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Abstract. The drop size distribution (DSD) is an important property for characterising precipitation processes that sometimes
lead to more intense rainfall in different climate regions. Previous studies have shown that a stationary distribution with a
breakup signature can be obtained not only with ground-based disdrometers but also with remote sensing instruments such as
vertically pointing radars and/or wind profilers. However, these observations do not explain how the underlying microphysical
processes within convective clouds that generate more rain occur and how the environmental conditions affect these processes.
This study aims to investigate the environmental conditions for the development of convective clouds that induced more intense
rainfall in eastern Japan. In situ observations and operational C-band polarimetric weather radar data are used to extract the
convective clouds by applying a cell-tracking algorithm, and upper-air sounding data are used to diagnose their environmental
conditions. The larger diameter of the DSD is likely to be associated with higher instability, whilst the higher number concen-
tration is likely to be archived with the higher precipitable water under the weaker vertical shear condition. Convective clouds
that generate more rain should have a similar three-dimensional structure within them when the DSD has a breakup signature at
ground level under a humid environment. These characteristics can be diagnosed as the microphysical processes of converting

from cloud drops to raindrops and/or coalescing cloud drops and raindrops.

1 Introduction

Cloud and precipitation processes have long been responsible for driving the global water cycle on a cumulonimbus scale,
but they also influence the weather and climate on Earth. These processes in cloud microphysics can be divided into two
categories: warm rain, which forms beneath the melting layer, and cold rain, which possesses a phase change and contains
solid particles above the melting layer (e.g., Glickman, 2000; McFarquhar, 2022). It has been noted that the physical processes
of oceanic warm rain (continental cold rain) tend to be dominant at low (mid) latitudes (e.g., Dolan et al., 2018). In particular,
drop size distributions (DSDs) with multiple peaks have been obtained numerically as an equilibrium distribution with a
breakup signature (e.g., Testik and Barros, 2007; McFarquhar, 2010, for review), which is rarely observed on the ground
(McFarquhar et al., 1996; D’ Adderio et al., 2018; Unuma et al., 2025) except during heavy rain events (Garcia-Garcia and
Gonzalez, 2000). The equilibrium distribution has been attributed to a balance between collisional coalescence and collisional

breakup of raindrops (e.g., Low and List, 1982), making a DSD bimodal (McFarquhar, 2004; Straub et al., 2010), which is
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envisaged to obtain in the warm rain process. Instrumental constraints have been limited to ground-based in situ observations
of such DSD, and thus remote sensing technologies have been used to estimate the characteristics of the DSD in the aloft.

The estimation of the vertical distribution of the DSDs during heavy rainfall has relied chiefly on changes in the Doppler
spectra of vertically pointing radars and low-level wind profiler observations at different wavelengths. For example, Wakasugi
et al. (1986) developed a method to estimate the vertical profiles of DSDs based on Doppler spectra from a VHF-band Doppler
radar; they found that the DSDs tended to be bimodal during heavy rainfall. Similarly, Gossard et al. (1990) showed that vertical
changes in drop size produce a multiple-peaked DSD due to vertical changes in number concentration towards the ground level
below the melting layer. Fabry et al. (1993) used X-band single polarisation radar and calculated Doppler spectra to investigate
the vertical characteristics of the DSD. Kobayashi and Adachi (2001) used UHF-band wind profilers to investigate the vertical
variation of the DSD and found that the breakup signature could be observed through vertical changes in the DSD below
the melting layer. Another interpretation provided by Zawadzki et al. (2001) is that one of the bimodal peaks of a DSD was
attributed to ice crystals that formed near the melting layer. A more comprehensive analysis was carried out by Radhakrishna
and Rao (2009), who examined vertical observations of multiple-peaked DSDs using L-band wind profiler. They found that
multiple-peaked DSDs occurred at any height regardless of the type of convection and that there was no significant difference
in the frequency of occurrence due to warm and cold rain processes, suggesting that variety of microphysical processes may
influence vertical variations in DSDs. It is, therefore, essential to understand the vertical profile of DSDs to discuss cloud
microphysical processes in more detail.

The development of polarimetric weather radar and its operational availability has led to a gradual improvement in the
method for estimating DSD parameters (e.g., Seliga and Bringi, 1976; Gorgucci et al., 2000; Testud et al., 2001; Zhang et al.,
2001; Thurai et al., 2008), which enhanced to see how the DSDs behave within heavy rain producing convective systems.
Ding et al. (2023) showed that bimodal DSDs were observed during the strongest rainfall observations in ZhengZhou, China
and that the warm rain process mainly dominated this event. Jung and Jou (2023) showed that the spatial characteristics of
collisional breakup appeared near the ground during the heaviest rainfall in northern Taiwan. Unuma et al. (2023) showed
that temporal changes in ground-level DSDs could be captured as changes in vertical DSDs in eastern Japan. These studies
imply that estimating DSD parameters using polarimetric weather radar is expected to provide an understanding of spatial and
temporal DSD structures, including dominant cloud microphysical processes. However, the estimation of the DSD requires
the use of either the aforementioned Doppler spectra (e.g., Wakasugi et al., 1986; Radhakrishna and Rao, 2009) or multiple
functions to fit the DSD data to obtain appropriate shape properties (e.g., Okazaki et al., 2023).

