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Abstract
The raindrop size distribution (RSD) is useful in understanding various precipitation-related processes. Here, we analyze
disdrometer data collected in Seoul, South Korea from May 2018 to July 2019 to characterize the RSD according to rain and
weather types. Rain types are categorized into stratiform, mixed, and convective rain, and weather types into the Changma front
(type CF) and low-pressure system (type L). The slope parameterΛ decreases and the intercept parameter N0 fluctuates with rain
rate. Among the rain types, the RSD of stratiform (convective) rain shows the steepest (mildest) slope and the smallest (largest)
mean diameter. The logarithm of generalized intercept parameter log10Nw and Λ for stratiform rain have considerably dispersed
distributions, which may be attributed to the diversity within the stratiform rain type in Seoul. Mixed-type rain has a larger mean
value of log10Nw compared to stratiform and convective rain. Regarding the weather types, the RSD of type CF exhibits a milder
slope, a larger mass-weighted mean diameter, and a larger radar reflectivity than type L. These differences between the weather
types can be explained by the larger convective proportion in type CF (33%) compared to type L (9%). Possible causes for the
differences between the RSD characteristics of the two weather types are examined using reanalysis and satellite data. Type CF
has a larger convective available potential energy, a higher cloud top, and more active ice microphysical processes than type L,
which can lead to different RSD characteristics.
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1 Introduction

The raindrop size distribution (RSD) provides important pieces
of information about clouds and precipitation and is one of the
properties that can be observed directly using instruments such as
disdrometers. Characterizing the RSD for different environmen-
tal conditions constitutes an important part of cloud and precip-
itation research (Pruppacher and Klett 2010), and a detailed anal-
ysis of direct observation data can play a part in advancing our
understanding of clouds and precipitation.

The RSD characteristics are different depending on the rain
type, namely stratiform and convective rain. Each type of rain
is known to originate from different precipitating clouds and

may occur separately or together in a cloud complex (Houze
2014). Using ground-based disdrometers, many studies have
shown that stratiform rain has high number concentration of
small raindrops and a steep slope of the RSD, whereas con-
vective rain has high number concentration of large raindrops
and a mild slope of the RSD (e.g., Niu et al. 2010; Chen et al.
2017; Seela et al. 2018). Knowing the characteristics of the
RSD for each of these rain types is helpful in understanding
various cloud-related processes (Sui et al. 2007). For this rea-
son, RSD characteristics of various regions have been ana-
lyzed according to the rain type (You et al. 2005; Chen et al.
2013; Suh et al. 2016; Das et al. 2017; Seela et al. 2018;
Sreekanth et al. 2019; Wen et al. 2019; Wu et al. 2019). In
addition, You et al. (2005) and Chen et al. (2013) obtained the
Z–R (radar reflectivity–rain rate) relationship for each rain
type and argued the possibility of improving the existing radar
rainfall estimation using a single Z–R relationship.

The characteristics of RSD also vary depending on the
weather type. Different weather types exhibit different com-
positions of stratiform and convective rain. Zhang et al. (2017)
showed that the RSD characteristics of a midlatitude
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continental squall line in east China fluctuate greatly depend-
ing on the evolution of the squall line. Fernandez-Raga et al.
(2017) found that the RSD characteristics in Leon, Spain are
associated with the directions of the cyclone path and of the
moisture inflow. Using the RSD observations in Lausanne,
Switzerland, Ghada et al. (2018) attributed the variability of
the calculated RSD parameters for different weather types to
the difference in the proportions of stratiform and convective
rain. Loh et al. (2019) used RSD observations from Jincheon
and Miryang in South Korea to analyze the RSD characteris-
tics in the two regions according to three weather types.

The weather types that contribute most to precipitation de-
pend on the region. Precipitation in South Korea is largely
caused by the Changma front and typhoons in summer and
by low-pressure systems in spring and autumn. The RSD
characteristics of the three weather types have been studied
for two rural regions in South Korea (Loh et al. 2019), but not
for Seoul, the city with the largest population and most traffic
in South Korea. Due to the environmental conditions in this
city such as air pollution, the RSD characteristics of the weath-
er types in Seoul can differ from those in the two rural regions.

This study examines the RSD characteristics in Seoul ac-
cording to the weather type as well as the rain type using
ground-based disdrometer data. Section 2 includes a descrip-
tion of the disdrometer and presents the data and methodolo-
gy. The analysis results are presented and discussed in
Section 3. Conclusions are given in Section 4.

