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Abstract. In order to improve our understanding of the char-
acteristics of raindrop size distribution (DSD) over complex
mountainous terrain, the differences in DSD over the south-
ern slopes, northern slopes, and interior of the Qilian Moun-
tains were analyzed using 6 months of observations. For
all rainfall events, the number concentrations of small and
large raindrops in the interior and on the southern slopes
were greater than on the northern slopes, but midsize rain-
drops were less. The DSD spectrum of the interior was more
variable and differed significantly from that of the north-
ern slopes. The differences in the normalized intercept pa-
rameters of the DSD for stratiform and convective rainfall
were 8.3 % and 10.4 %, respectively, and those of the mass-
weighted mean diameters were 10.0 % and 23.4 %, respec-
tively, while the standard deviations of DSD parameters at in-
terior sites were larger. The differences in the coefficient and
exponent of the Z—R relationship were 2.5 % and 10.7 %, re-
spectively, with an increasing value of the coefficient from
the southern to the northern slopes for stratiform rainfall but
the opposite for convective rainfall. In addition, the DSD
characteristics and Z—R relationships were more similar at
the ipsilateral sites and had smaller differences between the
southern slopes and interior of the mountains.

1 Introduction

Raindrop size distribution (DSD), the number of raindrops
per drop size per unit volume, is an important parameter
to statistically describe the microstructure of precipitation
(Bringi et al., 2003; Y. Ma et al., 2019). The measurement
of DSD can provide some fundamental information such as
raindrop size (D), liquid water content (W), rain rate (R),
radar reflectivity factor (Z), and so on, which makes an es-
sential contribution to improving quantitative precipitation
estimation (QPE) using weather radar and satellite observa-
tions (Adirosi et al., 2018; Jash et al., 2019). The parameter-
ization of DSD can obtain the distribution model parameters
of DSD in different rain types, which is significant in ad-
vancing microphysics parameterization in numerical weather
prediction (NWP) models (Wainwright et al., 2014; McFar-
quhar et al., 2015; Zhao et al., 2019). In addition, understand-
ing the DSD is crucial in many applied fields concerning hy-
drology, agriculture, soil erosion, and microwave communi-
cation (Rincon and Lang, 2002; Smith et al., 2009; Angulo-
Martinez and Barros, 2015; Lim et al., 2015; Yang et al.,
2016; Giannetti et al., 2017).

Numerous studies have been carried out on the statistical
characteristics of DSD in different regions (Campos et al.,
2006; Seela et al., 2017; Dolan et al., 2018; Protat et al.,
2019; Le Loh et al., 2019; Jash et al., 2019). It has been
shown that the number concentration and size of raindrops
increase with rain rate, and so the DSD becomes higher and
wider. The characteristics in different rain types demonstrate
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that the mass-weighted mean diameter (i.e., D) and nor-
malized intercept parameter (i.e., Ny,) of convective rainfall
are larger than those of stratiform rainfall. Furthermore, these
studies also reveal that there are more differences in the char-
acteristics of DSD. Dolan et al. (2018) divided global DSD
characteristics into six types by using 12 datasets across three
latitudes and found that the centralized regions and DSD pa-
rameters of the six types varied with location. The average
number of raindrops in central Korea was usually greater
than that in the southeast under three rainfall systems, es-
pecially drops in the 0.31-0.81 mm diameter range (Le Loh
etal., 2019). According to DSD measurements in the Tibetan
Plateau region, eastern areas have a higher raindrop number
concentration in the diameter range of 0.437—-1.625 mm and
greater variation in terms of diameter than in central areas
(Wang et al., 2020). Compared to eastern China and north-
ern China, the DSD in southern China shows a higher num-
ber concentration of relatively small-sized drops (Zhang et
al., 2019). Comparison of the Z—R relationship (defined as
Z = AR’ ) indicates that the coefficient decreases with in-
creasing R in the southern Tibetan Plateau, which is opposite
to the case in southern China (Wu and Liu, 2017). For the
DSD parameters of stratiform and convective rainfall, there
are various changes between the lower and middle reaches of
the Yangtze River (Fu et al., 2020).

