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Abstract: To analyze the difference in the microphysical development characteristics of orographic
rainfall, several Parsivel disdrometers were installed along the windward and leeward slope of a
mountain. There were differences in the raindrop size distribution according to the difference in
height and distance from the center of the mountain. In low-altitude coastal areas and adjacent areas,
the number concentration of raindrops smaller than 1 mm was relatively lower than in mountainous
areas, and the rain rate increased with the growth in the size of the raindrops. On the other hand, a
higher rain rate was observed as the number concentration of raindrops smaller than 1 mm increased
in the hillside area. The increase in the number concentration of small raindrops was evident at the
LCL (lifting condensation level) altitude. The main factors affecting the increase in the rain rate on
the windward and leeward slopes were the concentration of raindrops and the growth of raindrops,
which showed regional differences. As a result of a PCA (principal component analysis), it was
found that raindrop development by vapor deposition and weak convection were the main rainfall
development characteristics on the windward and leeward slopes, respectively. The difference in
regional precipitation development characteristics in mountainous areas affects the parameters of
the rainfall estimation relational expression. This means that the rainfall relation calculated through
the disdrometer observation data observed in a specific mountainous area can cause spatial and
quantitative errors.

Keywords: raindrop size distribution; orographic rainfall; disdrometer; dual-polarization parameter

1. Introduction

Understanding the hydrometeor particle size characteristics of orographic rainfall is
a fundamental part of calculating rainfall estimation relations applied to remote sensing
observation data [1] and improving the microphysical schemes of numerical models [2–4].
In addition, the precipitation particle distribution is a physical parameter that represents
the result of the physical phenomena of the interaction between precipitation particles [5,6].
Therefore, understanding the hydrometeor particle size distribution characteristics related
to precipitation development in various environments is closely related to improving the
retrieval accuracy of microphysical parameters for precipitation [7]. The variability in the
drop size distribution, which is a result of the microphysical processes of rainfall, is an
indicator of environmental characteristics such as cloud-scale processes, vertical motion of
air, and the liquid water production of the cloud [8]. The strong upward flow in the cloud
contributes to the growth of hail and graupel by accretion by supplying the supercooled
water droplets to the mixed layer of the hydrometeors above the melting layer altitude.
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Sufficiently-grown particles fall into the lower layer and gradually grow further through
coalescence with slight precipitation in the vicinity [9]. Raindrops falling from a layer
below 0 ◦C may be removed by size sorting and evaporation [10]. The concentration of
raindrops observed on the ground may decrease significantly due to attachment to other
large particles [11,12]. As such, analysis of the precipitation particle size distribution is an
efficient and essential research component for remote sensing and cloud physics.

Many previous studies have been conducted on drop size distribution characteristics
worldwide. Rosenfeld and Ulbrich [13] explained the general contents of the distribution
of raindrops according to the microphysical characteristics of precipitation. They discussed
the characteristics of the development of warm raindrops in topographical rainfall. They
noted that large amounts of water vapor entering mountain slopes trigger the growth
of small raindrops so that precipitation systems passing over mountainous terrain are
characterized by large concentrations of small particles. Bringi et al. [14] classified stratiform
and convective precipitation types using ground disdrometer observation data collected
from all over the world, including the United States and Australia, and compared and
analyzed the rainfall characteristics of each region in terms of type of rainfall. According
to previous studies, areas with marine climatic characteristics have a small diameter of
precipitation particles and large water concentrations, and regions with continental climatic
characteristics are compared with maritime climatic characteristics [15–17]. The research
results revealed that differences in the climatic and geographic characteristics of regions
where the precipitation system was developed also affected precipitation development.

East Asian regions, including Korea [18,19], Taiwan [20–23], Japan [24,25], and China [26–28],
are affected by heavy precipitation during the summer rainy season every year. Many
studies on the mechanisms of precipitation development and the estimation of rainfall
revealing the number concentration of precipitation using in situ disdrometer data have
been conducted. The study of raindrop size distribution mainly focuses on precipitation
case analyses [29–31], geographic characteristics [32,33], climatic characteristics [34], sea-
sonal variation [35,36], rainfall type [37,38], and day/night daily variation [39,40]. Many
previous studies have focused on differences in precipitation system development due
to atmospheric conditions. Studies on local precipitation development and precipitation
distribution characteristics due to orographic effects are insufficient due to the difficulty of
installing observation instruments and a lack of long-term observation data. Some previous
studies [41–45] on orographic rainfall have been conducted, but they focus on case analyses.

Kim et al. [41] studied the microphysical characteristics of the convective precipitation
system passing over Mt. Halla on South Korea’s Jeju Island, south of the Korean peninsula
using ground Parsivel disdrometer and Doppler radar observation data. While the convec-
tive precipitation system passed over the coastal area, rainfall development occurred at
a lower altitude of about 1 km due to orographically-enhanced lifting. The LWC (liquid
water content) calculated by using a Parsivel disdrometer increased with the reflectivity
at 1 km caused by an upward wind. When the precipitation system crosses a mountain
slope at an altitude higher than the LCL (lifted condensation level), the supply of lower
layer water vapor continuously inflowing from the ocean helps the development of small
raindrops on the mountain slope. The rainfall distribution in the lower layer was also
affected by increasing the number of drops. Feng and Wang [42] found that microphysical
interactions such as the collision and coalescence processes of small hydrometeors inside
convective precipitation cells in an MCS (mesoscale convective system) are activated by
orographically-enhanced lifting while the MCS passes over mountainous terrain, and it was
found that the hydrometeors developed in the convective precipitation cell were supplied
to the stratiform precipitation following the convective precipitation cell, thereby affecting
the development of the stratiform rainfall.