2 Data and Methodology

2.1 Data

The disdrometer used in this study is the Parsivel2 disdrometer
manufactured by OTT Hydromet of Germany (Tokay et al.
2014) and is installed at Seoul National University (Fig. 1).
The disdrometer measures the diameter and fall velocity of
hydrometeor particles that fall through a sampling volume of
5.4 cm3 (18 cm long, 3 cm wide, and 0.1 cm high) with laser
beams of 650-nm wavelength. The raw output consists of a
32 × 32 matrix whose entries are the number of particles cor-
responding to a size bin and a fall velocity bin. The sampling
output interval is 1 min. The two smallest size bins are exclud-
ed from the analysis because of the low signal-to-noise ratio
(Tokay et al. 2014) so that the particle size ranges from 0.25 to
26 mm. The fall velocity range is from 0 to 22.4 m s−1. The
disdrometer data are collected from May 2018 to July 2019.

A quality control process that removes observation errors is
performed following Friedrich et al. (2013). First, the inaccura-
cies caused by strongwinds are eliminated by excluding particles
with diameters larger than 5 mm and fall velocities smaller than
1m s−1. Second, to eliminate inaccuracies caused by the particles
falling at the edges of the sampling volume (Yuter et al. 2006),

particles with diameters smaller than 8 mm and fall velocities
60% greater than that following the fall velocity-diameter rela-
tionship according to Atlas et al. (1973), which correspond to the
solid lines in Fig. 2a and Fig. 2b, are excluded (Jaffrain and
Berne 2011). Finally, inaccuracies due to the splashing effect
of the particles falling on the head surfaces of the instrument
are eliminated by excluding particles smaller than 2 mm in di-
ameter andwith fall velocities smaller than 60%of that following
the fall velocity-diameter relationship (Barthazy et al. 2004;
Krajewski et al. 2006; Yuter et al. 2006). All data related to snow
and hail particles are not considered in this study.

Following Thompson et al. (2015), the disdrometer data in 1-
min interval with total drop counts of 100 or more during the three
or more consecutive minutes of precipitation are analyzed and the
data with R< 0.05 mm h−1 are excluded. Additionally, both rain
and drizzle are considered as rain. As a result, the data for the
analysis of RSD characteristics consist of 33,583 1-min data.

2.2 Methodology

2.2.1 Description of Parameters

Using the disdrometer data, the raindrop concentration can be
obtained from the following equation (Chen et al. 2017):

Fig. 1 Photo of the disdrometer installed on the roof of the Atmospheric
Environmental Observatory building, Seoul National University
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N Dið Þ ¼
X32

j¼1

ni j
AiV jΔtΔDi

; ð1Þ

where N(Di) (m
−3 mm−1) is the number concentration of rain-

drops per unit volume in the diameter range Di – ΔDi/2 to
Di +ΔDi/2, nij is the number of raindrops belonging to size
bin i and fall velocity bin j, Ai (m

2) is the effective sampling
area of the size bin i (Tokay et al. 2014), Vj (m s−1) is the fall
velocity of the fall velocity bin j, and Δt (s) is the sampling
time interval (60 s in this study). Di and ΔDi represent the
mid-value and interval of the i-th size bin, respectively. Note
that fall velocities measured by the disdrometer are used in
this study, while some previous studies used terminal fall ve-
locities as a function of drop diameter due to some uncertainty
in the fall velocity measurements (Tokay et al. 2014; Janapati
et al. 2020). Both methods are tested, and it is found that the

differences in the RSD parameters are small. The rainwater
content W (g m−3) and radar reflectivity Z (mm6 m−3) are
expressed by the following equations:

W ¼ 10−3π
6

ρw∫D
3N Dð ÞdD

≈
10−3π
6

ρw
X32

i¼3

X32

j¼1

D3
i

ni j
AiV jΔt

;
ð2Þ

Z ¼ ∫D6N Dð ÞdD
≈
X32

i¼3

X32

j¼1

D6
i

ni j
AiV jΔt

;
ð3Þ

where ρw (g cm−3) is the density of water.
The k th-order moment of the RSD is given by

Mk ¼ ∫DkN Dð ÞdD
≈
X32

i¼3

Dk
i N Dið ÞΔDi:

ð4Þ

The mass-weighted mean drop diameter Dm (mm) and the
generalized intercept parameter Nw (m−3 mm−1) are calculated
using the following equations (Testud et al. 2001):