A smaller tail slope is another known characteristic of DSDs that has approached a stationary distribution (Willis and
Tattelman, 1989; Hu and Srivastava, 1995). The fact that this has not been given much attention is because it is thought to be a
sampling error for larger drop sizes (e.g., > 3 mm in diameter) on a Joss Waldvogel impact-type disdrometer (Sheppard, 1990).
More recently, however, this problem has been eliminated as the instrumental performance of the disdrometer has improved,
and similar trends have been demonstrated in recent studies. For example, Friedrich et al. (2013) investigated several convective
events observed during the second Verification of the Origins of Rotation in Tornadoes Experiment (VORTEX?2) in the United
States Great Plain region. They found that a first-generation OTT Particle Size Velocity (Parsivel) showed A values close to 2
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mm ™! when the stronger storm passed over the ground-based observation site. More recently, Unuma (2024) showed that an
equilibrium shape of the DSD with a signal of collisional breakup of raindrops was captured during the onset of precipitating
systems that resulted in heavy rainfall and that the value of A was close to 2 mm™! using OTT-Parsivel? in the western part
of Japan. Furthermore, Unuma et al. (2025), using OTT-Parsivel data from an analysis of approximately 10 years of DSD data
installed in the eastern part of Japan, showed that statistically, the stronger the rainfall intensity, the smaller value A (i.e., within
the range from 0 to 2 mm ') and the more likely it is to observe multiple-peaked DSDs. Therefore, the value of A is expected
to capture one of the characteristics of DSDs that have approached a stationary distribution.

Most earlier studies have investigated the characteristics of precipitating systems or convective clouds that produce heavy
rain using the distribution of the reflectivity factor obtained from ground-based weather radar data or the characteristics of the
rainfall intensity obtained from rain gauge data. For example, Schumacher and Johnson (2008) investigated the characteristics
of mesoscale convective systems that produced heavy rainfall in the United States and found that the vertical profile of hori-
zontal winds differed depending on the morphology of the precipitating system. They also found that the mesoscale convective
systems were in warm advection fields at their onset. Meng et al. (2013) also investigated the characteristics of mesoscale
convective systems in China and showed that the environment for the development of the systems was moist and had weaker
vertical shear conditions. In Japan, Unuma and Takemi (2016) and Kato (2020) demonstrated that heavy rainfall commonly
occurs under humid environmental conditions. The moist environment is considered an essential condition for precipitating
systems that produce heavy rain over Japan. In particular, Unuma and Takemi (2016) focused on slower-moving precipitating
systems in Japan and found that the stronger mean precipitation intensity with the smaller convective area was observed un-
der the weaker environmental vertical shear. Furthermore, the system-scale mean precipitation intensity is proportional to the
environmental temperature lapse rate, whilst the maximum precipitation intensity is inversely proportional under the higher
convective available potential energy (CAPE) environment (Takemi, 2010). These characteristics should be investigated sepa-
rately between individual convection and its organised system.

On convective cloud perspectives, Feng et al. (2022) examined the characteristics of individual convective clouds using
data from the Cloud, Aerosol, and Complex Terrain Interactions (CACTI) observation campaign over central Argentina. They
found that the maximum reflectivity factor was larger when the area of individual convective clouds was larger. Furthermore,
Chudler et al. (2022) showed that the upstream and downstream sides of convective clouds observed during the Propagation of
Intra-Seasonal Tropical Oscillation (PISTON) field campaign over the western North Pacific have distinct characteristics based
on a polarimetric radar analysis. The characteristics of the precipitating system or the individual convective clouds within it are
not adequately described by a precipitation intensity value alone, as suggested by Unuma and Takemi (2021). In addition, the
deeper convection is not proportional to the stronger precipitation (Hamada et al., 2015), suggesting that spatial characterisation
of the internal structure of the precipitating system, particularly individual convective behaviours, is an essential element in
understanding the precipitating systems that produce heavy rainfall.

Although earlier studies have focused on the relationships between rainfall intensities and environmental parameters, some
impacts of environmental conditions on DSD parameters have recently been investigated. Saha et al. (2022) found that for

convective clouds that occurred during the pre-monsoon season in India, the larger the mass-weighted volume diameter (D),
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the higher CAPE environment. Can these characteristics be observed in Japan? One possibility is that Takemi (2014) compared
a numerical experiment in which a mid-latitude type of vertical profile was prepared with a tropical type in terms of a similar
CAPE value, which showed the convective characteristics under humid conditions identical to those in the tropics. In Japan,
heavy rainfall may occur under a humid environment from low to mid-level troposphere during the warm season (e.g., from
May to October) (Unuma and Takemi, 2016; Hamada and Takayabu, 2018). The environmental condition in Japan could be
similar to that in the tropics, especially with cloud microphysical interpretations.

This study aims to investigate the possible microphysical processes of the convective clouds that produce heavy rain in rela-
tion to environmental conditions. Section 2 describes data and methodology used in this study. The main results are described
in Sect. 3, split into different subsections: Section 3.1 gives an overview of the tracked convective clouds obtained in this study,
Section 3.2 shows the vertical structure of the systems, as well as the horizontal structure of the systems in Sect. 3.3, and the
environmental conditions for the development of the convective systems in Sect. 3.4, respectively. In Sect. 4, possible cloud
microphysical processes and environmental conditions were discussed to identify a signal of heavy-rain-producing convective

systems. Finally, the main results are summarised in Sect. 5.

