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Abstract: Raindrop size distribution (DSD) over the complex terrain of Guangdong Province, south-
ern China, was studied using six disdrometers operated by the Guangdong Meteorology Service
during the period 1 March 2018 to 30 August 2022 (~5 years). To analyze the long-term DSD charac-
teristics over complex topography in southern China, three stations on the windward side, Haifeng,
Enping and Qingyuan, and three stations on the leeward side, Meixian, Luoding and Xuwen, were
utilized. The median mass-weighted diameter (Dm) value was higher on the windward than on
the leeward side, and the windward-side stations also showed greater Dm variability. With regard
to the median generalized intercept (log10Nw) value, the log10Nw values decreased from coastal to
mountainous areas. Although there were some differences in Dm, log10Nw and liquid water content
(LWC) frequency between the six stations, there were still some similarities, with the Dm, log10Nw

and LWC frequency all showing a single-peak curve. In addition, the diurnal variation of the mean
log10Nw had a negative relationship with Dm diurnal variation although the inverse relationship
was not particularly evident at the Haifeng site. The diurnal mean rainfall rate also peaked in the
afternoon and exceeded the maximum at night which indicated that strong land heating in the
daytime significantly influenced the local DSD variation. What is more, the number concentration of
drops, N(D), showed an exponential shape which decreased monotonically for all rainfall rate types
at the six observation sites, and an increase in diameter caused by increases in the rainfall rate was
also noticeable. As the rainfall rate increased, the N(D) for sites on the windward side (i.e., Haifeng,
Enping and Qingyuan) were higher than for the sites on the leeward side (i.e., Meixian, Luoding
and Xuwen), and the difference between them also became distinct. The abovementioned DSD
characteristic differences also showed appreciable variability in convective precipitation between
stations on the leeward side (i.e., Meixian, Luoding and Xuwen) and those on the windward side
(Haifeng and Enping, but not Qingyuan). This study enhances the precision of numerical weather
forecast models in predicting precipitation and verifies the accuracy of measuring precipitation
through remote sensing instruments, including weather radars located on the ground.

Keywords: regional variability; raindrop size distribution; complex terrain

1. Introduction

Cloud and precipitation microphysical processes are core components of atmospheric
water cycles [1,2] and key factors related to the heat, water vapor and momentum balance
of the Earth’s atmosphere [3,4]. They affect not only local and short-term weather processes,
but also atmospheric circulation and global climate change [5]. The condensation, evapora-
tion and sublimation of cloud and precipitation particles govern the evolution of raindrop
size distribution (DSD) which is the fundamental characterization of rain microphysics.

Knowledge of DSD and its temporal and spatial variability is critical to understanding
the characteristics of precipitation system microphysics over complex terrain, developing

Remote Sens. 2023, 15, 2678. https://doi.org/10.3390/rs15102678 https://www.mdpi.com/journal/remotesensing

https://doi.org/10.3390/rs15102678
https://doi.org/10.3390/rs15102678
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com
https://doi.org/10.3390/rs15102678
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/article/10.3390/rs15102678?type=check_update&version=3


Remote Sens. 2023, 15, 2678 2 of 22

better quantitative precipitation estimation (QPE) algorithms for rainfall and improving pa-
rameterization in numerical weather prediction models [6,7], because DSD variations affect
the mass flux or rainfall rate around the surface [8]. Furthermore, numerical weather predic-
tion models can in turn improve simulations of precipitation through better characterization
of microphysical development using model parameterization schemes. Numerous studies
have been carried out concerning DSD variations associated with different seasons [9,10],
weather systems (e.g., frontal precipitation [11,12], mesoscale convective systems [13–15],
tropical cyclones [16,17]), geographical locations [18,19] and types of precipitation [20,21].

Because DSD varies by location and climate regime, it is important to investigate the
DSD in a specific area to improve understanding of the local evolution and variability
of DSD. What is more, the land topography and ocean can also affect the local DSD
which causes the DSD near the land–sea boundary to have more variability compared
to the inland and oceanic regions separately [22]. The intricate topography in southern
China can generate intense rain because of the interplay of the monsoon flow and local
circulations caused by the terrain. The locations of heavy rainfall may differ occasionally
when a comparable southwesterly or nearly stationary subtropical front is present. Heavy
rainfall can transpire over mountainous areas, slopes, and coastal regions. Studies show
that the mean rainfall intensity differs on the leeward side and windward side [23,24].
In addition, winds originating from the oceanic area carry extra moisture, resulting in
increased specific humidity over southern China and creating favorable conditions for
vigorous convection [25].

Many researchers have conducted DSD measurements in China. Using nine months
of DSD observations from ten disdrometers, Han et al. [26] showed that Beijing, located
in north China, had lower Dm and Nw values compared to south China, which they
attributed to the influence of terrain. Liu et al. [27] studied the temporal and spatial
variabilities utilizing 34 disdrometers over a two-year period in southwest China, and
found significantly different DSD characteristics and parameter relationships between
southwest China and other regions such as north, eastern and southern China. Based on use
of a disdrometer over four months, Wu et al. [28] observed that the number concentration
for larger raindrops in southern China exceeded that of the Tibetan Plateau. The lower
convective frequency in the Tibetan Plateau can be attributed to the lower humidity and
higher altitude, as well as to the differences in geographic location and climate of these
two locations. In addition to studies using DSD observation data from different sites in
China, Zeng et al. [29] examined the DSD of monsoon seasons over the South China Sea
(SCS) using disdrometer data collected during marine surveys from 2012 to 2016 and
found significant variations in raindrop concentration between pre-monsoon, monsoon
and post-monsoon periods over the SCS.

It can be seen that existing DSD investigations have been based primarily on obser-
vation measurements of a short duration at relatively uniform terrain. In this study, the
observed DSD data, extending over several years and covering several locations, such as
inland and coastal areas on the windward and leeward sides, is still fairly limited. Al-
though the characteristics of the microphysical processes at different locations are difficult
to represent because of their large temporal and spatial variability, nearly five years’ worth
of disdrometer observations can help to improve our understanding of the properties of
cloud droplets and precipitation types such as convective and stratiform rain regimes. This
paper utilizes approximately five years of disdrometer data gathered between 1 March
2018 and 30 August 2022 in order to characterize DSD variabilities in complex terrain, and
is organized as follows: details of the study area, datasets and methodology are presented
in Section 2; the characteristics of DSD at the six different sites are reported in Section 3;
and a summary and conclusions are provided in Section 4.
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2. Study Area, Data and Methodology
2.1. Study Area

Guangdong Province is located in southern China and is influenced by the East Asian
summer monsoon. The terrain is complex, with the meandering Nanling mountains in the
north and the vast South China Sea to the south. The terrain in the province is generally
high in the north and low in the south (see Figure 1) which provides an ideal test bed for
understanding how DSD characteristics are influenced by complex topography. Affected
by land–sea contrast [30], low-level jets [31], orographic lifting [32] and monsoon flow [33],
the variability of precipitation in this region is very complex and triggers various cloud
microphysical processes such as collision–coalescence, aggregation, condensation and so on.
In addition, Guangdong is one of the provinces of China with maximum region-averaged
rainfall accumulation because of the more frequent occurrence of precipitation systems [34].
However, the temporal and spatial distribution of precipitation is uneven. Accordingly,
located on the windward slope of Guangdong Province, Haifeng, Enping and Qingyuan
experience 1600~2200 mm of rainfall during the monsoon season whereas, located on the
leeward side, Meixian Luoding and Xuwen experience only 1000~1500 mm.
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Figure 1. Guangdong province and its digital elevation model (DEM). The red symbols are the
disdrometer locations used in this study. The locations of Nanling, Lianhua, Tianlu, Yunwu and
Wuzhi Mountains are also displayed.