Dm ¼ M 4

M 3
; ð5Þ

Nw ¼ 44

πρw

103W
D4

m

� �
: ð6Þ

The function most commonly used to express the RSD is
the exponential distribution function, which is expressed as
N(D) = N0exp(−ΛD) where N0 is the intercept parameter
(m−3 mm−1) and Λ is the slope parameter (mm−1). The param-
eter N0 is generally assigned a fixed value, a representative
example of which is N0 = 8 × 103 m−3 mm−1 from Marshall
and Palmer (1948, MP48 hereafter). The exponential distribu-
tion parameters N0 and Λ can be determined fromM2 andM4,
which are expressed as follows (Zhang et al. 2008):

N0 ¼ M 2Λ
3

Γ 3ð Þ ; ð7Þ

Λ ¼ M 2Γ 5ð Þ
M 4Γ 3ð Þ

� �1
2

; ð8Þ

where Γ is the gamma function.
The generalized intercept parameter Nw is identical to the

intercept parameter N0 of an exponential size distribution that
has the same W and Dm as in a gamma size distribution
(Testud et al. 2001). In this study, Nw rather than N0 is used

Fig. 2 Accumulated number of drops according to drop diameter and fall
velocity for the observation period: (a) before and (b) after the quality
control. The solid line indicates the fall velocity-diameter relationship of
Atlas et al. (1973). The dashed lines indicate the ±60%of the fall velocity-
diameter relationship
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to facilitate classification of rain types (see subsection 2.2.2)
and for direct comparison with previous studies that use Nw.

2.2.2 Rain-Type Classification

Rain is classified into stratiform, mixed, and convective rain
types. The classification of the 33,583 1-min interval data
follows the classification methods suggested by Bringi et al.
(2009) and Thurai et al. (2016). Bringi et al. (2009) distin-
guished stratiform and convective rain based on the
relationship between Nw and the median volume diameter
D0 calculated using observed RSDs. Thurai et al. (2016) in-
troduced a likelihood index i that classifies rain into stratiform,
mixed, and convective types as follows:

i ¼ log10Nw−log10N
sep
w ; ð9Þ

where N sep
w is Nw on the line separating convective and strat-

iform data points on D0–log10Nw plane given by

log10N
sep
w ¼ −1:6D0 þ 6:3: ð10Þ

Stratiform, mixed, and convective rain are indicated by i <
−0.3, −0.3 ≤ i ≤ 0.3, and i > 0.3, respectively. You et al. (2016)
suggested modified D0–log10N sep

w relationships with different
coefficients for a better classification of rain types in the south-
eastern region of the Korean Peninsula, but a commonly used
relationship, Eq. (10), is used in this study.

2.2.3 Weather-Type Classification

Among various weather types that affect South Korea, the
Changma front and low-pressure systems contribute most to
rainfall (Rha et al. 2005), and they are used for the weather-
type classification in this study. The Changma front (type CF)
is a quasi-stationary front that causes heavy rainfall over the
Korean Peninsula in summer. A low-pressure system (type L),
responsible for a large portion of rainfall over the Korean
Peninsula in spring and autumn, is a synoptic-scale system
where a low-level migratory cyclone is coupled with an
upper-level trough. Based on the weather maps, each day is

assigned the weather type that is judged to have dominantly
affected the rainfall on that day. Rainy days with a daily ac-
cumulated rain amount smaller than 3 mm are excluded. The
numbers of days determined to be type CF and type L are 15
and 28, respectively, and their monthly distributions are given
in Table 1. Another weather type that contributes much to
precipitation in South Korea is typhoons, but only a small
number of typhoons produced rainfall in Seoul in the obser-
vation period and the rain amounts were small. For this rea-
son, typhoons are not included in weather types.

Table 1 The number of days of each weather type for each month. The
numbers of days for May, June, and July are the sum of those from 2018
and 2019, while those for the other months are from either 2018 or 2019

Weather
type

Month total

Mar Apr May Jun Jul Aug Sep Oct Nov Dec

CF – – – 3 8 4 – – – – 15

L 2 4 7 4 – – 5 3 1 2 28

Fig. 3 Accumulated rain amount (grey bar) and accumulated rain
duration (black solid line) for each rain rate category for the observation
period

Fig. 4 Raindrop size distribution (solid lines) and corresponding
exponential distribution (dashed lines) for each rain rate category for
the observation period
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3 Results and Discussion

