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1 | INTRODUCTION
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Abstract

This study investigated a rainfall event under a typhoon influence using a 2D video
disdrometer and weather radar observations to characterize raindrop size distribu-
tion (DSD) in a mixed convective and stratiform precipitating system. During the
time period when both convective and stratiform rainfalls existed, the DSDs gener-
ally indicated a monotonically decreasing shape with increasing particle size, with a
relatively gradual decrease at intermediate particle size observed at certain times; this
feature is attributed to the combined effect of convective and stratiform rainfalls.
During the transitional period between convective and stratiform rainfalls, the DSDs
exhibited a bimodal shape. The DSDs were well approximated by a newly proposed
gamma raindrop distribution combined with exponential (GRACE) distribution
function, which was defined as the sum of the exponential distribution and the
gamma distribution. A comparison of the volume ratio of the exponential and
gamma components of the GRACE distribution revealed that the exponential com-
ponent of the DSD was larger than the gamma component in the bimodal DSD.
These results suggest that the DSD became bimodal during the period when strati-
form rainfall predominated because of the weakening of convective rainfall. The
GRACE distribution is useful for understanding cloud-microphysical processes in
mixed stratiform and convective precipitation conditions.
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My = /0 " D"N(D)dD, (1)

Understanding the raindrop size distribution (DSD) is
important to understanding cloud and precipitation phe-
nomena. The DSD represents the number density of rain-
drops per unit volume with respect to the drop diameter.
The moments of a DSD function:

are related to precipitation parameters such as the num-
ber of particles (m,), water content (ms), and radar
reflectivity (mg), where N (D) represents the number den-
sity of raindrops as a function of their diameter D (e.g.,
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Oishi et al., 2020). The functions commonly used to rep-
resent the DSD are the exponential distribution
(Marshall & Palmer, 1948),

N(D)=Nyexp(—AD), (2)
and the gamma distribution (Ulbrich, 1983),
N(D)=NyD"exp(—AD), (3)

where Ny, A, and u denote the intercept, slope, and shape
parameters, respectively (Tokay et al., 2008). When
u = 0, Equation (3) is identical to Equation (2).

The characteristics of a DSD are known to vary
depending on the rainfall pattern. In particular, the DSD
shape differs between stratiform and convective rainfalls
(e.g., Niu et al, 2010; Seela et al, 2017, Tokay &
Short, 1996). Wu and Liu (2017) showed that DSDs were
linked to regional rainfall differences as well as differ-
ences in stratiform and convective characteristics. Atlas
et al. (1999) have suggested that the gamma distribution
is representative of convective rainfall, whereas the expo-
nential distribution is representative of stratiform
rainfall.

Mixed stratiform and convective precipitating states
can be found in mesoscale precipitation systems. Houze
et al. (1989) conceptually depicted an example of such a
precipitating system. Shusse et al. (2009) presented, from
radar observations, the characteristics of convective rain-
fall embedded within stratiform rainfall in a Baiu front
environment. Stratiform rainbands are also generated by
active convection within a tropical cyclone (Didlake &
Houze, 2013). Das et al. (2017) showed that, in a mixed
convective and stratiform system, the DSD became
bimodal. Radhakrishna and Rao (2009) observed a
bimodal DSD during the transition between convective
and stratiform rainfalls in VHF-band radar observations.

Bimodal DSDs show a maximum number of rain-
drops with a small diameter and a secondary peak at an
intermediate diameter. Such bimodal DSDs are generated
through collision and breakup via cloud microphysical
processes (e.g., D'adderio et al., 2015; Konwar et al., 2014;
Luo et al., 2020; Prat & Barros, 2007). Cecchini et al.
(2014) emphasized the importance of the collection
(e.g., collision-coalescence) process in forming a bimodal
DSD. Luo et al. (2020) found that DSDs were observed
during the passage of convective rainfall cells when colli-
sional breakup occurred. Mallet and Barthes (2009) sug-
gested that the gamma distribution is not an appropriate
model function for a DSD with multiple local peaks.
Thurai and Bringi (2018) showed that a generalized
gamma distribution with more flexibility of parameters
than the gamma distribution indicated in Equation (3)

well represented the equilibrium DSD. However, there
has not been sufficient discussion on functions that can
successfully represent complex DSDs, such as those with
bimodal characteristics.