2.2. Data and Methodology

The datasets used in this study are collected from part of a network of HY-P1000
disdrometers (hereinafter collectively referred to as the disdrometers) distributed in Guang-
dong Province and monitored by the Guangdong Meteorological Service. All disdrometers
in the province are of the same type: the HY-P1000 disdrometer, manufactured by Huayun
Technology Development Corporation, China. This network of disdrometers was initiated
in 2018 and gradually the network grew to include up to 86 disdrometers distributed
across Guangdong Province. In this study, six stations were selected, namely the Meixian,
Haifeng, Luoding, Enping, Xuwen and Qingyuan sites, which are at the foot of the north
side of the Lianhua Mountain, the south side at the Lianhua Mountain, the north side of the



Remote Sens. 2023, 15, 2678 4 of 22

Yunwu Mountain, the south side of Tianlu Mountain, the north side of Wuzhi Mountain
and the south side of the Nanling Mountains, respectively. Their characteristics are listed in
Table 1. Haifeng, Enping and Qingyuan are the heavy rainfall areas of Guangdong whereas
Meixian, Luoding and Xuwen are among the areas with the least rainfall. The highest
disdrometer used in this study is located at Meixian, at 89.3 m, and the lowest is at just
5.7 m, located at the Haifeng site.

Disdrometers [28,35,36], which operate on a similar physical principle to OTT Parsivel
disdrometers [37], can measure the velocity of precipitation ranging from 0.05 to 20.8 m s−1

and particle size ranging from 0.062 to 24.5 mm, which can both be separated into 32 classes.
The lowest two channel sizes were not used because of their low signal-to-noise ratio [38].
The sample area was about 54 cm2, and the sampling interval for the particle size is finer for
smaller- and medium-sized particles and broadened for larger precipitation raindrops [39].
To identify and remove suspicious instrumental errors (due to splashing, strong winds,
multiple raindrops at a time, marginal raindrops, insects, spiders, etc.), a filter method
was used which excluded from the raw disdrometer data rainfall rates that are too low
(<0.1 mm/h) or raindrops that are too large (8 mm), to reduce the sampling error. This
study only focused on rainfall samples, and the mix-phased particles are excluded from the
raw datasets [14]. Meanwhile, a velocity-based filter was also used to exclude the particles
that are unlikely to be raindrops [40]. One minute of DSD data with a total of at least
10 raindrops during a minimum of 10 min of consecutive rainfall is used for calculation in
this study. A total of about five years (2018–2022) of disdrometer data from the Meixian,
Haifeng, Luoding, Enping, Xuwen and Qingyuan stations in Guangdong Province were
utilized to understand the temporally continuous, natural DSD variations. During the
quality control procedure, it was found that some disdrometers had data gaps, which could
have been caused by device problems or power failures. However, after the quality control,
a total of 63,777, 54,296, 58,170, 78,710, 34,079 and 75,370 one-minute periods of raindrop
spectra were observed using the disdrometers over Meixian, Haifeng, Luoding, Enping,
Xuwen and Qingyuan, respectively, during the five-year period, 2018–2022.

Following the quality control, the concentration of raindrops with diameters in the
range of a unit size interval N(Di) was calculated as follows:

N(Di) = ∑32
i=1

nij

Ai · ∆t · Vj · ∆Di
, (1)

where nij is the number of raindrops in each bin; Ai is the sampling area (54 × 10−4 m2);
∆t is the sampling time (60 s); Vj is the fall speed in the jth size bin (m s−1); and ∆Di is the
width of the ith size bin (cm).

After the calculation of N(Di), the rainfall rate (R) and liquid water content (LWC)
could be calculated as follows:

R
(

mm h−1
)
=

6π

104 ∑32
i=1 ∑32

j=1 Vj · N(Di) · D3
i · ∆Di, (2)

LWC
(

g m−3
)
=

πρw

6000

32

∑
i=1

N(Di) · D3
i · ∆Di (3)

The nth-order moment of the DSD is defined as

Mn =
∫ ∞

0
N(D) · Dn · dD, (4)

The mass-weighted mean diameter Dm (mm) is

Dm =
M4

M3
, (5)
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The normalized intercept parameter Nw (m−3 mm−1) is expressed as

Nw

(
m−3mm−1

)
=

44

πρw
· 103LWC

D4
m

, (6)

where ρw is the density of water and LWC represents the liquid water content.

Table 1. Location, height and number of 1 min DSD from the six disdrometer sites.

Site Location Altitude (m) 1 min DSD Spectra Location

Meixian 24.3◦N, 116.1◦E 89.3 63,777 Leeward
Haifeng 23.0◦N, 115.3◦E 5.7 54,296 Windward
Luoding 22.7◦N, 111.6◦E 57.8 58,170 Leeward
Enping 22.3◦N, 112.2◦E 25.4 78,710 Windward
Xuwen 20.3◦N, 110.2◦E 69.0 34,079 Leeward

Qingyuan 23.7◦N, 113.1◦E 19.4 75,370 Windward

To evaluate the accuracy of the disdrometer observations, the hourly accumulated
precipitation collected by the disdrometers was compared with data from the ground rain
gauges at automatic weather stations (Figure 2). Correlation coefficient (CC), standard
deviation (SD) and relative bias (RB) were used to evaluate the performance of the dis-
drometer observations and the formulas are presented in Equations (7)–(9). Although there
are some differences between the two measurements, in general the disdrometers are in
good agreement with the rain gauges, with a high CC of 0.96 and low SD of 1.77 mm for a
total of 2328 h of data. Therefore, the disdrometer measurement can be used as a reference
for 1 min rainfall and DSD calculation in this study.

CC =
∑n

i=1 (xi − x)(yi − y)√
∑n

i=1 (xi − x)2 × ∑n
i=1(yi − y)2

, (7)

SD =

√
1

n − 1

n

∑
i=1

((xi − yi)− (x − y))2 (8)

RB =
1
n

n

∑
i=1

xi − yi
y

(9)Remote Sens. 2023, 15, 2678 6 of 22 
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2.3. Separation of Rainfall

The one-minute DSD data from the six stations were classified into stratiform and
convective precipitation by adopting the classification method proposed by Bringi et al. [41].
A brief description of the classification algorithm is as follows: for a sample of R(ti) at the
instant ti, if the R values from ti − N to ti + N lie in the range of 0.5–5 mm h−1 and their
standard deviation is less than 1.5 mm h−1 (N is set to be 5 samples), it is classified as
stratiform precipitation; otherwise, if the values of R from ti − N to ti + N are greater than
5 mm h−1 and the standard deviation is greater than 1.5 mm h−1, the sample is classified
as convective. Table 2 lists the samples, mean Dm, mean log10Nw, mean R and LWC of
connective and stratiform following classification. To explain the DSD variations, this study
classifies raindrop diameter as small (less than 1 mm), medium (between 1 and 3 mm)
and large (over 3 mm), as proposed by previous studies [42,43]. As a result, the stratiform
precipitation samples are much larger than the convective precipitation samples from the
six sites which means that stratiform precipitation dominated over the whole year. It is
obvious that the Dm, log10Nw, R and LWC were higher for convection than for stratiform
precipitation. On average, the Dm of all the sites is small- to medium-sized raindrops which
are smaller than 3 mm. Qingyuan, an area of heavy rainfall located far from the ocean, has
the highest Dm value of convection rain. The convective rainfall mean log10Nw values of
the six sites are in the order Luoding > Xuwen > Enping > Meixian > Haifeng > Qingyuan.
In addition, Luoding has the highest log10Nw which is probably related the seeder–feeder
mechanism [44] that can enhance the coalescence, thereby increasing the concentration of
raindrops and causing the largest log10Nw. On the other hand, the stratiform rainfall has a
lower concentration of raindrops and LWC, indicating that raindrop growth is weaker in
stratiform rain.

Table 2. Rain parameters derived from the raindrop spectra for convective (C) and stratiform (S) rain.
Dm, log10Nw, R and LWC are the mass-weighted mean diameter, generalized raindrop concentration,
rainfall rate and liquid water content, respectively.

