation of graupel and the release of latent heat.
The transitions from the second pre-CI stage to the second CI stage are shown in (¢) and (d) (case A) and in (g) and (h) (case B). The smaller
graupel in case A easily melts into large raindrops, after which the raindrops break up in the vertical air flow. The many raindrops produced
by large-sized raindrop breakup are lifted to subfreezing temperatures and then freeze, leading to the formation of abundant graupel and the
release of latent heat. In case B, the larger graupel particles preferentially become small raindrops from shedding in tilted downdrafts, and
large raindrops form through small raindrop coalescence in tilted downdrafts, followed by breaking to many raindrops and reentering into
updrafts. Finally, the stronger updrafts lift these smaller raindrops into areas of subfreezing temperatures, where they turn into graupel and
release latent heat.
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In addition, although the breakup parameterization (Mor-
rison et al., 2012) has been widely applied, different breakup
schemes may produce different quantitative responses. Fu-
ture studies using multiple breakup parameterizations are
needed to further evaluate the robustness of the “breakup-
freezing” mechanism. Specifically, the current WRF simu-
lations do not explicitly simulate the linkage between rain-
drop breakup and lightning activity in this study. The RB
and noRB experiments were designed to investigate whether
raindrop breakup can modify microphysical evolution, in-
cluding the multiplication of supercooled raindrops, graupel
formation, and associated latent heat release, which may con-
tribute to convective intensification.

The temporal resolution of radar observations may in-
troduce sampling uncertainties, particularly for fast-moving
thunderstorms (e.g., case B in this study). During a volume
scan, different parts of a moving storm may be observed
at slightly different times, which could affect the represen-
tation of the three-dimensional storm structure. Advanced
radar with faster scanning, such as phased-array radars, may
help reduce these uncertainties and improve observations of
rapidly evolving convective clouds.
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