As shown in the previous study results, regional differences in the distribution of pre-
cipitation particles occur due to the growth of local precipitation passing over mountains.
The local quantitative number concentration characteristics also affect the parameter values
of the quantitative precipitation estimation equation based on the observation data. There-
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fore, in this study, the results of the analysis of raindrop size distribution characteristics
for the orographic rainfall are described using disdrometer data collected during the long
summer rainy season in mountainous areas.

2. Observational Data and Methodology
2.1. Disdrometer Observation on the Mountain

To analyze the microphysical development characteristics of orographic rainfall in the
summers of 2012–2014 (Table 1), 10 Parsivel disdrometers were installed along the slopes of
Mt. Halla that collected observational data (Figure 1). For the analysis of regional rainfall
characteristics while orographic rainfall passed over the mountainous terrain, a number
of observation sites were set at different elevations of the upwind/downwind side of the
mountain slope (Table 2).

Table 1. Observation period of orographic rainfall during the summer rainy season.

Observation Year Observation Period

2012 27 June–13 July
2013 18 June–14 July
2014 19 June–14 July
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Figure 1. The observation site map. The red colored diamonds indicate Parsivel sites. The gray
contour shows the topography (contour interval: 200 m).

Table 2. Information on the location and altitude of the Parsivel observation sites on the slope of Mt.
Halla on Jeju Island.

Site Latitude (◦, N) Longitude (◦, E) Altitude (m) Location

S1 33.3000 126.2056 37 Windward
S2 33.1394 126.2717 140 Windward
S3 33.3450 126.3214 324 Windward
S4 33.3469 126.3883 551 Windward
S5 33.4250 126.4036 330 Windward
S6 33.3919 126.4939 975 Windward
S7 33.4253 126.5303 571 Leeward
S8 33.4303 126.5978 590 Leeward
S9 33.4594 126.7033 332 Leeward
S10 33.5172 126.8869 57 Leeward

2.2. Number Concentration and DSD Parameters

Through Parsivel disdrometer observation, it is possible to obtain the number concen-
tration information on the fall velocity of each diameter channel of raindrops. In this study,
the observation time resolution was set to 1 min due to the rapid development of orographic
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rainfall characteristics over a short time. The DSD (drop size distribution) parameters, such
as Dm (mass-weighted mean diameter), Nw (normalized intercept parameter), µ (shape
parameter), and Λ (slope parameter) that were used for the microphysical analysis of
rainfall were calculated based on the observed diameter, fall velocity, and number concent-
ration values.

After preprocessing [46,47] the observation data by removing information on non-
weather data such as insects and leaves to increase the reliability of the rainfall data, the
DSD parameters were calculated. The first and second diameter channels of the Parsivel
disdrometer were not considered in the calculation because of the low signal-to-noise
channels [48–50]. In addition, rainfall data on time with a rain rate greater than 0.1 mm h−1

were used. The maximum observed diameter of raindrops was set to 8 mm in an attempt to
prevent the collection of erroneous observational data such as raindrops that collided with
and hit an observation device while falling. When considering the terminal velocity [46,51],
which is the ideal fall velocity that raindrops can have while falling, error values that may
have been caused by non-weather data and wind were removed. In this study, the constant
(C) in Equation (2) was set to 0.6, as suggested by Freidrich et al. [47].

Videal = 9.65− 10.3 exp(−0.6D) (1)

|Vmeasured −Videal| < CVideal (2)

where D is the diameter of the raindrop, Vmeasured is the fall velocity for each diameter
channel, and Videal is the reference terminal velocity proposed by [46,51].

After data preprocessing, we calculated the DSD parameters involved in the gamma
distribution equation (Equation (3)) proposed by Ulbrich [52].

N(D) = N0Dµ exp(−ΛD)(0 ≤ D ≤ Dmax) (3)

The gamma distribution equation is the crucial function for the microphysical schemes in
the numerical model. It is an advanced equation of the exponential distribution (Equation (4))
proposed by Marshall [53].

N(D) = N0 exp(−ΛD)(0 ≤ D ≤ Dmax) (4)

In Equation (3), N(D) (mm−1 m−3) indicates the number concentration value per
unit volume for each particle channel set, N0 (mm−1−µ m−3) is an intercept parameter
representing the number concentration value when the raindrop diameter has a value of 0,
and Λ (mm−1) and µ (dimensional parameter) represent the slope and shape parameter
of the gamma distribution, respectively. The gamma distribution has the advantage of
being able to estimate rainfall using only three moments and reflects the characteristics
of an exponential distribution [54–56]. In addition, since simulation is possible through
dual-polarization parameters [52,57], it has the advantage of being able to analyze the
developmental structure of the precipitation system through the simulation results. For
these reasons, a number of microphysical studies using gamma distribution parameters
have been performed [52,58].

Mn =
∫ Dmax

Dmin

DnN(D)dD (5)

Equation (5) represents a function calculating the moment value for the nth order. Dn and
dD indicate the order of diameter and the interval for each diameter channel, respectively.



Remote Sens. 2022, 14, 2419 5 of 23

NT (Total number concentration, m−3) represents the number of raindrops per unit
volume. η was used to calculate µ and Λ (Equation (6)). In this study, the 2nd, 4th, and 6th
moments (M2, M4, and M6, respectively) were used [54].

η =
〈M4〉2

〈M2〉〈M6〉
=

(µ+ 3)(µ+ 4)
(µ+ 5)(µ+ 6)

(6)

The formulas for µ and Λ are shown in Equations (7) and (8), respectively.