Station Rain Type Sample Dm (mm) log10Nw (m−3 mm−1) R (mm h−1) LWC (g m−3)

Meixian
C * 2280 2.18 3.65 37.43 1.52
S * 9161 1.31 3.53 1.84 0.11

Haifeng C 2245 2.34 3.61 44.69 1.79
S 7524 1.32 3.54 1.86 0.11

Luoding C 2351 2.27 3.74 52.27 2.11
S 8619 1.37 3.44 1.87 0.11

Enping C 4235 2.19 3.69 41.51 1.70
S 10,157 1.45 3.34 1.94 0.11

Xuwen
C 1634 2.26 3.72 47.39 1.90
S 4273 1.42 3.34 1.86 0.11

Qingyuan C 4112 2.43 3.55 48.87 1.91
S 10,683 1.43 3.34 1.60 0.11

All
C 2809 2.28 3.67 45.36 1.82
S 8402 1.38 3.42 1.83 0.11

* C means convective precipitation, S means stratiform precipitation.

3. Results
3.1. DSD Parameter Distributions

Figure 3 shows the Dm and log10Nw distribution for the six sites. The Dm median value
distributions are all similar, at about 1.2 mm. Specifically, the Dm median value is slightly
lower for Meixian (1.16 mm), Luoding (1.19 mm) and Xuwen (1.24 mm) than for Haifeng
(1.22 mm), Enping (1.30 mm) and Qingyuan (1.28 mm). It is evident that the median Dm
value is higher on the windward than on the leeward side. The Dm distributions also show
a relatively large variability at Haifeng, Enping and Qingyuan. The upper extremity of the
Dm box and whisker plot decrease, moving from Qingyuan (2.93 mm) to Haifeng (2.92 mm).
The minimum value of Dm is also lowest in Haifeng (0.34 mm), making the variability of
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Dm in this region slightly greater. For the 25th percentage value of Dm, Enping, Xuwen
and Qingyuan show a higher value (about 0.90 mm) than Meixian, Haifeng and Luoding
(about 0.82 mm). With regard to the log10Nw distribution, Haifeng differs slightly from the
other five sites, with the highest raindrop concentration (3.61). The log10Nw distributions
for Meixian, Luoding, Enping and Xuwen are almost identical, with similar median values
(3.55, 3.56, 3.56 and 3.55, respectively). Qingyuan has the lowest log10Nw median value
of the six sites (3.48). Meixian and Xuwen have similar maximum values of 5.16 and
5.18, respectively, whereas the maximum values of the other sites (i.e., Haifeng, Luoding
and Enping) are higher at 5.32, 5.32 and 5.26, respectively. Qingyuan still has the lowest
maximum value of log10Nw (5.07). With regard to the minimum value, Haifeng, Xuwen
and Qingyuan are similar, at around 1.86. Meixian has the highest minimum value at 1.96
whereas Luoding has the lowest value at 1.80. It can be easily concluded that Meixian has
the least variability of log10Nw whereas Luoding has the greatest variability of log10Nw even
though they are both on the leeward side of mountains. The above analysis clearly shows
that, moving from coastal to mountainous areas, the median log10Nw values decrease. This
variation of Nw may be explained by distance from the ocean. The supply of water vapor
near the coastal areas is much more than in the inland areas which develop condensation
into droplets and small raindrops increasing the raindrop number concentration [45]. In
addition, Meixian, Luoding and Xuwen, with lower annual rainfall, have a smaller Dm than
Haifeng, Enping and Qingyuan which are the heavy rainfall areas of Guangdong. This
kind of variation can be attributed to differences in terrain [46].
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To further investigate DSD variability across the six regions, Dm, log10Nw and LWC
frequency distribution are shown in Figure 4. For all of the above parameters, a similar
trend is evident in all six areas. From Figure 4a, it can be seen that most of the Dm values at
the six locations are between 0.2 mm and 2.8 mm and show a single-peak curve. Luoding,
Enping and Qingyuan have a similar peak value of 1.2 mm; however, Meixian and Xuwen
have a similar peak value of 1.0 mm. When the Dm is less than 1.0 mm, the peak values
for Meixian and Luoding are higher than those for Enping and Qingyuan which means
that Meixian and Luoding have a greater number of small raindrops, indicating active
drop breakup processes in those areas. When the Dm is greater than 1.5 mm, the frequency
at Haifeng, Enping and Qingyuan is higher than at the other locations. The log10Nw
frequencies for the six locations are shown in Figure 4b. When the log10Nw is less than 3.7,
the six locations show a similar log10Nw frequency trend, with a slightly higher log10Nw
frequency at the Qingyuan site. When the log10Nw is greater than 3.7 and less than 4.3,
Xuwen has the highest log10Nw frequency and Qingyuan has the lowest. The LWC is clearly
higher at Haifeng, Enping, Xuwen and Qingyuan compared with Meixian and Luoding
when the LWC is over 0.2 g m−3, as shown in Figure 4c. In general, the Meixian and
Luoding areas which are far from the ocean and on the leeward side of mountains have
a similar LWC frequency trend whereas those of Haifeng, Enping, Xuwen and Qingyuan,
which are close to the ocean or on the windward side of mountains, are similar to each
other. Despite some minimal similarities, the DSD distribution at coastal sites and inland
sites remained different, evidence of the variation cloud microphysical processes in these
six regions.

The diurnal variation of the mean Dm in the six locations over the approximately
five-year period is shown in Figure 5a. The number variation for every hour over the
Meixian, Haifeng, Luoding, Enping, Xuwen and Qingyuan areas is also displayed in
Figure 6. The mean Dm variation of the six locations has a diurnal cycle with a maximum
in the daytime (0800–2000 LST, local standard time). Meixian and Luoding have a similar
Dm trend whereas the other four sites show much more variability, in particular during
the daytime. The intense convective activity during the daytime, particularly in the late
afternoon, can enhance the collision–coalescence process, thereby increasing Dm values [43].
The coastal areas (i.e., Haifeng, Enping and Xuwen) also show a maximum value in the
daytime which indicates that complex terrain also influences the microphysical processes
in coastal areas.

The mean log10Nw diurnal variation seems to have a negative relationship with the
Dm diurnal variation, although the inverse relationship is not very notable at the Haifeng
site. All sites except Haifeng have a primary maximum in the morning (1000–1200 LST)
and a secondary peak at night (0100–0400 LST). The log10Nw has its minimum value in the
late afternoon, which is probably because precipitating convective clouds are present at this
time [47]. The intense convective process affects the DSD by drop-sorting and enhancing
the collision coalescence process [43] which can lift the smaller drops to a higher altitude
and consume the smaller drops, thus intensifying the growth of large raindrops.

It can be seen that the precipitation rates in Meixian and Luoding on leeward slopes
present a single-peak structure, successively peaking in the afternoon, followed by a gradual
slowing, as shown in Figure 5c. In addition to the precipitation peak in the daytime, Haifeng,
Enping, Xuwen and Qingyuan, on the coast or on the windward side, also have a subpeak
at night. Studies [48,49] have shown that marine precipitation peaks at night, whereas
precipitation on land generally peaks in the afternoon. In this study, the three coastal sites
and one windward site have a peak both during the day and at night which deviates from
the typical ocean and land pattern because of the joint influence of sea and land winds
over the complex coastal and inland terrain. Compared with Xuwen (10.5 mm h−1), the
peak precipitation rates at Haifeng (8.0 mm h−1), Enping (9.0 mm h−1) and Qingyuan
(7.9 mm h−1) at night are much weaker, which could be mainly attributed to Xuwen’s
unique geographical location. Xuwen is not only a coastal location but, as can be seen from
the DEM map, it is also subject to the influence of the Hainan Wuzhi Mountain to the south.
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In addition, it can also be observed that the daytime (0800–2000 LST) maximum of the six
locations is greater than the maximum at night (2000–0800 LST). Previous studies [50,51]
found that strong land heating in the daytime significantly influences the formation of
deep convective rainfall from 0800 to 2000 LST, making the updrafts more intensive and
producing larger raindrops. This is evident from Figure 5a,b.
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3.2. Averaged Drop Size Distributions