2 Data and Methods

The data used were a first-generation OTT-Parsivel disdrometer (Loffler-Mang and Joss, 2000), an operational C-band po-
larimetric weather radar (e.g., Unuma et al., 2023), and Meisei iMS-100 upper-air sounding (e.g., Hoshino et al., 2022). The
following subsections describe in more detail the datasets and the analysis procedures used to identify the target convective

clouds and investigate the environmental properties of their development in this study.
2.1 Ground-based optical disdrometer observation

The disdrometer installed at the Kumagaya Local Meteorological Office, Japan Meteorological Agency (JMA), was used in this
study. The time interval of the disdrometer data was 1 min, and the DSD data were processed (Adachi et al., 2013; Unuma et al.,
2023, 2025). Four DSD parameters, i.e., the mass-weighted volume diameter (D,,; mm), the generalised intercept parameter
(Ny; mm~t m™3), the liquid water content (LW C; g m~3), and the slope parameter (A; mm~1), were calculated assuming

the modified gamma or the exponential functions using a momentum technique (Hardin and Guy, 2017).
2.2 C-band polarimetric weather radar observation

The C-band polarimetric weather radar at the Tokyo site operated by JMA was used. The volume scan data, including 13
elevation angles of plan position indicator (PPI) scans from 0.0 to 25.0 degrees par 5-min, were used. Rainfall attenuation
correction was performed using the Z-PHI method (Testud et al., 2000; Gu et al., 2011) for horizontal reflectivity factor (Z;
dBZ) and differential reflectivity (Zpg; dB). The DSD parameters were estimated using the methods of Gorgucci et al. (2000)
and Gorgucci and Baldini (2009) for the median volume diameter (Dg; mm), Ny,, LW C and A, respectively (for details see
Unuma et al., 2023; Unuma, 2024). The analysis used the constant altitude plan position indicator (CAPPI) data, which is
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converted from the original PPI data, using Helmus and Collis (2016) method with a resolution of 500 m horizontally and

vertically.
2.3 Identification and tracking of convective clouds

Individual convective clouds were detected and tracked using fobac algorithm version 1.5.3 (Sokolowsky et al., 2024). In recent
years, this algorithm has been able to use not only remote sensing data, including weather radar data, but also the numerical
model data as input data (e.g., Raut et al., 2021; Oue et al., 2022; Gupta et al., 2024; Jones et al., 2024). In particular, since
major version 1.5, objects can be tracked in three dimensions (especially including the vertical direction), an implementation
that provides a more realistic view of convective behaviour. Thus, this functionality was used and applied to the ground-based
polarimetric radar data in this study. fobac defines the peak positions in the region above/below a threshold value at each
time step as a ‘feature’, and then the area covered over the feature is determined as a ‘segmentation’ using a water shedding
algorithm (Carpenter et al., 2006; van der Walt et al., 2014), a set of features is tracked over time using the method of Crocker
and Grier (1996) and defined as a ‘cell’ or its group as a ‘track’. In this study, cells were used for the analysis to focus on
the individual characteristics of convective clouds that have caused heavy rainfall at ground level. The lifetime of the cell was
defined as the time from the first detection time to the last time step, and the cells with at least three time steps were analysed
to exclude suspicious data (e.g., Unuma and Takemi, 2016).

In this study, A is used as a variable for the feature detection; this is because a smaller value of A is more likely to represent an
equilibrium shape of DSD (Willis and Tattelman, 1989; Hu and Srivastava, 1995). The threshold value A varies dynamically in
the range of 1.5 mm ™' to 3.0 mm ', based on the statistical analysis of Unuma et al. (2025). The analysis period is from 09:00
UTC 1 January 2021 to 23:59 UTC 31 December 2023. In these periods, the data, including the ground-based disdrometer, C-
band polarimetric radar, and upper-air sounding, were available to use simultaneously with sufficient data quality. An example
of the feature, segmentation, and cell is displayed in Fig. 1. The crosses and numbers show the point of feature detection at
the specific time and the IDs. Shades and contours show A and areas of the segmentation. The blue solid line indicates that the

trajectory of a cell is especially related to cell #292.
2.4 Target events

DSDs approaching an equilibrium shape, accompanied by collisional breakups, were detected by the ground-based disdrome-
ters within the analysis period (D’ Adderio et al., 2015). In this algorithm, a slope is first calculated for a 2-min averaged DSD
using five bins of data starting from a drop size of 1.0 mm in the direction of the larger diameter. The drop size starting point is
shifted from 1.0 mm to 1.6 mm in 0.2 mm steps, and the maximum of each slope is defined as the highest slope (HS; mm 2
m~?). In a case where HS > 0 is identified as a DSD approaching an equilibrium shape with a raindrop breakup signature, its
date and time are identified as in D’ Adderio et al. (2015).

Convective clouds were detected and tracked by tobac using the dates and times obtained before and after 1 hour of CAPPI

data from the polarimetric radar. The number of features, cells, and tracks obtained by fobac algorithm is shown in Table 1.