µ =
(7− 11η)−

[
(7− 11η)2 − 4(η− 1)(30η− 12)

]1/2

2(η− 1)
(7)

Λ =

[
M2Γ(µ+ 5)
M4Γ(µ+ 3)

]1/2
=

[
M2(µ+ 4)(µ+ 3)

M4

]1/2
(8)

Dm (mm) is the mass-weighted mean diameter, which indicates the average mass of
raindrops contained in the unit volume.

Dm =
M4

M3
(9)

The normalized intercept parameter Nw (mm−1 m−3) and LWC (g m−3), which
represents the water content of the liquid contained in the unit volume, are defined in
Equations (10) and (11), where ρw is the density value of liquid water (1 g cm−3) and Nw
is the value of the scaling parameter in the distribution of the number concentration by the
diameter of raindrops normalized for LWC and Dm [59].

Nw =
44

πρw

LWC
D4

m
(10)

LWC =
π

6
ρwM3 (11)

2.3. Dual-Polarization Radar Parameters with T-Matrix

To calculate the rate of change of ZDR (differential reflectivity) according to the increase
in ZH (radar reflectivity) at each Parsivel disdrometer observation site, the dual-polarimetric
parameters were retrieved using the number concentration data at each site. It is possible
to calculate the dual-polarization parameters, such as ZH, ZDR, KDP (specific differential
phase), and ρHV (correlation coefficient), by applying the data of the raindrop distribution
with 1 min time resolution to the T-matrix scattering simulation derived by Waterman [60].
In this study, the T-matrix scattering simulation program written by Leinonen [61] was
used to estimate the dual-polarization parameters, such as ZH (mm6m−3), ZDR (dB), and
KDP (degree km−1). The oblateness relation (Equations (12)–(14)) of raindrops proposed by
Thurai et al. [62] was used. The set temperature variable was assumed to be 2 ◦C, and the
result was calculated. It was applied by taking a Gaussian distribution with an average
canting angle of 0◦ for raindrops and a canting angle width of 20◦.

b
a
= 1.0 for Deq < 0.7 mm (12)

b
a
= 1.173− 0.5165Deq + 0.4698D2

eq − 0.1317D3
eq − 8.5× 10−3D4

eq for 0.7 ≤ Deq ≤ 1.5 mm (13)

b
a
= 1.065− 6.25× 10−2Deq − 3.99× 10−3D2

eq + 7.66× 10−4D3
eq − 4.095× 10−5D4

eq for 1.5 mm < Deq (14)
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In Equations (12)–(14), a and b indicate the lengths of the horizontal and vertical axes
of the raindrops and Deq is the diameter of the raindrops.

3. Results
3.1. Raindrop Size Distribution

Since the number concentration (hereafter N(D)) varies depending on the rainfall in-
tensity, the rain rate is divided into six categories (R1: 0.1 mm h−1 ≤ R < 1.0 mm h−1;
R2: 1.0 mm h−1 ≤ R < 5.0 mm h−1; R3: 5.0 mm h−1 ≤ R < 10.0 mm h−1;
R4: 10.0 mm h−1 ≤ R < 20.0 mm h−1; R5: 20.0 mm h−1 ≤ R < 30.0 mm h−1; R6:
30.0 mm h−1 ≤ R) for the analysis of the microphysical characteristics of each rainfall intensity.

The average N(D) versus diameter at each site is displayed in Figure 2. At all obser-
vation sites, an increase in the N(D) due to an increase in rainfall intensity was noticeable.
According to the rainfall intensity, there were differences in the N(D) of raindrop diameters
between the observation sites. In the rain rate category with less than 10 mm h−1, the N(D)
of raindrops of 1 mm or more did not show a difference. However, a difference in the N(D)
for small drops of 1 mm or less was seen. On the other hand, in the rain rate of 10 mm h−1

or more, the difference in some sites for raindrops larger than 3 mm was relatively larger
than that of the rain rate below 10 mm h−1.

Remote Sens. 2022, 14, x FOR PEER REVIEW 7 of 23 
 

 

 

Figure 2. The average N(D) versus diameter of raindrops for rain rate categories at the 10 Parsivel 

sites during the entire analysis period. The inner subfigures show the average N(D) versus diameter 

from 0.2 mm to 1.0 mm. 

The N(D) distribution results in Figure 2 are affected by the LWC difference correlat-

ing with rainfall. For comparison considering only the characteristics of the drop size dis-

tribution, the normalized DSDs were compared and analyzed at the sites (Figure 3). At 

the S4, S7, and S9 sites, located on the hillside, the concentration of small drops in the rain 

rate less than 20 mm h−1 was high compared to the other sites. At sites S4 and S9, the N(D)s 

of small drops and large drops were relatively high (Figure 3e,f). In the coastal area (S1 

and S10), it can be seen that the normalized concentration increased rapidly in the section 

where the normalized diameter (D/Dm) is 1.5 or more (Figure 3a–e). S6, which had the 

highest altitude among the observation sites, had a lower concentration value compared 

to S3 site in rain rate more than 10 mm h−1. When S6 site had the same rain rate as other 

sites, the raindrop diameter section with the highest N(D) among other sites was not seen. 

This does not mean that the rain rate increases due to the development of raindrops of a 

specific diameter, but the rain rate increase through overall generation and growth in all 

drop diameters. 