3.1 Characteristics of RSD According to Rain Rate

Previous studies have shown that RSDs have different char-
acteristics depending on rain rate (Waldvogel 1974; Tokay

and Short 1996). In this study, the rain rate R is categorized
into six categories. Figure 3 shows the accumulated rain
amount and rain duration for six rain rate categories
(0.05 mm h−1 ≤ R < 2 mm h−1, 2 mm h−1 ≤ R < 5 mm h−1,
5 mm h−1 ≤ R < 10 mm h−1, 10 mm h−1 ≤ R < 20 mm h−1,
20 mm h−1 ≤ R < 50 mm h−1, and R ≥ 50 mm h−1) for the
period from May 2018 to July 2019. The first three rain rate
categories take up 64% of the total rain amount with a maxi-
mum at the second rain rate category (2 mm h−1 ≤ R <
5 mm h−1), and the last rain rate category (R ≥ 50 mm h−1)
contributes least to the total rain amount. The accumulated
rain duration rapidly decreases with rain rate with the largest
contribution to the total rain duration by the first rain rate
category (0.05 mm h−1 ≤ R < 2 mm h−1) at 73% and a negli-
gible contribution by the last two categories (20 mm h−1 ≤ R <
50 mm h−1 and R ≥ 50 mm h−1). Note that despite the negli-
gible contribution to the total rain duration, the accumulated
rain amount for the last two categories is still significant.

The RSDs for the six different rain rate categories are ob-
tained by averaging the 1-min interval disdrometer data for
each category (Fig. 4). N0 and Λ corresponding to the mean
RSD for each category are calculated using Eqs. (7) and (8)
and determine the exponential distribution. For all rain rate
categories, the number concentration increases rapidly up to
0.562 mm in diameter and then decreases. For a given diam-
eter of 0.812 mm or greater, the number concentration in-
creases with increasing rain rate. These results are consistent
with previous studies (Niu et al. 2010; Chen et al. 2017; Wu
et al. 2019). Note that the discontinuity of the RSD for the first
rain rate category in Fig. 4 (isolated black dot) is caused by the
fact that no data exist for diameters over 5 mm except for the
few with diameters between 6 and 7 mm. The exponential
distributions are overall good representations of the RSDs
although how well they are represented varies depending on
the rain rate category.

The slope parameter decreases with rain rate from
4.25 mm−1 for the first rain rate category to 1.76 mm−1 for
the last rain rate category (Fig. 5a). The slope parameter de-
creases more steeply when rain rate is small compared to when
rain rate is large. The relationship between R and Λ in Fig. 5a
is well represented by the power-law relationship Λ = aRb

Fig. 5 (a) Slope parameter and (b) intercept parameter for each rain rate
category

Table 2 Mean and standard deviation values (in parentheses) of the mass-weighted mean diameter, the logarithm of generalized intercept parameter,
the slope parameter, and the radar reflectivity and the number of 1-min data for each rain rate category

Rain rate (mm h−1) Dm (mm) log10[Nw (m−3 mm−1)] Λ (mm−1) Z (dBZ) # of data

0.05–2 0.86 (0.27) 3.87 (0.60) 4.56 (1.28) 17 (6.4) 23,764

2–5 1.18 (0.35) 4.05 (0.57) 3.34 (0.87) 29 (3.6) 5539

5–10 1.46 (0.37) 3.94 (0.47) 2.67 (0.58) 35 (2.9) 1946

10–20 1.61 (0.32) 4.01 (0.35) 2.38 (0.38) 39 (2.5) 683

20–50 1.96 (0.37) 3.95 (0.31) 1.97 (0.27) 45 (2.4) 377

50– 2.20 (0.25) 4.05 (0.23) 1.76 (0.17) 50 (1.6) 83
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with a = 4.03 and b = −0.20. The intercept parameter fluctu-
ates with rain rate (Fig. 5b). In particular, the N0 values for the
rain rate categories 2 mm h−1 ≤ R < 5 mm h−1 and R ≥
50 mm h−1 are 13% and 17% larger than the constant N0 from
MP48, respectively. Unlike MP48, where only stratiform rain
is considered, this study also considers mixed and convective
rain. This might have contributed to the fact that the power-
law relationship in this study has the a and b slightly smaller in
magnitude than those in MP48 as well as the fluctuation in N0