A well-known phenomenon of mixed precipitation fea-
tures is the seeder—feeder effect (e.g., Misumi et al., 2021;
Rutledge & Hobbs, 1983). Misumi et al. (2021) demon-
strated the vertical process of the seeder—feeder effect in
convective clouds with a melting layer by analyzing
typhoon observations. Ahmad et al. (2020) showed that a
couple of precipitation cells merged to form a system of
multiple cells having various precipitation features.

We considered that DSDs whose shapes were difficult
to represent with conventional functions because of their
characteristic slope changes at intermediate diameters
(e.g., the bimodal form) were produced by composition of
two precipitation systems and could be represented by
the sum of two functions. Therefore, we define the fol-
lowing function as the sum of the exponential distribu-
tion and the gamma distribution:

Ncgrace(D) =Njexp(—A1D) + N,D*2exp(—A,D).  (4)

Equation (4) is called the gamma raindrop distribu-
tion combined with exponential (GRACE) distribution.
We demonstrate that the GRACE distribution is useful
for representing the observed DSDs. We further use this
function to characterize the DSD brought by a mixed sys-
tem of stratiform and convective clouds observed in the
Japan region. Herein, we report an observational case for
a rainfall event that occurred under the influences of
Typhoon Mindulle (2021) by utilizing continuous obser-
vations data by a 2D video disdrometer (2DVD) with a
high temporal frequency as well as a dual-polarization
Doppler radar. These simultaneous observations are use-
ful in evaluating the rainfall process (e.g., Bringi
et al., 2003; Sheppard & Joe, 1994; Thurai et al., 2021).

2 | DATA AND METHODS

2.1 | Data

Observation data were obtained using 2DVD and dual-
polarization Doppler radar located in Katsuura, Chiba
Prefecture, Japan (Figure 1a).

A 2DVD is a ground-based disdrometer that measures
the size, shape, and fall velocity of raindrops (Kruger &
Krajewski, 2002), and this information is useful in deter-
mining the DSD (e.g.,, Cao et al, 2008; Marzuki
et al., 2010; Tokay et al., 2001; Tokay et al., 2013). Precipi-
tation particles were classified into 56 bins ranging from
0.2 to 5.7mm in equivolume diameter at 0.1 mm
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(a) Locations of dual-polarization Doppler radars (35.15°N, 140.32°E; red point) and 2D video disdrometer (35.21°N,

140.30°E; blue point) at Katsuura in Chiba Prefecture, the radar-observable range (purple circle), and observation area of the sector scanning
of range height indicator (SRHI) scan in this study (gray line). (b,c) Rainfall intensity (mm h™") in the Kanto region, as obtained from the
JMA radar echo composite on October 1, 2021 at (a) 10:40 and (b) 11:10 Japan Standard Time.

intervals. In this case, the diameter D represented the
maximum size of each particle class. Rainfall amounts
were measured at 1 min intervals. Time indicated that
the observation was made in the previous minute. For
example, the observation from 10:00 (HH:MM) to 10:01
is defined as the data at 10:01. The 2DVD was operated
by the Japan Aerospace Exploration Agency (JAXA) and
was installed at a location in Katsuura (35.21°N,
140.30°E) at an altitude of ~150 m.

We used a dual-polarization Doppler radar located at the
City Hall of Katsuura (35.15°N, 140.32°E). The radar uses
dual polarization and its frequency is 9.4 GHz (X-band). The
peak output power is 100 W, the beam width is 2.7°, and
the antenna rotation rate is 6.0 rpm. The pulse width is 9 ps,

