
 
 

 

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

Article 

Regional Variability of Raindrop Size Distribution from a  
Network of Disdrometers over Complex Terrain  
in Southern China 
Asi Zhang 1, Chao Chen 1,2,* and Lin Wu 1 

1 Guangdong Meteorological Observatory, Guangzhou 510640, China 
2 State Key Laboratory of Severe Weather, Chinese Academy of Meteorological Sciences,  

Beijing 100081, China 
* Correspondence: chenchao@gd121.cn 

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 char-
acteristics over complex topography in southern China, three stations on the windward side, Hai-
feng, 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 re-
gard 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 after-
noon 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 char-
acteristic differences also showed appreciable variability in convective precipitation between sta-
tions on the leeward side (i.e., Meixian, Luoding and Xuwen) and those on the windward side (Hai-
feng and Enping, but not Qingyuan). This study enhances the precision of numerical weather fore-
cast models in predicting precipitation and verifies the accuracy of measuring precipitation through 
remote sensing instruments, including weather radars located on the ground. 
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1. Introduction 
Cloud and precipitation microphysical processes are core components of atmos-

pheric 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 condensa-
tion, evaporation and sublimation of cloud and precipitation particles govern the evolu-
tion of raindrop size distribution (DSD) which is the fundamental characterization of rain 
microphysics. 
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Knowledge of DSD and its temporal and spatial variability is critical to understand-
ing the characteristics of precipitation system microphysics over complex terrain, devel-
oping better quantitative precipitation estimation (QPE) algorithms for rainfall and im-
proving parameterization in numerical weather prediction models [6,7], because DSD var-
iations affect the mass flux or rainfall rate around the surface [8]. Furthermore, numerical 
weather prediction models can in turn improve simulations of precipitation through bet-
ter 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 circula-
tions caused by the terrain. The locations of heavy rainfall may differ occasionally when 
a comparable southwesterly or nearly stationary subtropical front is present. Heavy rain-
fall 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 ad-
dition, winds originating from the oceanic area carry extra moisture, resulting in increased 
specific humidity over southern China and creating favorable conditions for vigorous con-
vection [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 at-
tributed to the influence of terrain. Liu et al. [27] studied the temporal and spatial varia-
bilities utilizing 34 disdrometers over a two-year period in southwest China, and found 
significantly different DSD characteristics and parameter relationships between south-
west 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. Alt-
hough 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 proper-
ties of cloud droplets and precipitation types such as convective and stratiform rain re-
gimes. 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 re-
gion-averaged rainfall accumulation because of the more frequent occurrence of precipi-
tation systems [34]. However, the temporal and spatial distribution of precipitation is un-
even. Accordingly, located on the windward slope of Guangdong Province, Haifeng, En-
ping 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. 

 
Figure 1. Guangdong province and its digital elevation model (DEM). The red symbols are the dis-
drometer 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 
Guangdong Province and monitored by the Guangdong Meteorological Service. All dis-
drometers 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 
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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 Yunwu Mountain, the south side of Tianlu Mountain, the north side of 
Wuzhi Mountain and the south side of the Nanling Mountains, respectively. Their char-
acteristics 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 Par-
sivel 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 precipita-
tion raindrops [39]. To identify and remove suspicious instrumental errors (due to splash-
ing, 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 ex-
cluded 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 Guang-
dong Province were utilized to understand the temporally continuous, natural DSD vari-
ations. 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 pe-
riod, 2018–2022. 

Following the quality control, the concentration of raindrops with diameters in the 
range of a unit size interval 𝑁(𝐷௜) was calculated as follows: 𝑁(𝐷௜) = ∑ ௡೔ೕ஺೔∙∆௧∙௏ೕ∙∆஽೔ଷଶ௜ୀଵ , (1)

where 𝑛௜௝  is the number of raindrops in each bin; 𝐴௜  is the sampling area (54 × 10ିସ 
m2); ∆𝑡 is the sampling time (60 s); 𝑉௝ is the fall speed in the jth size bin (m s−1); and ∆𝐷௜ 
is the width of the ith size bin (cm). 