Of the convective clouds detected and tracked, those that passed within an area of approximately 10 km square centred on the
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An example of convective cloud tracking
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Figure 1. An example of detecting and tracking convective clouds using fobac algorithm. Colour shades indicate that the slope parameter
(mm ™) of the DSD parameters retrieved from the polarimetric radar variables, the crosses show the location when the feature detected in
the algorithm, and the blue line displays that a trajectory of an identified cell #292. The triangle shows the location of the disdrometer site

used in this study.

disdrometer location were selected. This restriction was to determine the convective clouds of observed DSD events with HS
> 0 condition at the ground-based disdrometer. The 354 extracted events were included in the analysis of this study (Table 1).

Here, the number of detected and extracted cells was 52757 when using the reflectivity factor value to detect convective
clouds instead of the slope parameter. Also, the number of target events was 708, which is double compared to the number of
events extracted using the slope parameter. The events were not necessarily extracted for the reflectivity factor detection in the
tobac algorithm, and believing that the more specific events with the stationary distribution could be extracted using the slope

parameter, at least in this study.
2.5 Environmental parameters for the development of convective clouds

To investigate the environmental conditions before the development of convective clouds, the upper-air sounding data at Tateno,
located in the eastern part of Japan and the closest site to both the ground-based disdrometer and the polarimetric radar, were
used. The observation frequency is twice daily, at 00 UTC and 12 UTC, respectively. The representative environmental field is

the time before the first detection of convective clouds by the tobac algorithm according to the analysis of Unuma and Takemi
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Table 1. The statistics of the extracted convective cloud’s properties using fobac algorithm.

Categories  Total number of counts  Target events

Feature 106,345 927
Cell 23,167 354
Track 10,821 177

(2016). The environmental parameters used in this study were as follows: Convective available potential energy (CAPE; J
kgfl, Bryan, 2008), precipitable water (PW; mm, Salby, 1996), K index (KI; K, George, 1960), temperature lapse rate (TLR;
K km~1!, Takemi, 20074, b), vertical shear of the environmental wind averaged at the heights of 0-3 km (MS03; x 10741,
Rasmussen and Blanchard, 1998), and environmental helicity at the heights of 0-3 km (EHO03; m? s~2, Davies-Jones, 1984),
respectively. In the calculation of CAPE, the air parcel of the mixed layer, which is averaged from the ground to a height of
500 m, was adiabatically lifted. If no level of free convection was found, the CAPE value is set to an undefined value and is
not used in the analysis. Since the KI is a parameter that reflects the temperature lapse rate and the amount of water vapour at
certain heights, the amount of precipitation (i.e., PW) and the temperature lapse rate at 850 hPa and 500 hPa (i.e., TLR) were
examined to confirm the effects of both. Because the vertical shear of the environmental winds has a significant effect on the

vertical structure of the DSD (e.g. Kumjian et al., 2014), the vertical shear of both wind speed and direction were examined.

3 Results
3.1 Statistics of extracted convective cloud’s properties

Overall characteristics of the extracted convective clouds are described in this subsection. Figure 2 shows the frequency dis-
tribution of the lifetime of the extracted convective clouds in this study. The frequencies decrease rapidly with increasing its
lifetime. The mean and median value of the lifetime were 30.7 and 25.0 min, respectively. The frequency distribution of the
volume (blue) and the area at 2 km height (orange) of the extracted convective clouds is shown in Fig. 3. The convective clouds
with larger volumes (> 1000 km?) represent 1.6 % of the total; most of the convective clouds have smaller volumes (< 1000
km?). Similarly, the smaller (< 100 km?) convective area at 2 km height is 88.7 % of the total and the larger (> 100 km?) con-
vective area is less frequent. Figure 4a shows that the geographical locations of the extracted convective clouds. The convective
clouds predominantly originated in the western or southwestern part of the disdrometer site. Subsequently, they dissipated in
the eastern or northeastern part of the site, suggesting that the extracted convective clouds predominantly exhibited eastward
or northeastward motion as they traversed the disdrometer site. Most of the convective clouds initiated close to the site (< 10
km). Conversely, several instances of convective clouds were initiated at a distance from the site (> 20 km) and had a longer
lifetime than the others. In these cases, even if a DSD with the signal of HS > 0 on the ground is present, it is possible to

ascertain the stage of the convective cloud when it passes over the disdrometer site. Thus, the time of maximum volume of A
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Figure 2. Number of the extracted convective clouds versus their lifetime, counted at 5 min interval.
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Figure 3. The same as Fig. 2, but versus their volume (blue) and their horizontal area at the 2 km height (orange), counted at 25 km? and

250 km?® interval, respectively.

in each convective cloud was focused on (Fig. 4b) and showed that the frequencies were higher near the disdrometer site and
at locations far (~ 10 km) from the disdrometer site. This means that the convective clouds are not always mature when they
pass over the disdrometer site. In other words, the convective clouds were detected with a lower slope parameter value in the
DSD parameters as described in Sect. 2.3, DSDs are expected to have a breakup signature within the convective clouds before
200 passing over the ground-based disdrometer site. Therefore, vertical structures within the convective clouds were investigated

in the next subsection.
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(a) Frequency distribution of convective clouds (b) Frequency distribution of convective clouds

including all the tracking locations at the maximum volume time
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Figure 4. (a) Frequency distribution of the extracted convective clouds with their trajectories. The black crosses and grey circles indicate the
start and end points of the extracted convective clouds, respectively. (b) The two-dimensional histogram of the extracted convective clouds

at the maximum volume time. The triangle displayed in each panel shows the location of the disdrometer site used in this study.