the pulse repetition frequency is 800.0-1000.0 Hz, and the
range resolution is 100 m. The radar has an observable
radius of 70 km (Figure 1a). In this study, we examined
observation data obtained by sector scanning of range height
indicator (SRHI). The azimuth angle was fixed at 344°,
which was directed toward the 2DVD site, which was
located ~7 km from the radar. Like the 2DVD data, the
rainfall data were obtained at 1 min intervals. The time dis-
play in a 1 min radar observation was the beginning of the
observation. For example, results obtained during the 1 min
period from 10:00 to 10:01 were defined as 10:00 time data.
Rainfall characteristics are represented by the follow-
ing radar parameters. Parameter pyy indicates the fluctu-
ation of the ratio of the horizontal and vertical lengths of
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particles, which is smaller when different types of parti-
cles coexist or when distorted particles, such as individual
particles, are present (Fukao & Hamazu, 2014). Parame-
ter Zpr depends on the ratio between the horizontal and
vertical lengths of the precipitation particles, and its
value increases with increasing diameter in case of rain-
drops (Fukao & Hamazu, 2014). Parameter Zyy is the
radar reflection intensity at horizontal polarization,
expressed as the sixth moment of the number distribution
(Equation 3; Rauber & Nesbitt, 2018). Parameter Kpp
depends on the number concentration and particle
oblateness, with larger values for larger raindrops
(Rauber & Nesbitt, 2018). We have corrected the attenua-
tion of Zyy and Zpr to raindrops using Kpp, following
Maesaka et al. (2011).

2.2 | Method of analysis with GRACE
distribution

We analyzed observation data obtained by 2DVD to show
that the GRACE distribution can accurately represent DSDs
in an environment where stratiform and convective rainfalls
coexist. To obtain a robust feature for DSD, we took moving
averages among the neighboring three dropsize bins. The
least-squares method was used to obtain a fitting function.
Modules from the scipy library (version 1.9.0; Virtanen
et al., 2020) were used to obtain an analytical function that
fits the observed DSDs from a least-squares method. In the
least-squares method, the model function (i.e., the GRACE
distribution) used to approximate the observed DSD was
approached by minimizing the square of the error for each
size class. The number density of particles with large diame-
ters is considerably smaller than that of particles with small
diameters. Thus, a fitting curve from the least-squares
method will be strongly affected by the large number of
smaller particles and cannot represent the number density
of the largest particles. We therefore evaluated the errors as
water content by weighting with the third power of the
diameter for each particle bin. Here, an analysis was per-
formed using the least-squares method with the number
density distribution of the ith class N(D;) multiplied by the
third power of the particle size of the ith class D;,

> (Norace(D)DP =N(D)DF)’,  (5)

i=1

where n is the total number of drop-size classes, which
here is 54. The function was determined by minimizing
Equation (5) with the five parameters of the GRACE dis-
tribution as variables. The root mean square error
(RMSE) value expressed by the following equation was
used as a measure of the accuracy of the fitting:

RMSE = \/%Z?—1(NGRACE(D1‘)D1'3 —N(D;)D?)*. (6)

The RMSE value is an index that is smaller when the
model function is closer to the observed value. Because
this analysis method requires the establishment of a
range of values within which the variables can change, a
range was established for each of the five parameters of
the GRACE distribution. In order to improve the estima-
tion of the parameters with the lowest RMSE, the upper
limit of the scope of parameters searching was varied by
trial and error in order for the RMSE values to become
smaller while the lower limit was set to zero. We per-
formed a similar analysis using the gamma distribution
(Equation (3)) and compared the results with the RMSE
values obtained from the GRACE distribution analysis to
examine which distribution was more appropriate to rep-
resent the DSDs of mixed stratiform and convective rain-
fall systems.

2.3 | An analyzed case: Typhoon
Mindulle (2021)

Typhoon Mindulle hit the south of Chiba Prefecture at
10:00-11:00 Japan Standard Time (JST) on October 1, 2021
(Figure 1b,c). These data of Figure 1b,c obtained from the
Japan Meteorological Agency (JMA) radar echo composite
(Atmosphere and Ocean Department of JMA, 2021). The
average wind direction in Katsuura was north-northeast
at 10:00 and north at 11:00 JST according to JMA surface
observations. The data indicate that the local precipitation
system was moving in the direction of the SRHI azimuth
closer to the radar. Because of typhoon rainbands, the
highest daily precipitation of 35.0 mm h™' was observed at
Katsuura in 1 h between 10:00 and 11:00 JST according to
JMA surface observations. Rainfall brought by tropical
cyclones contains high concentrations of small and
medium raindrops and has similar distribution to conti-
nental thunderstorms (Tokay et al., 2008). For the typhoon
case, the spectral width of particle size about the DSD
observed in the outer rain band was larger than in the
shallow convection, on the other hand, the number den-
sity of smaller sized particles was larger in the shallow
convection than in the outer rain band (Bao et al., 2019).