Figure 2. The average N(D) versus diameter of raindrops for rain rate categories at the 10 Parsivel
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In the rain rate categories of less than 10 mm h−1, the N(D) values for small drops
less than 1 mm at sites S8 and S9 on the leeward slope were higher than those of other
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sites. In particular, the N(D) above 2000 mm−1 m−3 was shown to be in the R3 rain rate
category (Figure 2a–c). On the other hand, at sites S1 and S10, located in the coastal areas,
the number of small drops had a lower value than the other sites, and S10 on the leeward
side had the lowest N(D) in the entire rain rate categories. With a rain rate of more than
10 mm h−1, the N(D) of small drops was relatively small, but the N(D) of large drops larger
than 3 mm was similar and higher than the mountain slope sites (Figure 2d–f). The N(D)
for small drops was different according to the sites higher and lower than LCL (average
LCL was 312 m during the observation period in this study). In particular, the N(D) at sites
S3 and S9 higher than LCL altitude showed higher N(D) for raindrops smaller than 1 mm.

At the observation sites on the slope of the windward side (S3, S4, S6), as the rain rate
increased, the N(D) of middle-sized raindrops smaller than 3 mm increased. In particular,
the S3 site recorded higher N(D) values than other sites for a rain rate intensity higher than
20 mm h−1. In the mountain slope area, the N(D) of drops smaller than 1 mm was higher
than other sites regardless of the difference in rain rate. However, there was a difference in
the N(D) between the windward and leeward locations. On the windward side, when the
rain rate intensity was weaker than 10 mm h−1, the N(D) of small drops was lower than
1000 mm−1 m−3. However, as the rain rate intensity increased over 20 mm h−1, the N(D)
of small and large drops increased gradually. On the leeward side, the increase in N(D)
was similar to that of the windward side, but the N(D) value of small drops was higher.

The N(D) distribution results in Figure 2 are affected by the LWC difference correlating
with rainfall. For comparison considering only the characteristics of the drop size distribu-
tion, the normalized DSDs were compared and analyzed at the sites (Figure 3). At the S4,
S7, and S9 sites, located on the hillside, the concentration of small drops in the rain rate
less than 20 mm h−1 was high compared to the other sites. At sites S4 and S9, the N(D)s
of small drops and large drops were relatively high (Figure 3e,f). In the coastal area (S1
and S10), it can be seen that the normalized concentration increased rapidly in the section
where the normalized diameter (D/Dm) is 1.5 or more (Figure 3a–e). S6, which had the
highest altitude among the observation sites, had a lower concentration value compared
to S3 site in rain rate more than 10 mm h−1. When S6 site had the same rain rate as other
sites, the raindrop diameter section with the highest N(D) among other sites was not seen.
This does not mean that the rain rate increases due to the development of raindrops of a
specific diameter, but the rain rate increase through overall generation and growth in all
drop diameters.

Because the microphysical development process (e.g., collision, coalescence, breakup)
of raindrops is a result of the difference in falling speed between rainfall particles, we
tried to estimate the cause of rainfall particle development through the ratio of the fall
velocity and terminal velocity for each diameter of the rainfall particle. When the fall
velocity is smaller than the terminal velocity, the ratio of velocities has a value less than
1, which means that the fall velocity is lowered by the influence of upward wind flow in
the atmosphere. Figure 4 shows the ratio of the rainfall particle fall velocity to terminal
velocity for each particle diameter channel at each site. The red color in the picture means
that it has a lower fall velocity and implies that the floating time of airborne particles may
be longer. Overall, the tendency of the fall velocity according to the intensity of the rain
rate was similar, and there was a difference in the fall velocity for each raindrop diameter
at different observation sites.
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In areas S2, S7, and S9, the ratio of the velocity of raindrops of 1–2 mm was less than 1.
On the other hand, the velocity ratio for raindrops larger than 3 mm had a value greater
than 1. The fall velocity of 1–2 mm had low value compared to the other sites. These
results mean that a large number of small raindrops (Figure 2) have a long time aloft at the
low-elevation locations, while a large number of large raindrops (>3 mm diameter) have a
short time aloft (high fall speeds) at the low-elevation locations. Thus, the possibility of
collision may be higher at low-elevation sites than that at high-elevation sites. At S4, S6,
and S8 (high-elevation sites), the fall velocity of raindrops less than 3.5 mm diameter was
lower than that of their terminal velocity. This was caused by lower layer ascending flow,
which developed over the mountainous terrain, that opposed the fall of the drops.
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Figure 4. The ratio of fall velocity to terminal velocity of raindrops for rain rate categories at the
10 Parsivel sites.

Unlike the mountain slopes, where the ratio of fall velocity to terminal velocity of
raindrops larger than about 2 mm was larger than 1, the velocity ratio of 0.5–4 mm diameter
was less than 1 on coastal areas such as S1 and S10. In coastal areas, the ratio of fall
velocity did not exceed 1 for larger diameters of about 3 mm. In addition, coastal areas
had higher standard deviation values of the fall velocity than other sites (Figure 5). The
large standard deviation of the fall velocity of raindrops means that raindrops can become
larger by increasing their collision rate of raindrops in the atmosphere [63]. The standard
deviation value of the fall velocity was higher at the slope sites (S3 and S4 in Figure 5) than
at the coastal sites. At the S3 site, high standard deviation more than 0.5 m s−1 was shown
for diameters larger than 1 mm. In particular, the standard deviation was higher than
0.8 m s−1 for diameters of 2–3 mm. At the S3 site, when the rain rate intensity was less than
30 mm h−1, we observed a low standard deviation of fall velocities (i.e., <0.4 m s−1) for
3 mm drops, and as the rain rate intensity increased to more than 30 mm h−1, the standard
deviation increased to more than 1 m s−1. With an increase in the standard deviation, the
N(D) also increased. At the S9 site, on a leeward slope, the standard deviation of the fall
velocity for very small raindrops (i.e., <0.5 mm) was high where the rain rate intensity
was >20 mm h−1. Overall, the standard deviation values of the windward slope sites were
higher than those of the leeward side sites. Higher standard deviations (i.e., 0.5 m s−1) at
the windward slope sites (S3 and S4) than other sites were clearly shown as the rain rate
increased to 30 mm h−1.
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Figure 5. The standard deviation of the fall velocity of raindrops for rain rate categories at the
10 Parsivel sites.