3.2 Vertical profiles of the DSD parameters within convective clouds

Vertical profiles of DSD parameters at the maximum volume time are displayed in Fig. 5. Each profile was extracted from the
feature detection points of the convective clouds. Dy shows a tendency to increase in value at the heights of 2—4 km towards
the ground with a peak median/maximum value of ~ 1.9/> 2.1 mm and to decrease in value below 2 km, whilst Ny, shows the
opposite trend to Dy with a peak minimum/median value of ~ 10%%/~ 1037 mm~! m~2 (black lines in Fig. 5a,b). The LW C
gradually increases with descending height, with a peak median value of ~ 1.3 g m ™3 and is nearly constant below the 2 km
height (black lines in Fig. 5¢). A tends to decrease in value at the heights of 2—4 km towards the ground with a peak median
value of ~ 2.1 mm ™! and to increase in value below 2 km height (black lines in Fig. 5d). Similar profiles were examined at the
first detected time of convective clouds; the vertical changes in Dy, N,,, and A show the same trend as the maximum volume
time, except LW C, which tends to increase towards the ground (grey lines in Fig. 5). In addition, each value in Dy and LW C
(N, and A) tends to be larger (smaller) at the time of volume maximum than at the initial time of detection at heights above 2
km. Whilst the trend of the values is quite similar, at the time of between maximum volume and initial detection of convective
clouds, the absolute values between them are largely different, that is, the values at the time of maximum volume are more

likely to be larger in Dy and LW C' (smaller in Ny, and A) than those at the initial time of detection as the convections evolve.
3.3 Horizontal views of convective clouds

Characteristics of the horizontal distribution of the DSD parameters at the 2 km height are shown in Fig. 6 to see how the

horizontal structure of the DSD inside and outside features of the convective clouds. In the composite distribution of convective
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Figure 5. The vertical profiles of the DSD parameters at the centre of the extracted convective clouds: (a) the median volume diameter (Do;
mm), (b) the generalised intercept parameter (Ny; mm ™~ m ™) in log-10 scale, (c) the liquid water content (LW C; g m™?), and (d) the
slope parameter (A; mm™'). The time at the initial detection of convective clouds and at the maximum volume are displayed as black and

grey colours, respectively. Dotted, solid, and broken lines indicate 25th, 50th, and 75th percentiles, respectively.

clouds at the maximum volume time, the distribution is concentrated near the convective centre or slightly broadened from
southwest to northeast direction in Dy (~ 2.0 mm), Ny, (~ 10> mm~! m~3), and A (~ 2.1 mm™?!), except for LW C (Fig.
6a—d). The distribution of LW C'is quite broader than the others. These distributions could be affected by the standard deviation
of the values, as there were notable differences in the horizontal distribution, with a region of larger values to the western or
southwestern parts of the convective centre. The standard deviation of each value shown as solid lines in each panel of Fig. 6
is likely to be higher over the western and southwestern parts of the convective cores in Dy (~ 0.6 mm), Ny, (~ 10°4 mm~!
m~3), and A (~ 0.35 mm™"') are similar to those of the median values, whereas that of LW C is likely to be higher (~ 1.2 g
m™~3) over the western and northwestern parts of the convective centre.

The horizontal views are also shown in Fig. 6e-h, but at the time of first feature detection. The peak value is slightly smaller
than that at the maximum volume time, but the horizontal distribution patterns are similar to those at the maximum volume
time, as shown in Fig. 6a—d. Most notably, the value of LW C'is at the maximum volume time is quite larger than that at the
initial detection time. The values for Dy are generally smaller (~ 1.8 mm) at the initial detection time than at the maximum
volume time, and the standard deviation values are also slightly smaller (~ 0.5 mm). The variation in the distribution also tends
to be smaller at the initial time than at the maximum time. The values of NV, are generally larger than those of the maximum
volume time, and the standard deviation values are similar (~ 0.4 mm~' m~2). The distribution variation at the initial time
tends to be smaller than that at the maximum volume time, and the distribution variation appears to be reduced in the west
or southwest direction. The LW C values are generally smaller than at the maximum volume time, and the standard deviation
values are also generally smaller. The distribution variation tends to be larger over the whole analysis area, and when compared

to the maximum volume time, it tends to be larger on the western side of the convective cloud. The value of A is generally
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Figure 6. Composite horizontal view of convective clouds at the maximum volume (upper row) and at the initially detected time (lower

1

row): (a)(e) the median volume diameter (Do; mm), (b)(f) the generalised intercept parameter (N ; mm™ m~)in log-10 scale, (c)(g) the

liquid water content (LW C'’; g m™?) and (d)(h) the slope parameter (A; mm ™). Colour shades and lines show that the values of median and

standard deviation, respectively. The coordinate system is centred at each feature detection point of the extracted convective clouds.

larger than at maximum time, and the standard deviation becomes more scattered around the centre of the convective cloud or

to the westward and southwestward.
3.4 Environmental conditions for the development of the extracted convective clouds

As mentioned in Sect. 1, the DSDs within a convective cloud might be regulated by the surrounding environmental conditions.
Here, the relationships between the DSD parameters at 2 km height and CAPE were investigated (Fig. 7). Dy, Ny and LW C
are positively correlated with CAPE (Fig. 7a—c), whilst A is negatively correlated with CAPE (Fig. 7d). The variability of the
scatter points in Dy and A is much lower than in IV, and LW C; these results are consistent with the results of the convective
events during the pre-monsoon season in India (Saha et al., 2022). Previous studies have shown that CAPE is positively
correlated with precipitation intensity for the slower-moving precipitating systems (Unuma and Takemi, 2016), whilst the
environmental conditions for the development of convective systems in Japan were not clearly represented as in Kato (2020).
Since CAPE reflects the degree of static stability, including moisture content as an environmental condition in thermodynamic
profiles, the parameters KI and TLR were investigated to separate the effects between them.