Figure 7 shows the average raindrop concentration and raindrop diameter D for
Meixian, Haifeng, Luoding, Enping, Xuwen and Qingyuan from 2018 to 2022. In order
to adapt the large variability of N(D), Figure 7 is plotted on a logarithmic scale. We focus
on diameters below 1.0 mm to better understand the differences in concentration at small
drop sizes. It was observed that the DSDs measured at one-minute intervals occasionally
exhibited a bi-modal tendency. While these DSDs could be approximated as a gamma
distribution, there were notable errors in the model, as well as a systematic error caused
by the instruments [52]. On the other hand, the average DSDs differed significantly for
medium- to larger-sized raindrops, indicating the spatial variability of DSDs and rain
integral fields. Generally, the DSDs of the six stations are all approximately exponential
shapes which are similar to the shape noted by Ulbrich et al. [53]. The mean concentrations
of smaller and larger raindrops are higher at the Xuwen and Qingyuan stations, respectively.
Research has shown that the topographical gradient has a clear impact on DSDs because
small raindrops are more numerous at higher altitudes [54]. However, this is not apparent
in our study area. Instead, the concentration of small raindrops is related more to distance
from the sea and topography. Enping and Xuwen, which are in coastal areas, have the
highest number of small raindrops, whereas Meixian and Luoding on the leeward side of
inland mountains have the lowest number of small raindrops, which can be attributed to
evaporation and modification by updraughts inducing a decrease in small raindrops [55].
Conversely, Qingyuan has the highest concentration of medium and large raindrops and
also has larger raindrop diameters than other sites. This is indicative of a particular
local microphysical process whereby the growth of raindrops is enhanced by the local
topography through riming (at temperatures above 0 ◦C) and through coalescence below
the melting layer [54,56].
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Meixian, Haifeng, Luoding, Enping, Xuwen and Qingyuan over five years.

3.3. DSD in Different Rainfall Rate Classes

In order to demonstrate the DSD differences in the six stations, the rainfall rates are
divided into 12 rainfall rate classes, namely, C1: 0.1–0.2, C2: 0.2–0.4, C3: 0.4–0.7, C4: 0.7–1.0,
C5: 1.0–2.0, C6: 2.0–5.0, C7: 5.0–8.0, C8: 8.0–12.0, C9: 12.0–18.0, C10: 18.0–25.0, C11:
25.0–40.0 and C12: >40 mm h−1. These rainfall rate classes are chosen in such a way that
the mean rainfall rate in each class is approximately the same in all the stations and the
number of data points are sufficiently large in each class. A similar classification method
was adopted by previous researchers [57,58]. Figure 8 shows the average variation in
the number of raindrops per unit volume per diameter range with raindrop size for each
rainfall rate class for the six stations. Essentially, the N(D) has an exponential shape which
decreases monotonically for all rainfall rate types at the six observation sites and there
is an increase in diameter as rainfall rates increased. When the rain intensity is less than
1.0 mm h−1, there was no obvious difference in the N(D) between the sites. However, when
the rainfall rate exceeded 1.0 mm h−1, the differences in the N(D) at the six sites for all
raindrops are relatively more obvious. However, as the rainfall rate increased, the N(D) of
sites on the windward side, i.e., Haifeng, Enping and Qingyuan, exceed that of Meixian,
Luoding and Xuwen which are on the leeward side. In particular, the Qingyuan site records
a higher N(D) value than the other five sites for larger raindrops at rainfall rates above
1.0 mm h−1.
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log10Nw of the six sites shows the opposite pattern to Dm when the rainfall intensity was 
below 5 mm h−1, in that it steadily increased when the rainfall intensity exceeded 5 mm 
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Figure 8. Average raindrop spectra of Meixian, Haifeng, Luoding, Enping, Xuwen and Qingyuan for
rainfall in 12 rainfall rate classes (a) C1: 0.1–0.2, (b) C2: 0.2–0.4, (c) C3: 0.4–0.7, (d) C4: 0.7–1.0, (e) C5:
1.0–2.0, (f) C6: 2.0–5.0, (g) C7: 5.0–8.0, (h) C8: 8.0–12.0, (i) C9: 12.0–18.0, (j) C10: 18.0–25.0, (k) C11:
25.0–40.0 and (l) C12: >40 mm h−1.

To investigate DSD variations in 12 rainfall rate classes at the six sites, the correspond-
ing average Dm and log10Nw for the 12 rainfall rate classes are shown in Figure 9. For all six
sites, Dm was lower at a lower rainfall rate intensity, and gradually increased as the rainfall
rate intensity increased. At lower rainfall rate intensities (C1, C2, C3 and C4), Xuwen had
a Dm that was a little higher than the other five stations. When the rainfall rate exceeded
1.0 mm h−1, the Dm of Qingyuan gradually became the largest of the six sites. The log10Nw
of the six sites shows the opposite pattern to Dm when the rainfall intensity was below
5 mm h−1, in that it steadily increased when the rainfall intensity exceeded 5 mm h−1, with
the exception of Xuwen, where it increased from 1.0 mm h−1. At lower rainfall rates, an
increasing Dm and decreasing log10Nw together with an increasing rainfall rate indicate
that the enhanced collision–coalescence process is reducing the concentration of raindrops,
contributing to the increase in the Dm value. However, the Dm and log10Nw rose as the
rainfall rate increased, reaching an equilibrium status through collision–coalescence and
breakup between raindrops [59].
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is independent of the rainfall rate. Any increase in rain intensity is mainly due to the var-
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Figure 9. Distribution of (a) Dm and (b) log10Nw for rainfall at Meixian, Haifeng, Luoding, Enping,
Xuwen and Qingyuan in relation to rainfall rates (C1: 0.1–0.2, C2: 0.2–0.4, C3: 0.4–0.7, C4: 0.7–1.0, C5:
1.0–2.0, C6: 2.0–5.0, C7: 5.0–8.0, C8: 8.0–12.0, C9: 12.0–18.0, C10: 18.0–25.0, C11: 25.0–40.0 and C12:
>40 mm h−1).

3.4. Distributions of Dm and Nw

Figure 10 demonstrates a clear trend where Dm and log10Nw eventually reach an
equilibrium state. Previous studies, such as Hu and Srivastava [60], have shown that
for higher rainfall rates, the DSD reaches an equilibrium state where the coalescence and
breakup of raindrops are nearly balanced. In this equilibrium state, Dm typically remains
constant and is independent of the rainfall rate. Any increase in rain intensity is mainly
due to the variation in Nw, as indicated by studies such as Bringi et al. [41]. Based on
Figure 9b, it can be observed that Dm tends to stabilize around a value of 2.5 mm for rainfall
rates exceeding 100 mm h−1, indicating that the DSDs have reached an equilibrium state.
Therefore, it can be concluded that the DSDs reach an equilibrium state at rainfall rates
above 100 mm h−1.
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3.5. Stratiform and Convective DSDs

Rainfall can be classified in various ways because its microphysical properties depend
on the rain type. Thus, a distinction has long been drawn between stratiform and convective
types of precipitation. Convective precipitation is associated with small-scale convection
and typically produces raindrops through the process of collision–coalescence and breakup
processes, whereas stratiform precipitation is associated with the large-scale lifting of air
and typically produces raindrops through the aggregation of snowflakes [61,62]. This
section examines the differences in DSD between stratiform and convective rain types.
The average raindrop spectra of stratiform and convective precipitation at the Meixian,
Haifeng, Luoding, Enping, Xuwen and Qingyuan stations are shown in Figure 11. There
are notable differences in stratiform and convective precipitation with narrower N(D)
distribution of lower concentrations of smaller raindrops and wider N(D) distribution of
higher concentrations of larger raindrops. The average N(D) of stratiform precipitation
at the six sites exhibits similar variations whereas the N(D) convective precipitation at
the six locations shows slightly different variability, in particular for medium- to large-
sized raindrops. Luoding and Qingyuan have the most abundant medium- to large-sized
raindrops.