To see how a difference in the development of the microphysical properties of rain-
drops depending on the mountainous area and altitude contributes to the change in precip-
itation, the NT (total number concentration) by raindrop diameters and the contribution
rate to the rain rate were calculated.

In category R1, where the rain rate is less than 1 mm h−1, smaller drops less than
1 mm accounted for more than 90% of NT (Figure 6a) at all observation sites. When the rain
rate was higher than 1 mm h−1, the proportion of raindrops larger than 1 mm gradually
increased to more than 10% of the total NT. When the rain rate was higher than 10 mm h−1,
the proportion of raindrops larger than 2 mm had a maximum value close to about 5%
(Figure 6d). Overall, the NT proportion of raindrops smaller than 2 mm had a high value
of about 90% or more. With a weak rain rate of less than 10 mm h−1, the proportion of
raindrops smaller than 1 mm at the leeward slope sites (S8 and S9) had a greater effect on
the rain rate compared to the windward slope sites (Figure 6b,c). Moreover, the proportion
of raindrops larger than 1 mm was lower than 20%. However, in the coastal area of the
leeward side, the proportion of small drops smaller than 1 mm was the lowest among all
sites, while the proportion of raindrops of 1 to 3 mm was the highest (Figure 6a–e). At the
observation sites on the windward slope-sides, except for S3, the proportion of small drops
decreased as the rain rate increased, and the proportion of large drops gradually increased.
At the S3 site, the proportion of small drops smaller than 1 mm increased as the rain rate
increased (Figure 6f).
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Figure 6. The contribution rate of the N(D) of each diameter category to NT.

When the rain rate was less than 5 mm h−1, raindrops larger than 1 mm at S3 had a
high contribution to the rain rate compared to other sites (Figure 7a,b). In contrast to the S3
site, the S8 and S9 sites had less than 30% of raindrops larger than 1 mm, so the raindrops
constituting the rain rate were mainly composed of very small drops of less than 1 mm
(Figure 7a). In the coastal areas, the raindrops mainly contributing to the rain rate increase
were 2–3 mm, but in the mountain slopes, the contribution rate of middle side raindrops of
1–3 mm was higher (Figure 7e,f). Depending on the mountainous area, there is a difference
in the diameter of raindrops that affects precipitation. Due to the difference in particle
diameter and N(D) distribution, differences in rainfall estimation relations with reflectivity
parameters may occur between sites.
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3.2. DSD Parameter Characteristics

The difference in N(D) distribution by raindrop diameter generates a difference in the
DSD parameters, such as Dm (mass-weighted mean diameter), Nw (normalized intercept
parameter), µ (shape parameter of DSD model), and Λ (slope parameter of DSD model),
and transforms the DSD model equation. Therefore, the accuracy of the rainfall distribution
simulation when using the DSD model is crucial because it affects the microphysical
development process of precipitation implemented in the numerical model, the rain rate,
and the LWC estimation through remote sensing data, including weather, radar, and
satellite observations.

Figure 8 shows the average Nw versus Dm distribution for the rain rate intensity
interval at each site. Overall, the windward sites had a larger Dm distribution and a smaller
Nw distribution than the leeward sites. Dm tended to increase at all sites as the rain rate
increased, whereas Nw changed inconsistently at different rain rates. In the coastal area (S1
and S10) and the mountain slopes (S2, S3, S4) on the windward side, Nw increased with
Dm. In the leeward side area (S8 and S9), Nw increased from 5 to 10 mm h−1; however, Nw
decreased despite an increase in the rain rate. On the mountain slopes, Dm was relatively
small (maximum value was less than 2 mm), and Nw was large compared to other sites
(minimum value was more than 3.8 mm−1 m−3). Mt. Halla had higher Nw values with
increasing altitude.

Remote Sens. 2022, 14, x FOR PEER REVIEW 12 of 23 
 

 

3.2. DSD Parameter Characteristics 

The difference in N(D) distribution by raindrop diameter generates a difference in 

the DSD parameters, such as Dm (mass-weighted mean diameter), Nw (normalized inter-

cept parameter), μ (shape parameter of DSD model), and Λ (slope parameter of DSD 

model), and transforms the DSD model equation. Therefore, the accuracy of the rainfall 

distribution simulation when using the DSD model is crucial because it affects the micro-

physical development process of precipitation implemented in the numerical model, the 

rain rate, and the LWC estimation through remote sensing data, including weather, radar, 

and satellite observations. 

Figure 8 shows the average Nw versus Dm distribution for the rain rate intensity in-

terval at each site. Overall, the windward sites had a larger Dm distribution and a smaller 

Nw distribution than the leeward sites. Dm tended to increase at all sites as the rain rate 

increased, whereas Nw changed inconsistently at different rain rates. In the coastal area 

(S1 and S10) and the mountain slopes (S2, S3, S4) on the windward side, Nw increased 

with Dm. In the leeward side area (S8 and S9), Nw increased from 5 to 10 mm h−1; however, 

Nw decreased despite an increase in the rain rate. On the mountain slopes, Dm was rela-

tively small (maximum value was less than 2 mm), and Nw was large compared to other 

sites (minimum value was more than 3.8 mm−1m−3). Mt. Halla had higher Nw values with 

increasing altitude. 