not seen in MP48.
The mass-weighted mean diameter, the logarithm of gen-

eralized intercept parameter, the slope parameter, and the ra-
dar reflectivity are calculated for each 1-min data, and their
mean and standard deviation values are computed for each
rain rate category (Table 2). Note that in Table 2 (also in
Tables 3, 4 and Figs. 7d, 10d, 11d), the radar reflectivity Z is
in dBZ. The mean values ofDm and Zmonotonically increase
with rain rate as can be expected from Fig. 4. The mean value
of log10Nw, however, fluctuates with rain rate between 3.87
and 4.05. This result is different from that based in Busan on
the southeast coast of the Korean Peninsula reported by You
and Lee (2015) where the mean value of log10Nw monotoni-
cally increases with rain rate. It is also noteworthy that the
standard deviation values of log10Nw, Λ, and Zmonotonically
decrease with rain rate, implying that the RSD characteristics
are more diverse for small rain rates.

3.2 Characteristics of RSDs According to Rain Types

The 1-min interval disdrometer data for the observation period
are classified into the three rain types. Stratiform, mixed, and
convective rain account for 50%, 28%, and 22% of the total
rain amount, respectively, and the numbers of 1-min data for
the three rain types are 30,796, 2339, and 448, respectively.
The raindrop size distributions for the three rain types are
presented in Fig. 6. The RSD for stratiform rain shows the
steepest slope and the narrowest spectral width, while that
for convective rain shows the mildest slope and the broadest

spectral width. The differences between the RSDs of different
rain types can also be seen in the N0 and Λ values of the
corresponding exponential distributions obtained using the
same method as in subsection 3.1. The slope parameter for
stratiform rain is 3.58 mm−1, which is larger than those for
mixed (2.75 mm−1) and convective (1.84 mm−1) rain. The
intercept parameters for stratiform, mixed, and convective rain
are 4709, 9954, and 6193 m−3 mm−1, respectively.

Figure 7 shows the probability density functions (PDFs) for
the mass-weighted mean diameter, the logarithm of general-
ized intercept parameter, the slope parameter, and the radar
reflectivity for each rain type. The mean and standard devia-
tion values of each parameter for each rain type are provided
in Table 3. Figure 7a shows that the three different rain types
have clearly distinguished PDFs for Dm. The unimodal distri-
butions of convective and stratiform rain are clearly separated
with the PDF for convective rain peaking at 2.03 mm and that
for stratiform rain at 0.68 mm. Meanwhile, the distribution of
mixed rain is more spread out than the other two rain types and
its two peaks appear at 0.68 and 1.43 mm. The meanDm value
for convective rain is 2.18 mm, which is larger than that for
stratiform (0.93 mm) or mixed (1.35 mm) rain. The PDF for
log10Nw of convective rain has the highest peak at 4.04 and a
narrower distribution compared to that of stratiform rain
which is more spread out and has the lowest peak appearing
at 3.81 (Fig. 7b). Again, the log10Nw distribution for mixed
rain has two peaks, one of which appears at a large log10Nw

(4.94). The mean values of log10Nw for stratiform, mixed, and
convective rain are 3.86, 4.21, and 3.77, respectively.

The narrow distribution ofΛ for convective rain has the highest
peak at 1.95 mm−1, whereas stratiform rain shows a more dis-
persed distribution over the larger Λ values compared to convec-
tive rain (Fig. 7c). Themean values ofΛ for stratiform,mixed, and
convective rain are 4.32, 3.06, and 1.81 mm−1, respectively.
Figure 7d shows clearly separated PDFs for Z amongst the three
rain types with convective rain having the narrowest distribution
with the largestmeanZ value of 46 dBZ and stratiform rain having
the broadest distribution with the smallest mean Z value of 19

Table 3 As in Table 2, but for
each rain type Rain type Dm (mm) log10[Nw (m−3 mm−1)] Λ (mm−1) Z (dBZ) # of data

stratiform 0.93 (0.32) 3.86 (0.59) 4.32 (1.32) 19 (8.4) 30,796

mixed 1.35 (0.45) 4.21 (0.61) 3.06 (1.12) 34 (5.9) 2339

convective 2.18 (0.54) 3.77 (0.58) 1.81 (0.30) 46 (3.1) 448

Table 4 As in Table 2, but for
each weather type Weather type Dm (mm) log10[Nw (m−3 mm−1)] Λ (mm−1) Z (dBZ) # of data

CF 1.03 (0.39) 3.85 (0.55) 3.98 (1.35) 22 (10.1) 6161

L 0.90 (0.32) 4.00 (0.56) 4.45 (1.35) 20 (8.9) 12,245
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dBZ. The mean Z for mixed rain is 34 dBZ. The noticeably dis-
persed distributions of log10Nw,Λ, andZ for stratiform rain suggest
the diversity within the stratiform rain in Seoul.