After the calculation of 𝑁(𝐷௜), the rainfall rate (R) and liquid water content (LWC) 
could be calculated as follows: 𝑅(𝑚𝑚 ℎିଵ) = ଺గଵ଴ర ∑ ∑ 𝑉௝ ∙ 𝑁(𝐷௜) ∙ 𝐷௜ଷ ∙ ∆𝐷௜ଷଶ௝ୀଵଷଶ௜ୀଵ , (2)

𝐿𝑊𝐶(g mିଷ) = 𝜋𝜌௪6000 ෍ 𝑁(𝐷௜) ∙ 𝐷௜ଷ ∙ ∆𝐷௜ଷଶ
௜ୀଵ  (3)

The nth-order moment of the DSD is defined as 𝑀௡ = ׬ 𝑁(𝐷) ∙ 𝐷௡ ∙ 𝑑𝐷ஶ଴ , (4)

The mass-weighted mean diameter Dm (mm) is 𝐷௠ = ெరெయ, (5)

The normalized intercept parameter Nw (m−3 mm−1) is expressed as 
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𝑁௪(mିଷmmିଵ) = ସరగఘೢ ∙ ଵ଴య௅ௐ஼஽೘ర , (6)

where 𝜌௪ 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 de-
viation (SD) and relative bias (RB) were used to evaluate the performance of the disdrom-
eter 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 = ∑ (௫೔ି௫̅)(௬೔ି௬ത)೙೔సభට∑ (௫೔ି௫̅)మ×∑ (௬೔ି௬ത)మ೙೔సభ೙೔సభ , (7)

𝑆𝐷 = ඩ 1𝑛 െ 1 ෍((𝑥௜ െ 𝑦௜) െ (𝑥 െ 𝑦തതതതതതത))ଶ௡
௜ୀଵ  (8)

𝑅𝐵 = 1𝑛 ෍ 𝑥௜ െ 𝑦௜𝑦௡
௜ୀଵ  (9)
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Figure 2. Scatter plot of hourly accumulated rainfall collected from the HY-P1000 disdrometers and 
rain gauges from automatic weather stations. 

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 connec-
tive and stratiform following classification. To explain the DSD variations, this study clas-
sifies 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 strati-
form rainfall has a lower concentration of raindrops and LWC, indicating that raindrop 
growth is weaker in stratiform rain. 
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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 concen-
tration, 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 variabil-
ity of 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 dis-
tributions for Meixian, Luoding, Enping and Xuwen are almost identical, with similar me-
dian values (3.55, 3.56, 3.56 and 3.55, respectively). Qingyuan has the lowest log10Nw me-
dian 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 concen-
tration [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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(a) 

(b) 

Figure 3. Box−and−whisker plot of (a) Dm and (b) log10Nw distribution over the six different sites. 
The box represents the data between the 25th and 75th percentiles and the whiskers show the max-
imum and minimum values. The horizontal red line within the box represents the median value of 
the distribution. 

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, indi-
cating 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 Qing-
yuan, 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. 
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(a) 

(b) 

 
(c) 

Figure 4. Frequency of (a) Dm, (b) log10Nw and (c) LWC over the Meixian, Haifeng, Luoding, Enping, 
Xuwen and Qingyuan areas. 

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 
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which indicates that complex terrain also influences the microphysical processes in coastal 
areas. 

 
(a) 

 
(b) 

 
(c) 

Figure 5. Diurnal variation of the mean (a) Dm (b) log10Nw and (c) rain rate over the Meixian, Haifeng, 
Luoding, Enping, Xuwen and Qingyuan areas. 
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Figure 6. The number variation for every hour over the Meixian, Haifeng, Luoding, Enping, Xuwen 
and Qingyuan 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 enhanc-
ing the collision coalescence process [43] which can lift the smaller drops to a higher alti-
tude 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 grad-
ual 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 Qing-
yuan (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. 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 for-
mation of deep convective rainfall from 0800 to 2000 LST, making the updrafts more in-
tensive and producing larger raindrops. This is evident from Figure 5a, b. 

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 in-
tegral fields. Generally, the DSDs of the six stations are all approximately exponential 



Remote Sens. 2023, 15, 2678 12 of 22 
 

 

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, respec-
tively. 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 lee-
ward 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 coales-
cence below the melting layer [54,56]. 