 

Figure 8. The average Nw versus Dm for the rain rate categories at the 10 Parsivel sites. The different 

colors indicate each Parsivel site and each symbol from left to right on the same color line represents 

rain rate categories. 

Figure 9 shows the area included in 20–30% of the normalized frequency distribution 

for the Dm versus Nw distribution. In the section where the rainfall intensity is less than 1 

mm h−1, the Dm value is about 0.2 to 0.5 mm smaller than the fitting line of stratiform 

precipitation proposed by Bringi et al. [14]. The distribution result overlapped with the 

fitting line at 1–10 mm h−1. In Figure 9a, only sites S7 and S8 had higher log10Nw values of 

more than 3.8 mm−1m−3, while the other sites mainly showed values of less than 3.9 

mm−1m−3. At 1–10 mm h−1, there was a clear difference in the location of the distribution 

centers between sites S5, S7, and S9 and the other sites. The fluctuation width, the range 

from minimum to maximum of the gaussian two-dimensional fitting circle, of log10Nw was 

also larger at sites S2–S4, which were on the slope of the windward side, compared to the 

S5, S7, and S9 sites (Figure 9b,c). Rainfall stronger than 10 mm h−1 that affected Jeju Island 

was mainly included in the classification of marine type convective precipitation systems 

mentioned by Bringi et al. [14]. However, S9 had a relatively large (small) Dm (log10Nw) 

value at more than 30 mm h−1 and is included in the continental convective precipitation 

system classification area (Figure 9f). 

Figure 8. The average Nw versus Dm for the rain rate categories at the 10 Parsivel sites. The different
colors indicate each Parsivel site and each symbol from left to right on the same color line represents
rain rate categories.

Figure 9 shows the area included in 20–30% of the normalized frequency distribution
for the Dm versus Nw distribution. In the section where the rainfall intensity is less
than 1 mm h−1, the Dm value is about 0.2 to 0.5 mm smaller than the fitting line of
stratiform precipitation proposed by Bringi et al. [14]. The distribution result overlapped
with the fitting line at 1–10 mm h−1. In Figure 9a, only sites S7 and S8 had higher log10Nw
values of more than 3.8 mm−1 m−3, while the other sites mainly showed values of less
than 3.9 mm−1 m−3. At 1–10 mm h−1, there was a clear difference in the location of the
distribution centers between sites S5, S7, and S9 and the other sites. The fluctuation width,
the range from minimum to maximum of the gaussian two-dimensional fitting circle, of
log10Nw was also larger at sites S2–S4, which were on the slope of the windward side,
compared to the S5, S7, and S9 sites (Figure 9b,c). Rainfall stronger than 10 mm h−1 that
affected Jeju Island was mainly included in the classification of marine type convective
precipitation systems mentioned by Bringi et al. [14]. However, S9 had a relatively large
(small) Dm (log10Nw) value at more than 30 mm h−1 and is included in the continental
convective precipitation system classification area (Figure 9f).
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Figure 9. The Gaussian two-dimensional fitting circle with (a,b) 30% or (c–f) 20% of the normalized
frequency of Nw versus Dm distribution for rain rate categories. The yellow dashed lines indicate
the stratiform precipitation fitting line by Bringi et al. [14].

Figures 10 and 11 show the cumulative distribution for rain rate categories of Λ and
µ, which are gamma DSD model parameters. Overall, as the rain rate increased, the Λ
value decreased. Sites S8 S9, where the proportion of small raindrops with weak rainfall
intensity (10 mm h−1) was high, showed a relatively gentle increase to about 80 mm−1,
unlike other sites where the CDF change was abrupt when Λ was less than 20 mm−1.
These relative differences in distribution showed similar characteristics up to the rain rate
range of less than 20 mm h−1 (Figure 10a–d). S6, which was highest among observation
sites, had a higher Λ value than other sites except for S5 in the rain rate range higher than
20 mm h−1. This means that the shape of the N(D) distribution at S6 is characteristic of the
N(D) decreasing as the raindrop diameter increases. The qualitative distribution trends for
each site of Λ and µ appear similar. It should be noted that when the rainfall intensity at
the mountain slope of the windward (S2–S4) and leeward (S7–S9) sides was greater than
10 mm h−1, the frequency of the negative µ was about 10% with a high value of up to 50%
(Figure 11f). These results show many negative µ values due to the very high proportion of
the small drops on the slope of the mountain.
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3.3. Representative Raindrop Size Distribution

Figure 12 shows the normalized frequency density of the joint distribution of PC1
(first principal component) and PC2 (second principal component), considering the DSD
parameters at each Parsivel observation site. The six DSD parameters considered in the
PCA (principal component analysis) were NT, Nw, rain rate, reflectivity, Dm, and LWC.
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To normalize the differences in scale and value of each parameter, all parameters were
converted to log scale and then normalized through their respective means and standard
deviations. A PCA with six parameters creates a set of vectors called EOFs (empirical
orthogonal functions). The generated vectors enable a dimensional reduction that can best
represent the characteristics of all parameters. Among the set of vectors, the vector with
the largest variance for all variables is called EOF1, and the vector with the second-largest
variance is called EOF2. Each variable value is rearranged to EOF1 (EOF2), which indicates
the direction in which the variance of the data distribution found through PCA is the
largest, and is called PC1 (PC2).

At all sites, dimensional reduction through PC1 and PC2 represented more than 98%
of the characteristics for the existing parameter values (Table 3; Figures 12 and 13). We
extracted PC1 and PC2 values corresponding to the grid with the largest value of the
normalized frequency density of the joint distribution. N(D) and log10Nw versus Dm
corresponding to the PC1 and PC2 values are shown in Figure 14.