The meanDm value of convective (stratiform) rain is larger
(smaller) compared to that in Bringi et al. (2009). As for
log10Nw, the mean values for both stratiform and convective
rain in this study are larger compared to Bringi et al. (2009).
These differences are thought to have originated from having
different observation regions. The distributions ofDm for both
stratiform and convective rain are clearly skewed and have
positive skewness. For log10Nw, on the other hand, stratiform

rain has positive skewness, while convective rain has negative
skewness. These results are different from Chen et al. (2013).
Note that this study considers three rain types including mixed
rain, whereas only two rain types are considered in Chen et al.
(2013), which might be a contributing factor in these
differences.

3.3 Characteristics of RSDs According to Weather
Types

In this subsection, the RSD characteristics of the Changma
front and low-pressure system are examined. Composite
geopotential height, temperature, equivalent potential temper-
ature, and wind vector fields are analyzed to see the large-
scale thermodynamic and dynamic features associated with
type CF and type L (Fig. 8). For this, the European Centre
for Medium-Range Weather Forecasts (ECMWF) Reanalysis
5 (ERA5) hourly data with 0.25° × 0.25° spatial resolution
(Copernicus Climate Change Service, 2017) are used. For
type CF, at 850-hPa level, the geopotential height contours
extend in the southwest-northeast direction (Fig. 8c) and the
wind blows parallel to the contours (Fig. 8e). The equivalent
potential temperature field in Fig. 8e shows that warm and
humid air enters the Korean Peninsula from the southwest.
The large equivalent potential temperature gradient exists
across the central region of the Korean Peninsula. At 500-
hPa level, there is a warm air advection south of the Korean
Peninsula and a weak trough is present northwest of the
Korean Peninsula (Fig. 8a). For type L, at 850-hPa level, a
well-developed trough is located immediately to the west of
the Korean Peninsula (Fig. 8d). There are a cold advection
west of the Korean Peninsula and a warm advection east of

Fig. 6 Raindrop size distribution for each rain type

Fig. 7 Probability density
functions of (a) Dm, (b) log10Nw,
(c) Λ, and (d) Z for each rain type
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the Korean Peninsula (Fig. 8d, f). The trough at 500-hPa level
is located to the west of the trough at 850-hPa level, which is
an indication for the intensification of a surface low.

The raindrop size distributions for the Changma front and
low-pressure system are presented in Fig. 9. The numbers of
1-min data used for type CF and type L are 6161 and 12,245,
respectively. For raindrop diameters of 0.875 mm or greater,
the number concentrations are larger for type CF than for type
L. The RSD for type CF shows a milder slope compared to
that for type L. Using the samemethod used in subsection 3.1,
the intercept parameters and the slope parameters for the cor-
responding exponential distributions are computed. Type CF

has smaller N0 and Λ (3242 m−3 mm−1 and 2.68 mm−1) com-
pared to type L (5459 m−3 mm−1 and 3.43 mm−1).

The probability density functions for the mass-weighted
mean diameter, the logarithm of generalized intercept param-
eter, the slope parameter, and the radar reflectivity for each
weather type are presented in Fig. 10. The mean and standard
deviation values of each parameter for each weather type are
provided in Table 4. In Fig. 10a, both type CF and type L have
positive skewness in the distribution ofDm, but type CF peaks
at a largerDm at 0.83 mm compared to type L (0.68 mm). The
meanDm values for type CF and type L are 1.03 and 0.90mm,
respectively. The PDFs for log10Nw of type CF and type L

Fig. 8 Composite fields of
geopotential height (blue solid
lines) and temperature (red
dashed lines) at (a) 500-hPa level
and (c) 850-hPa level and (e) of
equivalent potential temperature
(shaded) and horizontal wind
vectors at 850-hPa level for the
Changma front. (b), (d), and (f)
are the same as (a), (c), and (e),
respectively, except for the low-
pressure system
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have peaks at 3.81 and at 4.04, respectively. The mean values
of log10Nw for type CF and type L are 3.85 and 4.00, respec-
tively (Fig. 10b). In Fig. 10c, both type CF and type L exhibit
two peaks in the PDFs for Λ similar to the bimodal shape of
the PDF forΛ of stratiform rain (Fig. 7c). Note that the second
peak corresponding to largerΛ values is higher for type L than
for type CF. For Z values greater than 30 dBZ, the PDF of type
CF is noticeably higher than that of type L. The mean values
of Z for type CF and type L are 21 and 20 dBZ, respectively.