As reported in the above studies, DSD characteristics vary
significantly with factors such as geographical location, cli-
matic region, and rain types. Pu et al. (2020) analyzed the
DSD characteristics of five sites in Nanjing City and found
the Ny of DSD to be largest at sites near industrial areas,
but the Dy, of DSD was largest at sites near the city’s cen-
ter. In other words, even at the smaller scale, there are still
differences in the microphysical characteristics reflected by
the DSD, which is due to the influence of the surrounding
environment. How, then, do the characteristics of DSD vary
from location to location over the complicated mountain ter-
rain? Narayana Rao et al. (2006), by comparing the DSD
parameters at different altitudes, suggested that the obvious
variation in DSD with altitude is related to the processes of
evaporation and breakup. Using aircraft observations, Geof-
froy et al. (2014) concluded that the total concentration of
raindrops decreased while the average drop size increased
with decreasing altitude. Han et al. (2023) found the rain rate
between 1 < R <5mmh~! in relation to the total precipi-
tation increases with altitude by using the disdrometer data
from 2434 to 4202m in the northeastern Tibetan Plateau.
With more attention on mountain research, the concerning
questions are growing. For example, how large might the
differences in DSD be at different altitudes in mountainous
regions? And how significant might the effects be of these
differences?

The Qilian Mountains, a series of marginal mountains in
the northeastern part of the Tibetan Plateau, are a vitally im-
portant ecological protection barrier in the northwestern arid
areas of the region that block the connection between deserts
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and wilderness (Fig. 1a). The mountains form several inland
rivers that are important water sources for the arid areas of
the northwest and have therefore made a considerable contri-
bution to regional economic development (Gou et al., 2005;
Tian et al., 2014; Qin et al., 2016). In this study, we chose the
Qilian Mountains as the research object and selected six sites
with different backgrounds representing the southern slopes,
northern slopes, and interior of the mountains. To thoroughly
investigate the discrepancies in this complex mountain ter-
rain, the DSD characteristics and Z—R relationships were
comprehensively analyzed according to different rain types
based on continuous disdrometer observations in the rainy
season. The primary goal was to obtain a deeper understand-
ing of the characteristic differences of DSD over the Qilian
Mountains and to refine the accuracy of QPE by comparing
with standard Z—R relationships in models, which could then
be used as a research foundation for developing cloud water
resources in mountainous areas.

2 Data and method
2.1 Sites and instruments

The eastern and middle sections of the Qilian Mountains
were chosen as the main study area, taking into account that
several important inland rivers originate from these areas (Li
et al., 2019). Six disdrometers were deployed on the south-
ern slopes, northern slopes, and interior (close to the ridge)
of the Qilian Mountains, with three sites in the eastern sec-
tion (called Taola (TL, 2910 m), Huangchengshuiguan (HS,
2342 m), and Liuba (LB, 1926 m), from south to north) and
another three sites in the middle section (called Daladong
(DLD, 2957 m), Boligou (BLG, 2455 m), and Shandan (SD,
1765 m), from south to north). The background of the Qilian
Mountains is shown on the satellite map in Fig. 1a, and the
six sites are marked on the topographical map, also in Fig. 1b.
The distances between the six sites are listed in Table 1. The
sites in the south, north, and interior are basically parallel to
the orientation of the mountains, and the sections formed by
the sites in the east and interior are basically perpendicular to
it. On the basis of a historical weather review and rain gauge
observations, the rainy season at the six sites is concentrated
in May to October, with more precipitation in July, August,
and September.

This study used an optical, laser-based device to measure
the DSD, called a DSG4 disdrometer (Fig. 1c), which meets
the functional specification requirements for disdrometers is-
sued by the China Meteorological Administration. This dis-
drometer has an HSC-OTT Parsivel2 sensor as the observa-
tion part, manufactured by OTT Messtechnik (Germany) and
Huatron (China). When raindrops pass through the horizon-
tal flat laser beam generated by the transmitting part of the in-
strument, it causes signal attenuation in the laser observation
area. The raindrop size is determined by the degree of signal
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Figure 1. (a) Geographical overview of the Qilian Mountains. (b) The disdrometer sites (circles). (¢) The observation device at TL site.

Source: Google Earth © Google Earth 2019.

Table 1. Site details (latitude, longitude, sea level height) and distances (km) between pairs of sites.