Table 3. Percent variance explained by the first two EOFs at each site.

Site EOF1 EOF2 Total

S1 63.7 35.0 98.7
S2 64.2 34.7 98.9
S3 65.1 33.4 98.5
S4 64.2 34.1 98.3
S5 62.2 36.7 98.9
S6 63.4 35.5 98.9
S7 59.6 38.7 98.3
S8 58.1 40.8 98.9
S9 55.6 43.0 98.6

S10 67.7 31.0 98.7

At the S9 site, the N(D) was higher than 3000 mm−1 m−3 for a diameter less than
1 mm, and there was difference of more than 2500 mm−1 m−3 from other sites. Among
the observation sites, S6 and S7, close to the center of the mountain, had a N(D) higher
than 300 mm−1 m−3 of very small rainfall particles (≤0.7 mm), which were much higher
than those of other sites. In S4, located on the mountain slope of the windward side, and
the coastal area (S1, S10), the concentration value for medium-sized drops of 1–2 mm
was higher than that of the other sites. In particular, the S4 site had a higher value than
30 mm−1 m−3 (Figure 13a). The difference in the number of small and medium drops at
each observation site changed the log10Nw versus Dm distribution position.

The colored boxes in Figure 13b are the classification result of the microphysical devel-
opment process proposed by Dolan et al. [9] using the disdrometer and dual-polarization
radar data in various regions worldwide. S9 was mainly included in the weak convection
process area with log10Nw higher than 4.5 mm−1 m−3 and lower than Dm, and all other
sites had a log10Nw lower than 4.0 mm−1 m−3. At S6 and S7, all distribution values were
located in the vapor deposition box. Although the distribution at S2 and S4 overlapped
somewhat in the vapor deposition regime, they showed a distribution characteristic closer
to the aggregation box due to having a larger Dm distribution than the other sites.
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Figure 13. (a) The average N(D) versus diameter and (b) log10Nw versus Dm distribution for the
maximum normalized frequency in Figures 12 and 13. The dot colored boxes are shown in the different
microphysical development process areas with log10Nw versus Dm suggested by Dolan et al. [9]. The
colored stars mean the average value of log10Nw and Dm at each site.

3.4. Relation of DSD Parameters with Rain Rate

Figure 14 shows the rain rate, NT and reflectivity regression lines, and regression
equation coefficients at the observation sites. At S8 and S9, the number of raindrops
was very high when α had a value of 2.55 or more at the same rain rate. As the rain
rate increased, the concentration of raindrops in the S5, S8, and S9 sites increased more
compared to the other sites. When the rain rate is 60 mm h−1, NT at sites S5, S8, and S9
were higher than 5000 m−3, but other sites had NT less than 3000 m−3. As shown in the
blue (S8) and green (S9) solid lines in Figure 14b, the increase in reflectivity is not significant
even at the same rain rate. Even the α value of the Z–R relationship had a lower value than
150. In the R–NT relationship at the S7 site, the α value (sky blue) is about 2.49, which is a
higher value than sites on the windward slope and lower than S8 and S9.
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The increase in the rain rate at the site of the windward mountain slope mainly occurs
with the increase in the raindrop size rather than the increase in NT (having an α value of
less than 2.43 in Figure 14a). Conversely, a high proportion of raindrop size increase to
the increase in rain rate may cause an increase in α in the Z–R relationship (having α high
value over 200 in Figure 14b).

Figure 15 is the result of comparing the rate of change over time of the ZH and
ZDR values retrieved through the disdrometer data. The characteristics of the increase in
raindrop size due to the increase in rain rate on the windward slope area mentioned above
can be seen in the degree of ZDR increase with the ZH increase. Compared to the increase in
the ZH value, the increase in the ZDR value is large, and this means that the microphysical
rainfall development characteristics on the windward side are more likely to be influenced
by processes such as vapor deposition and aggregation related to particle growth when
compared to the leeward side.
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In particular, considering that the difference between the ∆ZDR and ∆ZH ratio values
at S1 and S6 is large, about 3000 dB/dBZ, the rainfall estimation relationship generated
using rainfall data collected in a specific region is not suitable for mountainous areas with
complex regional differences in precipitation development characteristics. Therefore, an
analysis using data collected from various mountain regions is necessary to improve the
quantitative precipitation estimation of orographic rainfall.

4. Discussion

To analyze the microphysical characteristics of orographic rainfall, 10 Parsivel disdrom-
eters installed along the long axis of Mt. Halla were installed and observed during the sum-
mer in 2012–2014. The raindrop size distribution obtained through observation was used to
analyze the mountain region’s precipitation characteristics. To filter the non-meteorological
echo, only the data that passed the filtering process through the relationship [46,47] of the
fall velocity versus diameter were used for analysis.

During the observation period, there was a difference in raindrop size distribution
characteristics depending on the altitude of the site and its position from the center of the
mountain (windward and leeward) in the Jeju area. In the coastal region, which is the closest
to the sea, the altitude is relatively low and the number of small raindrops less than 1 mm
compared to the mountain area is low (about 1000 mm−1 m−3), regardless of the rain rate
intensity. Both the windward and leeward coastal areas show similar characteristics. The
low N(D) and the high proportion of rain rate of raindrops larger than 3 mm in the coastal
area were similar to the result of Kim et al. [41]. They investigated that the reflectivity
and LWC (liquid water contents) could be higher than those on mountain slopes due to
the high proportion of large raindrops. In addition, it has a high reflectivity value due
to the influence of an upward wind developed over 1 km altitude. The development of
precipitation in coastal areas was similar to the results of Lee et al. [64]. They revealed that
local updraft by forcible topographical upflow occurs in coastal areas and precipitation
develops due to a moist upward wind by using numerical model simulation results.