Figure 8 shows scatter plots of Dy vs. KI, Dy vs. TLR, Dy vs. PW, and Ny, vs. PW, respectively. D is proportional to KI and
TLR (Fig. 8a,b) and shows positive correlations between Dy and TLR. Dy is negatively correlated with PW (Fig. 8c), whilst
the relationships between them were relatively weaker than TLR due to the higher variance of the distribution. The correlation

between Ny, and PW (Fig. 8d) shows that N, tends to be larger when the precipitable water is larger. This result suggests that
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Figure 7. Scatter plots between (a) the median volume diameter (Dp; mm), (b) the generalised intercept parameter (N,,; mm~' m~3) in

log-10 scale, (c) the liquid water content (LW C; g m~?), and (d) the slope parameter (A; mm™") and convective available potential energy

(CAPE; J kg™'). The correlation coefficient between the parameters is shown in each panel.

the larger amount of water vapour in the surrounding atmosphere, the higher concentration of relatively smaller raindrops is
likely to be observed within the convective cloud.

The relationships between the environmental vertical shear of the horizontal winds and the DSD parameters were further
investigated (Fig. 9), as the DSDs tend to be affected by the environmental vertical shear as described in Sect. 1. The value
of Dy is likely to be large when the value of MSO03 is large (Fig. 9a), whilst the value of Ny, is likely to be small (Fig. 9b).
These results indicate that larger raindrops with lower number concentration are more likely to be generated under the stronger
vertical shear, which is mainly consistent with the result of Kumyjian et al. (2014). The relationships between the environmental
directional shear of horizontal winds and the DSD parameters were also investigated. The Dy value tends to be smaller when
the EHO3 value is larger (Fig. 9¢), whilst the N, value tends to be larger when the EHO3 value is larger (Fig. 9d). These

trends are different from those in MS03. These results indicate that the broader DSD will likely form when the vertical shear
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Figure 8. The same as Fig. 7, but between (a) the median volume diameter (Dy; mm) and K Index (KI; K), (b) Do and Temperature lapse
rate (TLR; K km™"), (¢) Dy and precipitable water (PW; mm), and (d) the generalised intercept parameter (N ; mm~ ! m™®)in log-10
scale and PW.

is smaller. The broader shape of the DSD is directly reflected in the stronger rainfall intensity. Thus, the results obtained are in
addition to those investigated by Unuma and Takemi (2016), which clearly show the factors contributing to the rainfall intensity
in terms of DSD parameters and environmental parameters.

4 Discussion

4.1 Vertical and horizontal structures of the detected convective clouds with the slope parameter

The vertical structures of Dy and Ny, are similar between the initial time of detection and the time of maximum volume (Fig.
5). In order to quantify this similarity, a statistical test is performed on the differences in mean values vertical changes between

times at 2—4 km and 0-2 km height. The null hypothesis for the statistical test is ‘there is no difference in the mean vertical
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Figure 9. The same as Fig. 7, but between (a) the median volume diameter (Do; mm) and 0-3 km mean vertical shear (MS03; X 1074 s™h,
(b) the generalised intercept parameter (N, ; mm ™" m~%)in log-10 scale and MS03, (c) Do and 0-3 km environmental helicity (EHO03; m?
s72), and (d) N,, and EHO3.

change between the specified heights between times’. The data were independent between the time points, and Student’s ¢-
test, which does not assume a normal distribution, showed that the p-values were sufficiently larger (> 0.05) than the 95 %
confidence interval. This result means there is no significant difference between the times as the null hypothesis cannot be
rejected. Therefore, there is no significant difference in the vertical structures of D and N, between the initial detection time
and the maximum volume time. In other words, it is possible that a vertical profile similar to the structure that produces the
most intense rainfall can be observed for a time before convection produces the most intense rainfall.

Janapati et al. (2023) showed that the vertical profiles of the DSD parameters over Taiwan using the Global Precipitation
Measurement mission Dual-Frequency Precipitation Radar were quite similar to our results in their convective events. However,
the inflection height in their study was slightly higher than in this study, probably due to the different melting layer heights.

Despite the melting layer height difference between Taiwan and the eastern part of Japan, a typical dominant process should
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be collisional coalescence in the convective regime. In addition, the collisional breakup of raindrops, as is shown by Ding
et al. (2023); Jung and Jou (2023); Unuma (2024), is likely to be an important signature for the heavy/extreme rainfall near the
ground in Asian countries with very humid conditions.