Figure 12 shows the fitted power–law relationship of radar reflectivity Z and rainfall
rate R of two weather types for the six different stations. Generally, the R increases with
increasing Z for both precipitation types. In addition, the coefficient A and exponent b
of the Z–R relationship (Z = aRb) vary according to systematic error, synoptic weather
situation, rainfall type and even instrument type [63], and are highly affected by DSD vari-
ability. Coefficient A represents the concentration of different raindrop sizes and exponent
b represents the microphysical process. When exponent b is greater than unity and equal
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to unity, it indicates the collision–coalescence and breakup processes, respectively [64].
Furthermore, for heavy (light) precipitation, the larger (smaller) coefficient and smaller
(larger) exponent are expected [65]. The Z–R relationship of stratiform and convective
precipitation for the six stations are obtained using linear regression of Z and R and are
presented in Table 3. Both stratiform and convective precipitation have an exponent greater
than unity value indicating that the size-controlled microphysical process is dominant in
Guangdong Province. The stratiform precipitation at all six sites has similar Z–R relation-
ships, whereas convective precipitation shows an appreciable variability between sites
on the leeward (i.e., Meixian, Luoding and Xuwen) and windward sides (Haifeng and
Enping, but not Qingyuan). The R is greater in the windward sites (with the exception of
Qingyuan) compared with that of leeward sites with the same Z. Accordingly, the use of a
single Z–R relationship will inevitably underestimate the R at one site and overestimate the
R at the other site, indicating the importance of using specific Z–R relationships depending
on different rain types, locations, seasons and topography. On the other hand, for con-
vective rainfall, Fujiwara [66] proposed the large A (300–1000) and moderate b (1.25–1.65)
for thunderstorms, and a smaller A and larger b (1.2–2.0) for continuous rain. It appears
that the precipitation in Meixian, Luoding, Xuwen and Qingyuan belongs more to the
thunderstorm type whereas that in Haifeng and Enping, which are coastal areas, is more
of the continuous rain type. In addition, the equations for thunderstorms (A = 450 and
b = 1.46) and continuous rainfall (A = 205 and b = 1.48) based on Fujiwara [66] give similar
rainfall rate calculation results for Meixian, Luoding, Xuwen and Qingyuan but showed
slight differences for Haifeng and Enping. The Fujiwara relationship [66] for continuous
rainfall overestimates the rainfall rate for convective precipitation when the rainfall rate
exceeds 40 mm/h. These features are less pronounced than they are in the case of stratiform
precipitation, possibly because of the small scale of convective precipitation, less of which
passes through the observation station compared with stratiform precipitation [67].
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Table 3. Relationship between radar reflectivity Z and rainfall rate R for the data in Figure 12.

Site
Z–R Relationship

Stratiform Convective All Rainfall

Meixian Z = 372R1.6 Z = 599R1.4 Z = 574R1.4

Haifeng Z = 385R1.7 Z = 46R1.9 Z = 285R1.6

Luoding Z = 418R1.6 Z = 756R1.3 Z = 915R1.3

Enping Z = 480R1.5 Z = 136R1.7 Z = 260R1.6

Xuwen Z = 508R1.5 Z = 462R1.4 Z = 242R1.6

Qingyuan Z = 441R1.6 Z = 730R1.4 Z = 776R1.4

All Z = 330.65R1.5

4. Summary and Conclusions

This study addressed the statistical characteristics of regional variability over complex
terrain in southern China using disdrometer observations from 1 March 2018 to 30 August
2022 (~5 years) collected by six stations, namely, the Meixian, Haifeng, Luoding, Enping,
Xuwen and Qingyuan sites. The data were separated into stratiform and convective
precipitation, and the precipitation was divided into 12 classes based on the rainfall rate.
The main conclusions can be summarized as follows:

(1) The median Dm value was higher on the windward than on the leeward side, and
the windward-side stations also showed greater Dm variability. With regard to the Nw
value, the median Nw value decreased from coastal to mountainous areas. This variation in
Nw can be explained by the distance to the ocean, which shows the importance of terrain
on the rainfall in a local area.

(2) Although there were some differences in Dm, log10Nw and LWC frequency between
the six stations, there was still a degree of similarity. The Dm, log10Nw and LWC frequency
all showed a single-peak curve with a highest frequency of 15% when the Dm value was
1.0 mm at Meixian and a highest frequency at 6% when the log10Nw value was 3.6 mm at
Qingyuan. Furthermore, the Meixian and Luoding areas, which are far from the ocean
and on the leeward side of mountains, had a similar LWC frequency trend, whereas
Haifeng, Enping, Xuwen and Qingyuan, which are near the ocean or on the windward
side of mountains, were similar to each other. Despite some minimal similarities, the DSD
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distribution at coastal sites and inland sites remained different, indicating the complicated
cloud microphysical processes in these six regions.

(3) The diurnal variation of the mean log10Nw had a negative relationship with the Dm
diurnal variation, although the inverse relationship was not very notable at the Haifeng
site. The log10Nw had its minimum value in the late afternoon, probably because of the
presence of precipitating convective clouds at this time, and the diurnal mean rainfall rate
also showed a peak in the afternoon which exceeded the maximum at night, indicating that
strong land heating during the day significantly influenced local DSD variation.

(4) The N(D) had an exponential shape which decreased monotonically for all rainfall
rate types at the six observation sites and an increase in diameter due to an increase in
rainfall rate was also noticeable. As the rainfall rate increased, the N(D) of sites on the
windward sides (i.e., Haifeng, Enping and Qingyuan) exceeded that of sites on the leeward
side (i.e., Meixian, Luoding and Xuwen) and the difference between them also became
distinct. At lower rainfall rates, increasing Dm and decreasing log10Nw together with
an increasing rainfall rate indicated that the enhanced collision–coalescence process was
reducing the concentration of raindrops and contributing to the increase in the Dm value.
On the other hand, at higher rainfall rates, the Dm and log10Nw increased in line with the
increase in rainfall rate reaching an equilibrium status as a result of collision–coalescence
and breakup between raindrops.

(5) The characteristic differences of DSD in the six stations described above also
revealed appreciable variability in convective precipitation between the sites on the leeward
side (i.e., Meixian, Luoding and Xuwen) and those on the windward side (Haifeng and
Enping, but not Qingyuan). Accordingly, the use of a single Z–R relationship will inevitably
underestimate R at one site and overestimate R at the other site, showing the importance of
using specific Z–R relationships depending on different types of rain, locations, seasons
and topography.

This study only focused on observational data obtained from the six different locations.
Future studies are still vital to understand other locations using disdrometer data, not only
in terms of terrain influence, but also considering the weather systems and environmental
conditions in Guangdong Province, thereby providing a more complete assessment of the
microphysical statistical properties of this region. Despite the valuable insights provided
by the DSD spectra, it is important to acknowledge the limitations of the HY-P1000 dis-
drometer in accuracy measuring raindrops. To address this issue, future studies could
incorporate multiple instruments, such as the two-dimensional video disdrometer in the
above area. Additionally, combining data from other observation methods, such as the
vertically pointing profiler radar, could improve the classification of different types of
rainfall. Thus, it is recommended that future studies consider these factors to enhance
their results. Meanwhile, it is also necessary to study the raindrop spectra on windward
and leeward slopes using individual cases as examples to enhance our understanding of
microphysical variations on mountain areas and also offer insights for improving local
precipitation forecasting models.

Author Contributions: Conceptualization, C.C.; writing—original draft preparation, A.Z.; writing—
review and editing, A.Z. and L.W. All authors have read and agreed to the published version of the
manuscript.