Six sites LB

HS TL SD BLG DLD

LB (38.16°N, 102.14° E; 1926 m) -
HS (37.83°N, 102.01° E; 2342 m) -
TL (37.33° N, 102.00° E; 2910 m) -
SD (38.80° N, 101.08° E; 1765 m) -
BLG (38.4°N, 100.69° E; 2455 m) -
DLD (38.18°N, 100.3° E; 2957 m) -

396 943 116.0 1296 161.1
- 556 1351 1328 1549
- - 1824 1673 177.0
- - - 542 968
- - - - 433

attenuation, and the falling speed is recorded by the transit
time. The sampling time is 60s, and the velocity and drop
sizes are divided into 32 non-equally spaced bins, varying
from 0.05 to 20.8 ms™! for velocity and 0.062 to 24.5 mm
for drop diameter.

https://doi.org/10.5194/hess-27-3895-2023

2.2 Quality control of the data

It was necessary to quality control the data because of poten-
tial instrument errors. Every minute of DSD data collected by
the six DSG4 disdrometers from May to October 2020 was
carefully processed. Specifically, the following criteria were
employed in choosing data for analysis (Jaffrain and Berne,
2011; Guyot et al., 2019; Pu et al., 2020): (1) the first two
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size bins were ignored because of a low signal-to-noise ratio,
(2) samples with 1 min total of raindrop numbers less than
10 or a rain rate at the moment of discontinuous observation
less than 0.1 mmh~! were regarded as noise (corresponds to
the second sample in Table 2), (3) raindrops with diameters
more than 8 mm were eliminated, (4) raindrops with a falling
terminal velocity V (D;) that deviated from the empirical ter-
minal velocity Vemp(D;) by more than 40 % were removed
(Kruger and Krajewski, 2002), and (5) samples with less than
five bins after the correction of falling terminal velocity were
deleted because their DSDs could not be determined with too
few bins. The fourth criterion can be expressed by the follow-
ing formula:

|V (D) = Vemp(Di)| < 0.4Vemp (D;), ey

where Vemp (D;) = 9.65—10.3exp(—0.6D;) (D; is the mean
volume-equivalent diameter of the ith size category), as de-
rived from the formula given in Atlas et al. (1973).

The sample statistics of key steps following data quality
control are shown in Table 2. The numbers of 1 min DSD
spectra selected from the six sites (LB, HS, TL, SD, BLG,
DLD) after data quality control, covering the rainy season
(May—October) in the Qilian Mountains region in 2020, were
11103, 17619, 14814, 10736, 18861, and 13 230, respec-
tively, which accounted for 87.9 %, 85.8 %, 84.5 %, 91.2 %,
80.6 %, and 86.5 % of the total number of samples.

2.3 Integral parameters of rainfall

The basic observations obtained by the disdrometer were the
counts of raindrops at each diameter and velocity. Also, the
diameters given by the disdrometers were the middle value of
two adjacent bins, which we take as the corresponding end-
point bin values. The velocities were the weighted-average
velocity class over the corresponding disdrometer. The rain-
drop number concentration N (D;) (m 3 mm™!) in the ith
size bin per unit volume per unit size interval for diameter
was calculated with the following equation:

32

ni,j
ND)=) —— | 2
(Do) i;IA-At-V,--ADi @

where n; ; denotes the counts of raindrops measured by
the disdrometer within size bin i and velocity bin j dur-
ing the sampling time Af; A and At are the sampling
area (0.0054 m?) and sampling time (60's), respectively; Vi
(ms~!) is the mid-value falling speed for velocity bin j; and
A D; is the diameter spread for the ith diameter bin.

Some integral rainfall parameters, such as the total num-
ber concentration N, (m~2), rain rate R (mmh~1), radar re-
flectivity factor Z (mm®m™3), and liquid water content W
(gcm™3), can be derived with the following equations:
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32
Niy=) N (Di)AD, 3)
i=1
67 32
= 1055 ZV(Di)D?N(Di)ADj, 4)
W=l
32
Z=Y N(Di)D{AD;, Q)
i=1
Zp 32
W= il D}N (D;) AD;, 6
6X103;, (D;) AD; (6)

where py, is the water density (1.0 g cm~3), and V(D;) is the
falling speed from the disdrometer. In this study, when cal-
culating the rain rate, we use Vemp(D;) to replace V (D;) be-
cause of measurement error, particularly at larger bins and
faster falling speeds, which is inspired by Tokay et al. (2014)
and Zhang et al. (2019).