3 | OBSERVATIONS WITH 2DVD
AND RADAR

Figure 2 shows the temporal variation of the radar param-
eters and 2DVD rainfalls from 10:30 to 11:30. The radar
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FIGURE 2 Time-height diagram of radar observation parameters (a) pyy, (b) Zpg, (¢) Zuu, and (d) Kpp from 10:30 to 11:30 Japan

Standard Time (JST). The horizontal average is in the 1 km? region centered on the 2D video disdrometer (2DVD) observation location.

(e) The rainfall intensity measured using a 2DVD at the same time.

parameters shown in Figure 2a-d were observed at 6500-
7500 m from the radar site and averaged for the data verti-
cally at 100 m intervals, which means observation area of
the upper air of the 2DVD. In the layers at ~5 km altitude,
puv Was <0.95 and Zpg was >0.5 dB at ~10:30-11:10 and
11:20-11:30 (Figure 2a,b). According to the analysis fields
from the operational mesoscale numerical weather pre-
diction model, the Meso-Scale Model, of IMA revealed
that the melting layer altitude at 12:00 in Chiba Prefec-
ture was ~5 km (Information Infrastructure Department
of JMA, 2022). This situation indicates the presence of
bright bands, suggesting that a stratiform system within
the typhoon rainbands was widespread over the 2DVD
site. On the other hand, it was difficult to see the bright
bands in Zyy (Figure 2c). This may reflect the need for
more sophisticated attenuation correction.

Regions with Kpp >2.5° km ! existed below ~2 km at
10:30-10:38, 10:44-10:54, 11:00-11:06, and 11:10-11:24
(Figure 2d). These areas were observed to move down-
ward at a rate of ~300 mmin~' between 10:44 and 10:54.
This observation indicates that raindrops with larger sizes
were dominant and fell with a speed of 5 ms™'. The
results suggest that convective cells within the rain band
were present during these time periods.

Convective rainfall was observed on the ground, with
rainfall intensity of 40 mm h™' or greater at 10:32-10:41,
11:05, 11:06, and 11:14-11:18 in the 2DVD (Figure 2e). A
strong region of Kpp was also observed at 10:44-10:54;
however, despite increasing rainfall intensity at 10:54,
this convective cell appears to not correspond to stronger
surface rainfall. Moreover, although the rainfall area with
a Kpp of 2.5° km ! existed from 11:10 to 11:24, surface
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FIGURE 3
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10°
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Raindrop size distribution per minute (a) from 10:32 to 10:41 and (b) from 11:05 to 11:14 Japan Standard Time (JST), as

measured using 2D video disdrometer. The upper-right box shows the raindrop particle size distribution expanded over the range from 1 to

2.5 mm in diameter.

rainfall intensity >40 mmh ' was observed from 11:14 to
11:18 and ended earlier in the 2DVD than in the Kpp sig-
nature. As previously mentioned, there were periods of
slightly different times for convective rainfall observed on
the ground and convective clouds in the upper air. How-
ever, given that the precipitation system moved in three
dimensions and that the detailed analysis was conducted
at intervals as short as 1 min, the response was generally
adequate. Therefore, rainfall >40 mm h™! that lasted 2—
10 min during stratiform rainfall having an intensity
<20mmh ! can be considered to be the result of convec-
tive clouds embedded within stratiform clouds. From
11:04 to 11:08, Zyy was >30dBZ at ~5 km because of the
presence of the bright band and was >35dBZ below 3 km
because of convective activity. The vertical structure of
Zyun appears to be similar to a feature that Shusse et al.
(2009) found in precipitating convective clouds embed-
ded within stratiform clouds.

Given the aforementioned observations, we focus on
the DSD from 10:32 to 10:41, which is the time between
the overlap of convective and stratiform rainfalls and the
end of convective rainfall. We also focus on the DSD
from 11:05 to 11:14, which corresponds to the time
between the overlap of convective and stratiform rain-
falls, the end of convective rainfall, and the beginning of
the next convective rainfall.