Note that the differences in the PDFs between type CF and
type L are not as dramatic as those amongst different rain

types as seen in Fig. 7. This can be explained by the fact that
the two weather types consist of all three rain types albeit in
different proportions; type CF is comprised of 34% stratiform
rain and 33% convective rain, whereas type L is comprised of
65% stratiform rain and 9% convective rain. Accordingly, it is
noted that the PDFs of type CF shows raindrops with larger
mean diameters, milder RSD slopes, and higher radar
reflectivities, which are closer to the characteristics of
convective rain. This result is somewhat consistent with the
results of Suh et al. (2016) who examined the RSD character-
istics in Busan where the proportion of convective precipita-
tion for type CF was found to be greater than that for spring
and autumn precipitation which consist largely of type L.

It is also noteworthy that the two weather types have dif-
ferent RSD characteristics of mixed rain. Figure 11 shows the
PDFs of RSD parameters for each weather type as in Fig. 10,
but further classified according to rain types. The PDFs for
stratiform and convective rain of one weather type are similar
to those for the other. The PDFs for mixed rain, however,
show notable differences between the two weather types.
The PDF of each RSD parameter for mixed rain was found
to have two peaks (Fig. 7). One of these peaks is close to that
for stratiform rain and the other is close to that for convective
rain, for all parameters except log10Nw. The PDF of each RSD
parameter for mixed rain of each weather type also has two
peaks, but the peak close to that for convective rain is higher
for type CF than type L while the other peak close to that for
stratiform rain is higher for type L than type CF for all param-
eters except log10Nw (Fig. 11a–d). In other words, the PDFs
for mixed rain of type CF (type L) more closely resemble
those for convective (stratiform) rain than type L (type CF)
does. This suggests that not only the proportion of convective

Fig. 10 Probability density
functions of Dm, log10Nw, Λ, and
Z for each weather type (CF:
Changma front and L: low-
pressure system)

Fig. 9 Raindrop size distribution for each weather type (CF: Changma
front and L: low-pressure system)
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rain but also the mixed-rain characteristics of each weather
type contribute to the RSD characteristics of the weather type.
This also suggests that the double-peak structure of the PDFs
of RSD parameters for mixed rain in Fig. 7 is largely affected
by the two different RSD characteristics of mixed rain be-
tween type CF and type L.

The quasi-stationary front that causes heavy rainfall during
the East Asian summer monsoon is called the Changma front
in Korea, the Baiu front in Japan, and the Meiyu front in
China. The mean Dm value for the Changma front
(1.03 mm) is smaller than what are reported for the Meiyu
front (1.40 mm in Chen et al. 2013 and 1.27 mm in Wen
et al. 2017) and the Baiu front (1.15 mm in Chen et al.
2019). Themean value of log10Nw in this study (3.85) is larger
than the mean value of log10Nw for both the Meiyu front (3.55
in Chen et al. 2013 and 3.79 in Wen et al. 2017) and the Baiu
front (3.59 in Chen et al. 2019). These differences suggest that
the RSD characteristics vary from region to region even for
the same weather type (weather phenomenon).

Figure 12 shows a scatterplot of radar reflectivity–rain rate
pairs and the fitted power-law relationship for each weather
type. The radar reflectivity generally increases with rain rate
for both weather types. Compared to type L, type CF has a
relatively small Z when R is smaller than ~50 mm h−1, while
type CF has a relatively large Z when R is larger than
~50 mm h−1, which are indicated by the larger exponent of
the power-law relationship for type CF. This stronger depen-
dence of Z on R in type CF suggests that the number of large

Fig. 11 Probability density
functions of Dm, log10Nw, Λ, and
Z for each weather type (CF:
Changma front and L: low-
pressure system), but further
classified according to rain types

Fig. 12 Scatterplot of the Z–R pairs for each weather type. The fitted
power-law relationships Z = aRb for the two weather types (CF:
Changma front, L: low-pressure system) are indicated by red and blue
solid lines, respectively

Table 5 Mean values of lifting condensation level (LCL), convective
available potential energy (CAPE), and cloud top height (CTH) for each
weather type

Weather type LCL (m AGL) CAPE (J kg−1) CTH (m AGL)

CF 540 604 9704

L 1250 84 7606
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raindrops depends more highly on rain rate in type CF than in
type L. For a given value of Z, 6000 mm6 m−3 (~38 dBZ) for
example, the rain rate for type CF (11.3 mm h−1) is greater
than that for type L (9.7 mm h−1). The Z–R pairs may be better
represented if the power-law relationship is separated for dif-
ferent weather types.