Regarding the horizontal distribution characteristics, although there are no apparent differences in structure near the centre
of the convective clouds as described above, the characteristics with large dispersion were obtained towards the southwestern
or western parts of the convective cloud centre. These were also observed in the early stages of convective detection, albeit with
more minor differences in their values. Chudler et al. (2022) showed from polarimetric radar observations of the convective
clouds in the tropics during the PISTON field campaign that when composited with convective clouds moving in the same
direction, there are characteristics with larger Zpg and smaller co-polar correlation coefficients (py,) shift in the upstream
direction. These characteristics can be interpreted as the presence of larger raindrops within the tropical convective clouds.

Figure 10 shows the radar variables at the maximum volume time, as shown in Fig. 6. The distribution is characterised by
lower py, (Fig. 10d) and higher variability of Zpg (Fig. 10b) over the southwestern part of the convective cloud centre. In
contrast, Zy and specific differential phase (Kpp) values are distributed concentric or oval-shape, but with relatively larger
standard deviation values (Fig. 10a,c). These characteristics are likely to have a similar structure to the results obtained by
Chudler et al. (2022), although with fewer Zpr signals. The current study does not focus on the larger value of Zpg, and thus,
the larger raindrops (e.g., > 4 mm in diameter) may not exist in this study, probably due to an active breakup process near the
ground level (Fig. 5a,b). Although the Zpg signals are minor, one of the largest variabilities is seen in the Kpp, which is mainly
related to the LW C' in the DSD parameters and precipitation intensity. The water vapour-related environmental conditions
should control Kpp among the polarimetric variables and LW C' among the DSD parameters, which will be discussed in the

following subsection.
4.2 Relationships between environmental parameters and DSD parameters

Environmental properties such as kinetic and thermodynamic components may affect the DSD parameters through a proxy of
convective clouds. Saha et al. (2022) investigated the relationship between the DSD parameters and environmental parameters
and found that larger CAPE is positively correlated with larger D,,, during the pre-monsoon season in India. A similar trend
is found in the present study (Fig. 7). Since KI is also positively correlated with Dy, whether the contribution due to water
vapour content or instability was investigated. It is found that the contribution from the instability, i.e., the temperature lapse
rate, is higher. In other words, the DSD parameters, i.e., the median volume diameter, are slightly affected by the static stability
of the environmental field (Fig. 8). On the other hand, the weaker vertical shear promotes a higher number concentration of
smaller drops (Fig. 9). This is probably related to the higher precipitation intensity under the weaker vertical shear condition
(Unuma et al., 2023; Unuma, 2024). Unuma and Takemi (2016) found that slower-moving precipitating systems have higher
precipitation intensity despite weaker vertical shear, which may be one of the reasons for the resulting larger rainfall amount.
The intensifying factor of precipitation intensity is sensitive to environmental instability, whilst the change in Ny, is likely to

be larger with increasing rainfall amount under the humid environment.
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Figure 10. Composite horizontal view of convective clouds at the maximum volume as well as Fig. 6: (a) horizontal reflectivity factor (Zu;
dBZ), (b) differential reflectivity (Zpr; dB), (c) specific differential phase (Kpp; degree km™1), and (d) co-polar correlation coefficients

(pnv; unit less). Colour shades and lines show that the values of median and standard deviation, respectively.

When the instability indices such as CAPE and TLR are high, Dy tends to be large, and A tends to be small (Figs. 7-8); that
is, a broader shape of the DSD is likely to be formed concerning the gamma DSD. It is known that when the DSD approaches
an equilibrium shape, the precipitation intensity changes depending on the magnitude of N, (e.g., Zawadzki and Antonio,
1988). The amount of water vapour in the surrounding atmosphere increases Ny, for the DSD parameters, as shown in Fig. 8,
and the intensity of precipitation in the DSD that has approached an equilibrium shape can be controlled by the amount of water
vapour. The amount of water vapour, which is regulated by the vertical profile of water vapour, has mainly been presented as
an indicator of the degree of vertical development of convection in the tropics (e.g., Brown and Zhang, 1997; Johnson et al.,
1999; Derbyshire et al., 2004; Takemi et al., 2004; Waite and Khouider, 2010; Takemi, 2015). The importance of such vertical
profile for the occurrence and development of convection has also been demonstrated in Japan (Unuma and Takemi, 2016;
Hamada and Takayabu, 2018). From a cloud microphysical process perspective, it is suggested that the higher environmental
water vapour could be attributed to the larger amount of rainfall through the higher number concentration of cloud drops and/or
raindrops.

It has been known that the evaporation of raindrops rarely occurs under very humid conditions, and the DSD becomes a

broader shape (e.g., Hu and Srivastava, 1995; Chandrasekar et al., 2023). Previous studies have suggested that accretion, i.e.,
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a coalescence process between cloud drops and raindrops (Kessler, 1969), is important for the formation of larger raindrops
(Beard et al., 1986; Rauber et al., 1991; Testik, 2009) and may make the DSD broad. Recently, Wang et al. (2018) and
Zheng et al. (2021) have attempted to separate dominant cloud microphysical processes using polarimetric radars and the DSD
parameters. Their results infer that a possible cloud microphysical process within the convective clouds could be diagnosed
under the Rayleigh-Gans approximation in this study.