To characterize the shape of the DSD, the minute-by-
minute DSDs at 10:32-10:41 and 11:05-11:14 are shown
in Figure 3a,b, respectively. Because of fluctuations in the
observed values for each diameter class, we here show
the DSD obtained by taking the moving averaged over
the three classes in diameter to demonstrate robust char-
acteristics. At 10:32-10:34, 10:36-10:40, 11:05, 11:06,
11:13, and 11:14, the number density distribution appears
to decrease monotonically with increasing diameter, with
the rate of decrease stagnating at intermediate particle

sizes (Figure 3). These time periods correspond to periods
of heavy rainfall due to both stratiform and convective
precipitation (Figure 2). In particular, at 10:35, 10:41,
11:07, 11:08, 11:09, 11:11, and 11:12, each peak in the 1-
2 mm class was found to be a bimodal type. At 11:10, no
substantial peak was observed; however, the distribution
approximated a bimodal form. Figure 2f shows that the
rainfall intensity was weakening at 10:41, 11:07, 11:08,
11:09, and 11:10 and strengthening at 11:11 and 11:12.
The decrease in rainfall intensity at 10:41, 11:07, 11:08,
11:09, and 11:10 was due to the weakening of rainfall
from convective cells embedded in stratiform rainfall pre-
sent at 10:30-10:38, 11:00, and 11:06 (Figure 2). More-
over, the intensity of the subsequent convective rainfall
started to increase at 11:11 and 11:12 (Figure 2d,f). There-
fore, the DSD clearly became bimodal during the transi-
tion process between stratiform and convective rainfalls.
The results support the assertion of Radhakrishna and
Rao (2009) that a bimodal DSD was observed during the
transition between convective and stratiform rainfalls.
However, at 10:35, a bimodal distribution was observed
without a clear transition between stratiform and convec-
tive rainfalls. At this time, the bimodal distribution may
appear in between the active convective cores.

4 | AN ANALYTICAL
REPRESENTATION FOR DSD:
GRACE DISTRIBUTION

The results of fitting to the DSDs at 10:32-10:41 and
11:05-11:14 show that the GRACE distributions fairly
well approximated the observed DSDs at each time
(Figure 4). In the analysis at 11:09, the parameter num-
bers of N, and A, became too large and reached the
upper limit of the possible range of motion.
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FIGURE 4 The results of fitting of gamma raindrop distribution combined with exponential (GRACE) distribution to moving-average

raindrop size distribution for three diameter classes per minute, as measured using 2D video disdrometer: (a—j) 10:32-10:41 and (k-t) 11:05-

11:14 Japan Standard Time. Silver histograms, pink solid lines, blue-dotted lines, and orange-dotted lines represent observational data, the

GRACE distribution, the exponential component of the GRACE distribution, and the gamma distribution component of the GRACE

distribution, respectively. The parameters of the GRACE distribution are written in navy.

Figure 5a,b show the time variation of the RMSE
obtained from the analysis of the GRACE, exponen-
tial distributions, and gamma distributions. The
RMSE values were generally smaller in the GRACE
distribution analysis than in the exponential distribu-
tion and the gamma distribution analysis. These

results clarify that the GRACE distribution is more
useful than the conventional exponential or gamma
distribution.

To further examine the usefulness of the GRACE dis-
tribution to describe the DSD features, we compared the
ratio of the exponential and gamma function components
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FIGURE 5 (ab) Time series about the root mean square error (RMSE) value between observational raindrop size distributions (DSDs)

and the gamma raindrop distribution combined with exponential (GRACE) distribution, the exponential distribution, and the gamma
distribution (a) from 10:32 to 10:41 and (b) from 11:05 to 11:14 Japan Standard Time (JST). (c,d) Ratio of the third moment between the
exponential and gamma components of the GRACE distribution (c) from 10:32 to 10:41 and (d) from 11:05 to 11:14 JST.

of the GRACE distribution for each time period. The
third moment of the number distribution was used for
comparison (Equation 1). The third moments of the DSD
for the exponential and gamma parts of the GRACE dis-
tribution, respectively, were calculated using the follow-
ing equation:

/ D?N,D"2 exp(—A,D)dD

: : (7)

m3ratio = =
/ D*N;exp(—A;D)dD
0

If the ratio of the third moment has a value of 1, the
exponential and gamma components of the GRACE dis-
tribution have equal contributions. If the value exceeds
1, the gamma component of the GRACE distribution has
a greater contribution.