Funding: This research was funded by “National Natural Science Foundation of China, grant number
41975138”, “Natural Science Foundation of Guangdong Province, grant number 2022A1515011814”,
“The Open Grants of the State Key Laboratory of Severe Weather, grant number 2022LASW-B15”,
“Radar Application and Short-term Severe-weather Predictions and Warnings Technology Program,
grant number GRMCTD202002”, “Science Technology Research Program of Guangdong Meteorologi-
cal Service, grant number GRMC2020Z03” and “Water Resource Science and Technology Innovation
Program of Guangdong Province, grant number 2022-02”.

Informed Consent Statement: Written informed consent has been obtained from the patient(s) to
publish this paper.



Remote Sens. 2023, 15, 2678 20 of 22

Data Availability Statement: The data are not publicly available due to restrictions privacy.

Acknowledgments: Thanks are given to Yunce Liu who gave us constructive advice on this paper.
Further, we really appreciate the three anonymous reviewers for their great efforts to review this
paper and give comments to improve the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Schneider, U.; Finger, P.; Meyer-Christoffer, A.; Rustemeier, E.; Ziese, M.; Becker, A. Evaluating the Hydrological Cycle over Land

Using the Newly-Corrected Precipitation Climatology from the Global Precipitation Climatology Centre (GPCC). Amosphere-Basel
2017, 8, 52. [CrossRef]

2. Oki, T.; Kanae, S. Global Hydrological Cycles and World Water Resources. Science 2006, 313, 1068–1072. [CrossRef] [PubMed]
3. Holland, J.Z.; Rasmusson, E.M. Measurements of the Atmospheric Mass, Energy, and Momentum Budgets Over a 500-Kilometer

Square of Tropical Ocean. Mon. Weather Rev. 1973, 101, 44–55. [CrossRef]
4. Trenberth, K.E.; Smith, L.; Qian, T.; Dai, A.; Fasullo, J. Estimates of the Global Water Budget and Its Annual Cycle Using

Observational and Model Data. J. Hydrometeorol. 2007, 8, 758–769. [CrossRef]
5. Allan, R.P.; Barlow, M.; Byrne, M.P.; Cherchi, A.; Douville, H.; Fowler, H.J.; Gan, T.Y.; Pendergrass, A.G.; Rosenfeld, D.; Swann,

A.L.S.; et al. Advances in understanding large-scale responses of the water cycle to climate change. Ann. New York Acad. Sci. 2020,
1472, 49–75. [CrossRef]

6. Sun, J. Initialization and Numerical Forecasting of a Supercell Storm Observed during STEPS. Mon. Weather Rev. 2005, 133,
793–813. [CrossRef]

7. Prat, O.P.; Barros, A.P. Exploring the use of a column model for the characterization of microphysical processes in warm rain:
Results from a homogeneous rainshaft model. Adv. Geosci. 2007, 10, 145–152. [CrossRef]

8. Kumjian, M.R.; Prat, O.P. The Impact of Raindrop Collisional Processes on the Polarimetric Radar Variables. J. Atmos. Sci. 2014,
71, 3052–3067. [CrossRef]

9. Lai, R.; Liu, X.; Hu, S.; Xiao, H.; Xia, F.; Feng, L.; Li, H. Raindrop size distribution characteristic differences during the dry and
wet seasons in South China. Atmos. Res. 2022, 266, 105947. [CrossRef]

10. Radhakrishna, B.; Rao, T.N.; Rao, D.N.; Rao, N.P.; Nakamura, K.; Sharma, A.K. Spatial and seasonal variability of raindrop size
distributions in southeast India. J. Geophys. Res.-Atmos. 2009, 114, D04203. [CrossRef]

11. Chen, G.; Zhao, K.; Huang, H.; Yang, Z.; Lu, Y.; Yang, J. Evaluating Simulated Raindrop Size Distributions and Ice Microphysical
Processes With Polarimetric Radar Observations in a Meiyu Front Event Over Eastern China. J. Geophys. Res.-Atmos. 2021, 126,
e2020JD034511. [CrossRef]

12. Dolan, B.; Rutledge, S.A.; Rasmussen, K.L. Multiscale Interactions Contributing to Enhanced Orographic Precipitation in
Landfalling Frontal Systems over the Olympic Peninsula. Mon. Weather Rev. 2022, 150, 1207–1231. [CrossRef]

13. Hopper, L.J.; Schumacher, C.; Humes, K.; Funk, A. Drop-Size Distribution Variations Associated with Different Storm Types in
Southeast Texas. Amosphere-Basel 2020, 11, 8. [CrossRef]

14. Friedrich, K.; Kalina, E.A.; Masters, F.J.; Lopez, C.R. Drop-Size Distributions in Thunderstorms Measured by Optical Disdrometers
during VORTEX2. Mon. Weather Rev. 2013, 141, 1182–1203. [CrossRef]

15. Chen, B.; Wang, J.; Gong, D. Raindrop Size Distribution in a Midlatitude Continental Squall Line Measured by Thies Optical
Disdrometers over East China. J. Appl. Meteorol. Clim. 2016, 55, 621–634. [CrossRef]

16. Wen, L.; Zhao, K.; Chen, G.; Wang, M.; Zhou, B.; Huang, H.; Hu, D.; Lee, W.-C.; Hu, H. Drop Size Distribution Characteristics of
Seven Typhoons in China. J. Geophys. Res.-Atmos. 2018, 123, 6529–6548. [CrossRef]

17. Suh, S.-H.; Kim, H.-J.; You, C.-H.; Lee, D.-I. Raindrop size distribution of rainfall system indirectly affected by Typhoon Kong-Rey
(2018) passed through the southern parts of Korea. Atmos. Res. 2021, 257, 105561. [CrossRef]

18. Janapati, J.; Seela, B.K.; Lin, P.-L.; Wang, P.K.; Tseng, C.-H.; Reddy, K.K.; Hashiguchi, H.; Feng, L.; Das, S.K.; Unnikrishnan, C.K.
Raindrop Size Distribution Characteristics of Indian and Pacific Ocean Tropical Cyclones Observed at India and Taiwan Sites. J.
Meteorol. Soc. Jpn. Ser. II 2020, advpub. [CrossRef]

19. Chen, B.; Hu, Z.; Liu, L.; Zhang, G. Raindrop Size Distribution Measurements at 4500 m on the Tibetan Plateau during TIPEX-III.
J. Geophys. Res.-Atmos. 2017, 122, 11,092–11,106. [CrossRef]

20. Rivelli Zea, L.; Nesbitt, S.W.; Ladino, A.; Hardin, J.C.; Varble, A. Raindrop Size Spectrum in Deep Convective Regions of the
Americas. Amosphere-Basel 2021, 12, 979. [CrossRef]

21. Thurai, M.; Gatlin, P.N.; Bringi, V.N. Separating stratiform and convective rain types based on the drop size distribution
characteristics using 2D video disdrometer data. Atmos. Res. 2016, 169, 416–423. [CrossRef]

22. Saha, P.; Majumder, S.; Maitra, A. Rain drop size distribution analysis at a tropical location near land-sea boundary. Theor. Appl.
Climatol. 2022, 147, 487–498. [CrossRef]

23. Kim, D.K.; Song, C.K. Characteristics of vertical velocities estimated from drop size and fall velocity spectra of a Parsivel
disdrometer. Atmos. Meas. Technol. 2018, 11, 3851–3860. [CrossRef]