 
Figure 7. Variation of the mean raindrop concentration and raindrop diameter (Diameter, mm) in 
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 rain-
fall 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, 
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Luoding and Xuwen which are on the leeward side. In particular, the Qingyuan site rec-
ords a higher N(D) value than the other five sites for larger raindrops at rainfall rates 
above 1.0 mm h−1. 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

  
(g) (h) 
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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 corre-
sponding 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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(a) 

(b) 

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 equi-

librium 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 var-
iation 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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Figure 10. The scatter plots of Dm vs. rain rate for (a) stratiform and (b) convective precipitation and 
log10Nw vs. rain rate for (c) stratiform and (d) convective precipitation. 

3.5. Stratiform and Convective DSDs 
Rainfall can be classified in various ways because its microphysical properties de-

pend 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) distribu-
tion of higher concentrations of larger raindrops. The average N(D) of stratiform precipi-
tation 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. 
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Figure 11. Average raindrop spectra of stratiform and convective precipitation at Meixian, Haifeng, 
Luoding, Enping, Xuwen and Qingyuan stations. the dashed line represents the stratiform precipi-
tation and the solid line represents the convective precipitation. 

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 = a𝑅௕) vary according to systematic error, synoptic weather situ-
ation, rainfall type and even instrument type [63], and are highly affected by DSD varia-
bility. 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 
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 dom-
inant in Guangdong Province. The stratiform precipitation at all six sites has similar Z–R 
relationships, 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 overesti-
mate 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 convective 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 con-
tinuous rainfall overestimates the rainfall rate for convective precipitation when the rain-
fall rate exceeds 40 mm/h. These features are less pronounced than they are in the case of 
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stratiform precipitation, possibly because of the small scale of convective precipitation, 
less of which passes through the observation station compared with stratiform precipita-
tion [67]. 

 
Figure 12. Radar reflectivity Z and rainfall rate R relationship of stratiform and convective precipi-
tation at Meixian, Haifeng, Luoding, Enping, Xuwen, Qingyuan stations and for all data. 

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 = 372𝑅ଵ.଺ Z = 599𝑅ଵ.ସ Z = 574𝑅ଵ.ସ 
Haifeng Z = 385𝑅ଵ.଻ Z = 46𝑅ଵ.ଽ Z = 285𝑅ଵ.଺ 
Luoding Z = 418𝑅ଵ.଺ Z = 756𝑅ଵ.ଷ Z = 915𝑅ଵ.ଷ 
Enping Z = 480𝑅ଵ.ହ Z = 136𝑅ଵ.଻ Z = 260𝑅ଵ.଺ 
Xuwen Z = 508𝑅ଵ.ହ Z = 462𝑅ଵ.ସ Z = 242𝑅ଵ.଺ 

Qingyuan Z = 441𝑅ଵ.଺ Z = 730𝑅ଵ.ସ Z = 776𝑅ଵ.ସ 
All Z = 330.65𝑅ଵ.ହ 

4. Summary and Conclusions 
This study addressed the statistical characteristics of regional variability over com-

plex 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 convec-
tive 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 Hai-
feng, Enping, Xuwen and Qingyuan, which are near the ocean or on the windward side 
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of mountains, were similar to each other. Despite some minimal similarities, the DSD dis-
tribution 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 lee-
ward side (i.e., Meixian, Luoding and Xuwen) and the difference between them also be-
came 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 re-
vealed 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 inevita-
bly underestimate R at one site and overestimate R at the other site, showing the im-
portance of using specific Z–R relationships depending on different types of rain, loca-
tions, seasons and topography. 

This study only focused on observational data obtained from the six different loca-
tions. 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 envi-
ronmental conditions in Guangdong Province, thereby providing a more complete assess-
ment of the microphysical statistical properties of this region. Despite the valuable in-
sights provided by the DSD spectra, it is important to acknowledge the limitations of the 
HY-P1000 disdrometer in accuracy measuring raindrops. To address this issue, future 
studies could incorporate multiple instruments, such as the two-dimensional video dis-
drometer in the above area. Additionally, combining data from other observation meth-
ods, such as the vertically pointing profiler radar, could improve the classification of dif-
ferent 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 under-
standing of microphysical variations on mountain areas and also offer insights for im-
proving local precipitation forecasting models. 
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