Figure 2 shows that strong rainfall due to the super-
position of stratiform and convective rainfalls occurred at
10:32-10:40, 11:05-11:06, and 11:13-11:14. In these time
periods, the m3ratio exceeded 1 (Figure 5c,d). Given that
the gamma component of the GRACE distribution is

representative of convective rainfall, these results suggest
that convective rainfall was more dominant than strati-
form rainfall during these times. However, at 10:41 and
11:07-11:12, the m3ratio was <1. At 10:41, 11:07-11:09,
and 11:11-11:12, in particular, the DSD was bimodal.
During these times, convective rainfall weakened and
stratiform rainfall predominated. The increases in y, and
A, of the fitting parameters for these times compared
with the time before and after correspond to a smaller
width of the gamma distribution in the GRACE distribu-
tion (Figure 4). At 11:05 and 11:06, convective rainfall
was embedded in the stratiform rainfall and the addition
of the two types of rainfall might have caused a relatively
gentle slope in the intermediate diameter range of the
DSDs (Figures 2a-d, 3, 4, and 5d). Convective rainfall
then decreased from 11:07 to 11:10, and a bimodal DSD
was observed. In particular, the time evolution of the
m3ratio in Figure 5d suggests that the convective rainfall
embedded in the stratiform rainfall at 11:05 and 11:06
gradually decreased from 11:07 to 11:10 and then
increased with the appearance of the next convective
rainfall from 11:11.
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Notably, at 10:35, the m3ratio was >1, suggesting that
the number distribution should be more strongly affected
by the gamma distribution in our proposed formula.
However, the distribution at 10:35 exhibits a bimodal fea-
ture (Figure 3a). Since there were some cases that could
not be evaluated by the m3ratio, it is necessary to
increase the number of samples and to conduct a statisti-
cal analysis in a future study.

5 | CONCLUSIONS

In this study, we proposed a novel approximation func-
tion and investigated the DSD features within a precipita-
tion system of mixed convective and stratiform rainfalls.
The conclusions of this study are summarized as follows:

+ When compared with the gamma distribution, the
GRACE distribution, which is composed of the expo-
nential distribution and the gamma distribution added
together, more accurately represented DSDs with char-
acteristic slope changes at intermediate diameters.

« In a precipitation system where convective and strati-
form rainfalls coexisted, the overlap of convective and
stratiform rainfalls formed a DSD that monotonically
decreases in diameter from the smallest particle size
density, with the slope of the decrease becoming smal-
ler at intermediate diameters.

« When convective rainfall decreased from a rainfall profile
where convective and stratiform rainfalls combined, and
stratiform rainfall became dominant, the DSD became
bimodal, with a peak at the intermediate particle size.

The range of observations covered in this study is lim-
ited, and future analyses on a larger number of cases than
this one should be conducted to investigate the generality
of these theories. Although this study focused on a
typhoon rainband, the result obtained should be applied
to other mesoscale precipitating systems, which have
both convective and stratiform clouds. Mechanisms
regarding cases that differ from these conclusions need to
be identified. The cloud physical formation factors of
DSDs obtained from precipitation systems with mixed
convective and stratiform rainfalls need to be clarified.
The GRACE distribution was proposed as a function of
the sum of the exponential and gamma distributions, but
it should be considered to investigate the use of the nor-
malized gamma instead of the gamma distribution, to
represent the observations more respectfully than the
present GRACE distribution (Illingworth & Blackman,
2002). In addition, the use of the GRACE distribution,
the usefulness of which was demonstrated in this study,
is expected to enable accurate representations of rainfall

intensity and cloud precipitation parameters in the model
for precipitation systems with mixed convective and strat-
iform precipitations.
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