24. Thomas, A.; Kanawade, V.P.; Chakravarty, K.; Srivastava, A.K. Characterization of raindrop size distributions and its response to
cloud microphysical properties. Atmos. Res. 2021, 249, 105292. [CrossRef]

https://doi.org/10.3390/atmos8030052
https://doi.org/10.1126/science.1128845
https://www.ncbi.nlm.nih.gov/pubmed/16931749
https://doi.org/10.1175/1520-0493(1973)101&lt;0044:MOTAME&gt;2.3.CO;2
https://doi.org/10.1175/JHM600.1
https://doi.org/10.1111/nyas.14337
https://doi.org/10.1175/MWR2887.1
https://doi.org/10.5194/adgeo-10-145-2007
https://doi.org/10.1175/JAS-D-13-0357.1
https://doi.org/10.1016/j.atmosres.2021.105947
https://doi.org/10.1029/2008JD011226
https://doi.org/10.1029/2020JD034511
https://doi.org/10.1175/MWR-D-21-0160.1
https://doi.org/10.3390/atmos11010008
https://doi.org/10.1175/MWR-D-12-00116.1
https://doi.org/10.1175/JAMC-D-15-0127.1
https://doi.org/10.1029/2017JD027950
https://doi.org/10.1016/j.atmosres.2021.105561
https://doi.org/10.2151/jmsj.2020-015
https://doi.org/10.1002/2017JD027233
https://doi.org/10.3390/atmos12080979
https://doi.org/10.1016/j.atmosres.2015.04.011
https://doi.org/10.1007/s00704-021-03809-4
https://doi.org/10.5194/amt-11-3851-2018
https://doi.org/10.1016/j.atmosres.2020.105292


Remote Sens. 2023, 15, 2678 21 of 22

25. Murali Krishna, U.V.; Das, S.K.; Sulochana, E.G.; Bhowmik, U.; Deshpande, S.M.; Pandithurai, G. Statistical characteristics of
raindrop size distribution over the Western Ghats of India: Wet versus dry spells of the Indian summer monsoon. Atmos. Chem.
Phys. 2021, 21, 4741–4757. [CrossRef]

26. Han, Y.; Guo, J.; Yun, Y.; Li, J.; Guo, X.; Lv, Y.; Wang, D.; Li, L.; Zhang, Y. Regional variability of summertime raindrop size
distribution from a network of disdrometers in Beijing. Atmos. Res. 2021, 257, 105591. [CrossRef]

27. Liu, X.; Xue, L.; Chen, B.; Zhang, Y. Characteristics of Raindrop Size Distributions in Chongqing Observed by a Dense Network of
Disdrometers. J. Geophys. Res.-Atmos. 2021, 126, e2021JD035172. [CrossRef]

28. Wu, Y.; Liu, L. Statistical characteristics of raindrop size distribution in the Tibetan Plateau and southern China. Adv. Atmos. Sci.
2017, 34, 727–736. [CrossRef]

29. Zeng, Q.; Zhang, Y.; Lei, H.; Xie, Y.; Gao, T.; Zhang, L.; Wang, C.; Huang, Y. Microphysical Characteristics of Precipitation during
Pre-monsoon, Monsoon, and Post-monsoon Periods over the South China Sea. Adv. Atmos. Sci. 2019, 36, 1103–1120. [CrossRef]

30. Chen, X.; Zhang, F.; Zhao, K. Diurnal Variations of the Land–Sea Breeze and Its Related Precipitation over South China. J. Atmos.
Sci. 2016, 73, 4793–4815. [CrossRef]

31. Du, Y.; Chen, G. Heavy Rainfall Associated with Double Low-Level Jets over Southern China. Part I: Ensemble-Based Analysis.
Mon. Weather Rev. 2018, 146, 3827–3844. [CrossRef]

32. Xu, W.; Zipser, E.J.; Chen, Y.-L.; Liu, C.; Liou, Y.-C.; Lee, W.-C.; Jong-Dao Jou, B. An Orography-Associated Extreme Rainfall
Event during TiMREX: Initiation, Storm Evolution, and Maintenance. Mon. Weather Rev. 2012, 140, 2555–2574. [CrossRef]

33. Lau, K.M.; Ding, Y.; Wang, J.-T.; Johnson, R.; Keenan, T.; Cifelli, R.; Gerlach, J.; Thieleandamp, O.; Rickenbach, T.; Tsay, S.-C.; et al.
A Report of the Field Operations and Early Results of the South China Sea Monsoon Experiment (SCSMEX). Bull. Am. Meteorol.
Soc. 2000, 81, 1261–1270. [CrossRef]

34. Luo, Y.; Wang, H.; Zhang, R.; Qian, W.; Luo, Z. Comparison of Rainfall Characteristics and Convective Properties of Monsoon
Precipitation Systems over South China and the Yangtze and Huai River Basin. J. Clim. 2013, 26, 110–132. [CrossRef]

35. Wang, G.; Zhang, D.-L.; Sun, J. A Multiscale Analysis of a Nocturnal Extreme Rainfall Event of 14 July 2017 in Northeast China.
Mon. Weather Rev. 2021, 149, 173–187. [CrossRef]

36. Chen, C.; Zhang, A.-S.; Wu, N.-G.; Liu, X.-T.; Sun, X.-G.; Wang, H. Statistical Characteristics of Raindrop Size Distribution in the
South China Monsoon Region (Guangdong Province). J. Trop. Meteorol. 2023, 29, 55–67.

37. Joss, J.; Waldvogel, A. Ein Spektrograph für Niederschlagstropfen mit automatischer Auswertung. Pure Appl. Geophys. 1967, 68,
240–246. [CrossRef]

38. Tokay, A.; Wolff, D.B.; Petersen, W.A. Evaluation of the New Version of the Laser-Optical Disdrometer, OTT Parsivel2. J. Atmos.
Ocean Technol. 2014, 31, 1276–1288. [CrossRef]

39. Yuter, S.E.; Kingsmill, D.E.; Nance, L.B.; Löffler-Mang, M. Observations of Precipitation Size and Fall Speed Characteristics within
Coexisting Rain and Wet Snow. J. Appl. Meteorol. Clim. 2006, 45, 1450–1464. [CrossRef]

40. Jaffrain, J.; Berne, A. Experimental Quantification of the Sampling Uncertainty Associated with Measurements from PARSIVEL
Disdrometers. J. Hydrometeorol. 2011, 12, 352–370. [CrossRef]

41. Bringi, V.N.; Chandrasekar, V.; Hubbert, J.; Gorgucci, E.; Randeu, W.L.; Schoenhuber, M. Raindrop Size Distribution in Different
Climatic Regimes from Disdrometer and Dual-Polarized Radar Analysis. J. Atmos. Sci. 2003, 60, 354–365. [CrossRef]

42. Tokay, A.; Bashor, P.G.; Habib, E.; Kasparis, T. Raindrop Size Distribution Measurements in Tropical Cyclones. Mon. Weather Rev.
2008, 136, 1669–1685. [CrossRef]

43. Narayana Rao, T.; Radhakrishna, B.; Nakamura, K.; Prabhakara Rao, N. Differences in raindrop size distribution from southwest
monsoon to northeast monsoon at Gadanki. Q. J. Roy. Meteor. Soc. 2009, 135, 1630–1637. [CrossRef]

44. Arulraj, M.; Barros, A.P. Improving quantitative precipitation estimates in mountainous regions by modelling low-level seeder-
feeder interactions constrained by Global Precipitation Measurement Dual-frequency Precipitation Radar measurements. Remote
Sens. Environ. 2019, 231, 111213. [CrossRef]

45. Feng, Y.-C.; Chen Wang, T.-C. Precipitation Characteristics of an Autumn Torrential Rainfall Event in Northern Taiwan as
Determined from Dual-Polarization Radar Data. J. Meteorol. Soc. Jpn. Ser. II 2011, 89, 133–150. [CrossRef]

46. Du, Y.; Zhang, Q.; Chen, Y.-l.; Zhao, Y.; Wang, X. Numerical Simulations of Spatial Distributions and Diurnal Variations of
Low-Level Jets in China during Early Summer. J. Clim. 2014, 27, 5747–5767. [CrossRef]

47. Villalobos-Puma, E.; Martinez-Castro, D.; Flores-Rojas, J.L.; Saavedra-Huanca, M.; Silva-Vidal, Y. Diurnal Cycle of Raindrops Size
Distribution in a Valley of the Peruvian Central Andes. Amosphere-Basel 2020, 11, 38. [CrossRef]

48. Chen, S.S.; Houze Jr, R.A. Diurnal variation and life-cycle of deep convective systems over the tropical pacific warm pool. Q. J.
Roy. Meteor. Soc. 1997, 123, 357–388. [CrossRef]