To identify possible causes for the differences in RSD char-
acteristics between the two weather types, the mean values of
lifting condensation level (LCL) and convective available po-
tential energy (CAPE) for each weather type at the
disdrometer location are calculated using ERA5 hourly data
(Table 5). LCL and CAPE are averaged only over rainy pe-
riods with positive CAPE. Also, the mean cloud top height
(CTH) is calculated using the Communication, Ocean and
Meteorological Satellite (COMS) data with 15-min interval
and horizontal grid spacing of 4 km provided by the
National Meteorological Satellite Center, South Korea
(Table 5). Since COMS does not provide cloud base height
information, LCL is used to roughly estimate cloud base
height. The higher CTH (~2 km difference) and lower LCL
for type CF indicate that type CF has a greater cloud thickness
than type L. CAPE values are smaller than expected since they
are averaged over the rainy periods during which moist con-
vection can act to reduce thermodynamic instability, that is,
CAPE. CAPE for type CF is 604 J kg−1 which is larger than
that for type L (84 J kg−1), indicating that clouds of type CF
can be more convective.

The composite vertical profiles of hydrometeor mixing ra-
tios for each weather type at the disdrometer location are

computed by averaging ERA5 hourly data over the rainy pe-
riods (Fig. 13). Hydrometeors exist up to higher altitudes (z ~
16 km for type CF and z ~ 13 km for type L) than the mean
cloud top height obtained using COMS data largely because
the averaging of cloud top heights is done over both high and
low cloud top heights, which lowers the mean. The greater
vertical development of clouds in type CF is partially attrib-
uted to the greater thermodynamic instability compared to
type L. For type CF, cloud water accounts for a relatively
small portion of clouds, suggesting that cloud water is effi-
ciently converted into rain, cloud ice, and snow. The cloud
water-to-rainwater conversion processes are essentially drop
size increasing processes, and that these processes are more
active in type CF may have contributed to the larger mean
diameter of drops in type CF. A substantial portion of clouds
in type CF are composed of cloud ice and snow, which implies
active ice microphysical processes. Since large raindrops can
be produced by melting of snow particles, the larger amount
of snow in type CF may have also contributed to the greater
number concentration of large raindrops in type CF compared
to type L. These possible mechanisms need to be verified in
detail using a sophisticated numerical model.

4 Conclusions

Using disdrometer data, this study examines the RSD charac-
teristics in Seoul according to rain (stratiform, mixed, and
convective) and weather (CF and L) types. The three rain

Fig. 13 Composite vertical
profiles of cloud water, rainwater,
cloud ice, and snow mixing ratios
for type (a) CF and (b) L (CF:
Changma front, L: low-pressure
system)
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types show clear separations among their RSD characteristics.
On the other hand, relatively small differences are seen be-
tween the RSD characteristics of the two weather types. In
particular, type CF appears to exhibit the characteristics closer
to convective rain, which is in agreement with the assessment
that type CF consists of a higher proportion of convective rain
than type L does. Examining the reanalysis and satellite data
provides some evidence of type CF having more favorable
conditions for strong vertical development of clouds and ac-
tive ice microphysical processes than type L. These results
further highlight the importance of taking into account the rain
type composition in order to fully understand the RSD char-
acteristics of a given weather type (weather phenomenon).

This study classified the RSD characteristics in Seoul ac-
cording to rain and weather types over a relatively short ob-
servation period. A future study can additionally consider sea-
sonal RSD characteristics while also taking advantage of
longer-term observation data. In addition, a better understand-
ing of RSD characteristics can be achieved by further
expanding and refining the weather type classification by in-
cluding typhoons as an additional weather type for example,
so that it better reflects the diversity of weather phenomena
affecting the Korean Peninsula. As illustrated in this study,
even the same weather type (weather phenomenon) can yield
different RSD characteristics depending on the region; as
such, it would be worthwhile to also incorporate data collected
from multiple disdrometer locations. Lastly, it would be inter-
esting to see if implementing observation-based parameters in
a numerical model can lead to improvements in regional pre-
cipitation prediction.
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