The coastal area of the leeward side has a higher number of distribution characteristics
for drops larger than 3 mm compared to the coastal area of the windward side. On the other
hand, compared to the coastal area, the slope of the mountain area had a higher concentra-
tion of smaller drops than 1 mm. In particular, S3 and S9 sites located at an altitude of 320 to
340 m ASL, which is higher than LCL altitude, had much higher N(D) values compared to
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other sites. Rosenfeld and Ulbrich [13] noted that the high N(D) characteristic with small
raindrops developed in the mountainous regions is the characteristic of orographic rainfall
development by the supply of inflow water vapor from the lower layer. The characteris-
tics of small raindrops generated and developed in the mountainous region above LCL
(lifting condensation level) altitude were analyzed by Kim et al. [41] using disdrometer
data analysis. In addition, Feng and Wang [42] showed that orographically–enhanced
ascending flow activates the microphysical interactions of small-drop hydrometeors when
a precipitation system passes over a mountain. From the results of this study, it was found
that the fall velocity of a middle raindrop on the mountain slope was low, and the fall
velocity of raindrops larger than 3 mm had a larger value compared to other regions. It
can be seen that the updraft strengthened by the topography increases the floating time
of small rainfall particles, and the interaction with the falling large raindrops can induce
increased activation. In particular, through the wide spectrum characteristics of the fall ve-
locity of raindrops on the windward side, the interaction potential with warm precipitation
development such as collision and coalescence for raindrops could be seen.

The mountain slope area of the leeward side had a very high density of raindrops
compared to other sites, even at a weak rain rate of less than 10 mm h−1; as the rain
rate increased to 30 mm h−1 or more, the N(D) value for diameters larger than 3 mm
increased significantly. The rapid increase in raindrop diameter with an increasing rain
rate results from the growth and development of raindrops and rainfall on the leeward
side. The increase in Dm and decrease in Nw with the increase in rain rate at the S9 site
can be seen as the developmental characteristics of the continental convective system
mentioned by Bringi et al. [14]. It has the same characteristics as inland precipitation
development due to convergence on the slope of the leeward side [43–45]. On both the
windward and leeward sides, Dm increased with increasing rain rate. On the windward
side, Nw increased with increasing rain rate; however, the Nw was maintained or decreased
gradually on the leeward side. Feng and Wang [42] studied that a strong terrain-induced
upward motion could increase the supply of more vapor from the lower layer and develop
condensation into droplets and small raindrops. The increase in diameter and concentration
of these raindrops was considered as a result to be similar to the effect of the seeder–feeder
mechanism in mountainous areas. Because Mt. Halla is close to the sea, has a low LCL, and
has geographical requirements to receive a continuous water vapor supply at a low level
from the sea, precipitation development by a similar mechanism may occur at the low level
of the mountain slopes.

Due to the high Dm and Nw values, the developmental characteristics of a weak convec-
tion process that were proposed by Dolan et al. [9] are similar to what we have found. The
major microphysical development characteristics of raindrops on the slope of the Jeju Island
were different for the windward and leeward sides. These regional differences can be seen as
differences in the regional microphysical development characteristics of orographic rainfall.

According to our PCA results, the main factors accounting for these differences were
the development of raindrops by vapor deposition on the windward side and by weak
convection on the leeward side. The main factors involved in precipitation development
in low-elevation and mountain slope locations were raindrop size increases and raindrop
number concentration increases, respectively. The PCA analysis results showed the charac-
teristics of the development of small raindrops due to the supply of water vapor on the
windward slope of the mountainous region and the development of precipitation due to
the regional updraft on the leeward slope. Therefore, it is thought that the microphysical
characteristics of precipitation can be identified through PCA analysis by using in situ data.

5. Conclusions

The main factors involved in precipitation development in the low-altitude and moun-
tain slope areas are the size development and density increase in raindrops, respectively.
This difference in characteristics also affects the relationship between rain rate and reflec-
tivity. As a result, on the windward slope, where an increase in the N(D) of raindrops
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was a significant factor in the increase in rain rate, the reflectivity increase rate according
to the increase in rain rate was lower than in the leeward slope. If the rainfall estimation
relationship calculated using the drop size distribution data observed on the windward
slope is used for rainfall estimation for orographic rainfall, it can cause underestimated
results in coastal areas and leeward slopes.

This means that the rainfall estimation relation calculated through ground disdrometer
observation data observed in a specific area can cause spatial and quantitative errors in
mountainous areas. A summary of the results of this study is as follows.

(1) On the windward slope, the concentration of small raindrops increases due to the
influence of the forcible topographical rise of water vapor flowing from the sea at a
low level, which can affect the increase in the rain rate. The high N(D) characteristics
of small raindrops appeared at higher altitudes than LCL in mountainous terrain.

(2) On the leeward slope, the concentration of large raindrops over 3 mm was lower, and
the Nw was relatively high compared to the windward slope. These characteristics can
be seen as a result of the weak convection of the low level. On the leeward slope, as the
rain rate increased, the N(D) of raindrops decreased, and the diameter increased.

(3) In the coastal area, large raindrops could develop at a low level due to the influence
of the updraft developed over the coastline, and a low N(D) of small raindrops and
relatively high concentration of large raindrops were shown on the ground.

This study revealed the influence of microphysical characteristics on the difference in
regional DSD characteristics and rainfall estimation relationships in mountainous areas
based on ground disdrometer observation data. In addition, the results of this study can
be used for research on floods and landslides in mountainous areas caused by orographic
development occurring in a short time and for improving disaster prevention capabilities.
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