The two dimensional histograms of ALW ' and A Dy as their vertical changes from 4 km to 2 km and from 2 km to 0 km
are shown in Fig. 11. Here, the present analysis used Dy instead of Zpr (Wang et al., 2018) since the polarimetric variables
are closely related to DSDs (e.g., Bringi and Chandrasekar, 2001; Bringi et al., 2023), and thus the DSD parameters could
be more directly interpreted as cloud microphysical properties (e.g., Rosenfeld and Ulbrich, 2003). The distribution in Fig.
11a is mainly (38 %) distributed in the first quadrant (ALWC > 0 and ADq > 0), whilst that in Fig. 11b is mainly (37 %)
distributed in the fourth quadrant (ALWC > 0 and ADy < 0) and is mainly concentrated in the origin. Figures 11c and 11d
show that ANy, is larger (smaller) than 0 when A Dy is smaller (larger) than 0, meaning that ANy, is likely to be inversely
proportional to A Dy, as shown in Fig. 5. These results suggest that the first quadrant represents that accretion and coalescence
processes are dominant at the heights of 2—4 km, whilst the fourth quadrant represents autoconversion (i.e., conversion from
cloud drops to raindrops) and breakup processes are dominant at the heights of 0-2 km. These processes may explain why the
LW C increases towards the ground, even though a breakup signal is obtained, as shown by Unuma (2024).

These characteristics can also be explained regarding vertical shear, as shown in Fig. 9. Unuma and Takemi (2016) showed
that, slower-moving precipitating systems can produce stronger precipitation intensity when vertical shear is weak. As men-
tioned above, the processes of accretion and autoconversion are predominant in the humid environment (Fig. 11). These pro-
cesses are also likely to be enhanced with the appropriate vertical circulation (Rauber et al., 1991), suggesting that moderate
vertical shear causes mixing within convective clouds, thereby increasing the likelihood of interaction between cloud drops
and raindrops more likely to occur as a potential microphysical process within the convective clouds that are mainly associated

with heavy rainfall on the ground.

5 Conclusions

This study statistically investigates DSD’s characteristics within convective clouds using data from a ground-based optical
disdrometer and a C-band polarimetric weather radar. Most convective clouds have a lifetime of less than 60 min, an area of
less than 100 km?, and a volume of less than 1000 km?, respectively. The convective clouds are observed to move primarily
eastward or north-eastward. Coalescence and accretion signals occur at 2—4 km height within the convective clouds, whilst
breakup and autoconversion signals are simultaneously observed to occur at 0—2 km height. These microphysical characteristics
are found to be related to environmental parameters. Specifically, larger drop sizes are associated with higher instability, whilst
number concentration is linked to higher water vapour. These factors influence the precipitation intensity regarding the DSD
parameters when a DSD approaches a stationary distribution. The findings of this study indicate that the DSD approaching a

stationary shape can be identified even from the DSD parameters retrieved from the C-band polarimetric radar variables.
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Figure 11. The two dimensional histograms of the difference in the specific height of the liquid water content (ALW C; g m™>) and that of
the median volume diameter (A Do; mm) (a) from 4 km to 2 km heights and (b) from 2 km to 0 km heights using the profiles of Fig. 5 on
the maximum volume, respectively. The percentage frequency of occurrence in each quadrant is also shown. (c) and (d) are same as (a) and

(b), but the scatter plot as a function of the generalised intercept parameter (AN, ; mm ™' m~3) in log-10 scale.

In previous studies, convective clouds were identified based on the reflectivity factor, making it challenging to comprehend
the underlying microphysical processes, particularly in the context of heavy rainfall. Nevertheless, the slope parameter, one of
the DSD parameters used in this study to diagnose an equilibrium distribution, allows a more direct understanding of the char-
acteristics of heavy rainfall and the inherent microphysical processes occurring when a DSD approaches an equilibrium shape.
The findings of this study are consistent with the established relationship between the DSD parameters and the environmental
parameters in the previous study. Notably, the drop sizes tend to increase with increasing temperature lapse rates, whereas the
number concentration is likely higher under the weaker vertical shear and humid conditions. Although Japan belongs to the

mid-latitude climate region, precipitation may exhibit characteristics similar to those in the tropics under humid conditions,
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which is expanded with the results of this study. The larger amount of rainfall, accompanied by interactions between cloud
drops and raindrops, may occur under weaker vertical shear and humid environments in Japan.

As the present study is limited to the cases where the DSDs approach an equilibrium shape on the ground, it is necessary to
extend the scope of analysis to investigate whether the same diagnosis can be made in the future at locations where ground-
based observations are unavailable. The characteristics of a DSD and associated microphysical characteristics observed during
heavy rainfall can be captured from polarimetric weather radar at a single point and in three-dimensional space. Furthermore,

applying the same analysis method could expand this study to different regions and climatic zones.

Code and data availability. The PyDSD is available on GitHub at https://github.com/josephhardinee/PyDSD/ (Hardin and Guy, 2017). The
Py-ART is available on GitHub at https://github.com/ARM-DOE/pyart/ (Helmus and Collis, 2016). The fobac v1.5.3 package is available
on GitHub at https://github.com/tobac-project/tobac (Sokolowsky et al., 2024). The fortran subroutine to calculate CAPE is available at
https://www2.mmm.ucar.edu/people/bryan/Code/getcape.F (last access: 16 January 2025, Bryan, 2008). The data used in this study are
available upon request from the corresponding author except the upper-air sounding data which is downloaded from http://weather.uwyo.

edu/upperair/sounding.html (last access: 16 January 2025, University of Wyoming Department of Atmospheric Science, 2025).
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