49. Aves, S.; Johnson, R.H. The Diurnal Cycle of Convection over the Northern South China Sea. J. Meteorol. Soc. Jpn. Ser. II 2008, 86,
919–934. [CrossRef]

50. Marzuki, M.; Hashiguchi, H.; Yamamoto, M.K.; Mori, S.; Yamanaka, M.D. Regional variability of raindrop size distribution over
Indonesia. Ann. Geophys. 2013, 31, 1941–1948. [CrossRef]

51. Wu, N.; Ding, X.; Wen, Z.; Chen, G.; Meng, Z.; Lin, L.; Min, J. Contrasting frontal and warm-sector heavy rainfalls over South
China during the early-summer rainy season. Atmos. Res. 2020, 235, 104693. [CrossRef]

52. Cao, Q.; Zhang, G. Errors in Estimating Raindrop Size Distribution Parameters Employing Disdrometer and Simulated Raindrop
Spectra. J. Appl. Meteorol. Clim. 2009, 48, 406–425. [CrossRef]

https://doi.org/10.5194/acp-21-4741-2021
https://doi.org/10.1016/j.atmosres.2021.105591
https://doi.org/10.1029/2021JD035172
https://doi.org/10.1007/s00376-016-5235-7
https://doi.org/10.1007/s00376-019-8225-8
https://doi.org/10.1175/JAS-D-16-0106.1
https://doi.org/10.1175/MWR-D-18-0101.1
https://doi.org/10.1175/MWR-D-11-00208.1
https://doi.org/10.1175/1520-0477(2000)081&lt;1261:AROTFO&gt;2.3.CO;2
https://doi.org/10.1175/JCLI-D-12-00100.1
https://doi.org/10.1175/MWR-D-20-0232.1
https://doi.org/10.1007/BF00874898
https://doi.org/10.1175/JTECH-D-13-00174.1
https://doi.org/10.1175/JAM2406.1
https://doi.org/10.1175/2010JHM1244.1
https://doi.org/10.1175/1520-0469(2003)060&lt;0354:RSDIDC&gt;2.0.CO;2
https://doi.org/10.1175/2007MWR2122.1
https://doi.org/10.1002/qj.432
https://doi.org/10.1016/j.rse.2019.111213
https://doi.org/10.2151/jmsj.2011-203
https://doi.org/10.1175/JCLI-D-13-00571.1
https://doi.org/10.3390/atmos11010038
https://doi.org/10.1002/qj.49712353806
https://doi.org/10.2151/jmsj.86.919
https://doi.org/10.5194/angeo-31-1941-2013
https://doi.org/10.1016/j.atmosres.2019.104693
https://doi.org/10.1175/2008JAMC2026.1


Remote Sens. 2023, 15, 2678 22 of 22

53. Ulbrich, C.W. Natural Variations in the Analytical Form of the Raindrop Size Distribution. J. Appl. Meteorol. Clim. 1983, 22,
1764–1775. [CrossRef]

54. Zwiebel, J.; Van Baelen, J.; Anquetin, S.; Pointin, Y.; Boudevillain, B. Impacts of orography and rain intensity on rainfall structure.
The case of the HyMeX IOP7a event. Q. J. Roy. Meteor. Soc. 2016, 142, 310–319. [CrossRef]

55. Rosenfeld, D.; Ulbrich, C.W. Cloud Microphysical Properties, Processes, and Rainfall Estimation Opportunities. In Radar and
Atmospheric Science: A Collection of Essays in Honor of David Atlas; Wakimoto, R.M., Srivastava, R., Eds.; American Meteorological
Society: Boston, MA, USA, 2003; pp. 237–258.

56. Medina, S.; Houze, R.A. Air motions and precipitation growth in Alpine storms. Q. J. Roy. Meteor. Soc. 2003, 129, 345–371.
[CrossRef]

57. Krishna, U.V.M.; Reddy, K.K.; Seela, B.K.; Shirooka, R.; Lin, P.-L.; Pan, C.-J. Raindrop size distribution of easterly and westerly
monsoon precipitation observed over Palau islands in the Western Pacific Ocean. Atmos. Res. 2016, 174–175, 41–51. [CrossRef]

58. Seela, B.K.; Janapati, J.; Lin, P.-L.; Reddy, K.K.; Shirooka, R.; Wang, P.K. A Comparison Study of Summer Season Raindrop
Size Distribution Between Palau and Taiwan, Two Islands in Western Pacific. J. Geophys. Res.-Atmos. 2017, 122, 11,787–711,805.
[CrossRef]

59. Kim, H.-J.; Jung, W.; Suh, S.-H.; Lee, D.-I.; You, C.-H. The Characteristics of Raindrop Size Distribution at Windward and Leeward
Side over Mountain Area. Remote Sens.-Basel 2022, 14, 2419. [CrossRef]

60. Hu, Z.; Srivastava, R.C. Evolution of Raindrop Size Distribution by Coalescence, Breakup, and Evaporation: Theory and
Observations. J. Atmos. Sci. 1995, 52, 1761–1783. [CrossRef]

61. Houze, R.A., Jr. Cloud Dynamics; Academic Press: Cambridge, MA, USA, 2014.
62. Raut, B.A.; Konwar, M.; Murugavel, P.; Kadge, D.; Gurnule, D.; Sayyed, I.; Todekar, K.; Malap, N.; Bankar, S.; Prabhakaran, T.

Microphysical Origin of Raindrop Size Distributions During the Indian Monsoon. Geophys. Res. Lett. 2021, 48, e2021GL093581.
[CrossRef]

63. Campos, E.; Zawadzki, I. Instrumental Uncertainties in Z–R Relations. J. Appl. Meteorol. 2000, 39, 1088–1102. [CrossRef]
64. Steiner, M.; Smith, J.A.; Uijlenhoet, R. A Microphysical Interpretation of Radar Reflectivity–Rain Rate Relationships. J. Atmos. Sci.

2004, 61, 1114–1131. [CrossRef]
65. Ulbrich, C.W.; Atlas, D. Microphysics of Raindrop Size Spectra: Tropical Continental and Maritime Storms. J. Appl. Meteorol. Clim.

2007, 46, 1777–1791. [CrossRef]
66. Fujiwara, M. Raindrop-size Distribution from Individual Storms. J. Atmos. Sci. 1965, 22, 585–591. [CrossRef]
67. Suh, S.-H.; Kim, H.-J.; Lee, D.-I.; Kim, T.-H. Geographical Characteristics of Raindrop Size Distribution in the Southern Parts of

South Korea. J. Appl. Meteorol. Clim. 2021, 60, 157–169. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1175/1520-0450(1983)022&lt;1764:NVITAF&gt;2.0.CO;2
https://doi.org/10.1002/qj.2679
https://doi.org/10.1256/qj.02.13
https://doi.org/10.1016/j.atmosres.2016.01.013
https://doi.org/10.1002/2017JD026816
https://doi.org/10.3390/rs14102419
https://doi.org/10.1175/1520-0469(1995)052&lt;1761:EORSDB&gt;2.0.CO;2
https://doi.org/10.1029/2021GL093581
https://doi.org/10.1175/1520-0450(2000)039&lt;1088:IUIZRR&gt;2.0.CO;2
https://doi.org/10.1175/1520-0469(2004)061&lt;1114:AMIORR&gt;2.0.CO;2
https://doi.org/10.1175/2007JAMC1649.1
https://doi.org/10.1175/1520-0469(1965)022&lt;0585:RSDFIS&gt;2.0.CO;2
https://doi.org/10.1175/JAMC-D-20-0102.1

	Introduction 
	Study Area, Data and Methodology 
	Study Area 
	Data and Methodology 
	Separation of Rainfall 

	Results 
	DSD Parameter Distributions 
	Averaged Drop Size Distributions 
	DSD in Different Rainfall Rate Classes 
	Distributions of Dm and Nw 
	Stratiform and Convective DSDs 

	Summary and Conclusions 
	References