The characteristics of DSD can be described by a three-
parameter gamma distribution in the form introduced by Ul-
brich (1983). Also, it has better fitting capability than the M—
P distribution in terms of the broader variation of DSD fluc-
tuations, including the middle rain drops, especially on small
and large rain scales. The three-parameter gamma distribu-
tion can be expressed by the following formula:

N (D) = NoD"exp(—AD), (7)

where N (D) is the raindrop number concentration; D is the
raindrop bins with units of millimeters; and Ng, u and A
are the intercept, shape, and slope parameter from the three
parameters of the gamma model, which can be derived from
gamma moments or the least-squares method, respectively.
When p = 0, it degenerates into the M—P DSD model.
Although, the gamma distribution is commonly accepted,
the normalized gamma distribution has also been widely
adopted, with its independent parameters and clear physical
meaning, as follows (Dolan et al., 2018; Y. Ma et al., 2019):

4+
N(D)=in|:(4+'u) ﬂ(g)“
128 rd+nup Dy,

(=502, ®)

where u is the shape parameter, which is dimensionless;
Dy (mm) is the mass-weighted mean diameter; and N,
(m~3 mm~!) is the normalized intercept parameter computed
from Dy,. The form is as follows:
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Table 2. Sample statistics of data quality control at six sites.

3899

Samples LB HS TL SD BLG DLD
Total minutes (min) 12625 20536 17526 11770 23401 15289
Total minutes without noise (min) 12602 20509 17494 11756 23371 15267
After quality control (min) 11103 17619 14814 10736 18861 13230
Available data (%) 879% 858% 845% 912% 80.6% 86.5%
(a) ® = (b)
~ 10° e 107 10°
ZN(Di)Di AD; mE 101 ‘E’; 1073 15 2 25
i=1 _
Dy, = ’32 , ©)] % 1 % X
10° = 10
> N(D;)D}AD; = |
i=1 0o 1 2 3 4 5 0o 1 2 3 4 5
D (mm)

No 44 (10°w 10
Y mpw \ DA

3 DSD parameter characteristics
3.1 Characteristics of DSD

Figure 2a shows the mean DSDs for the six sites during the
rainy season in the Qilian Mountains. The maximum concen-
tration of raindrops was around 0.562 mm in diameter, and
the maximum number concentration values of the sites were
ordered as follows: BLG > TL > DLD > HS > SD > LB.
As the diameter increased, the number concentration de-
creased, and the concentration values followed the order
LB >SD>DLD > TL > BLG > HS at around 2mm in di-
ameter. When the diameter was larger than 4 mm, the concen-
tration at TL, BLG, and HS was relatively high. In this study,
the data were roughly divided into small raindrops (less than
I mm in diameter), midsize raindrops (1-3 mm), and large
raindrops (greater than 3 mm) to easily describe the differ-
ences in DSDs (Y. Ma et al., 2019; Pu et al., 2020). To high-
light the DSD differences caused by the background environ-
ment, Fig. 2b shows the mean DSDs normalized by the Ny,
and Dy, results for the sites. Compared with Fig. 2a, the rain-
drop characteristics were more consistent across sizes, while
the differences between the sites were more pronounced, es-
pecially in the midsize and large raindrops, which truly re-
flected the DSD differences caused by the location. Com-
bining the characteristics of the geographical environments
of the six sites, we can analyze some differences in DSD
characteristics in the Qilian Mountains. For small raindrops,
the number concentrations at the interior and southern-slope
sites were greater than at northern-slope sites; for midsize
raindrops, the number concentrations decreased sequentially
at the northern-slope, southern-slope, and interior sites; and
for large raindrops, the number concentrations at the inte-
rior sites were larger. In addition, the number concentrations
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Figure 2. The (a) mean and (b) normalized mean DSDs at six sites
in the Qilian Mountains region in the rainy season.

of raindrops in the middle section of this mountainous area
were slightly greater than those in the eastern section.

3.2 Distribution of DSD parameters

In order to study the differences in DSDs, we selected six
integral rainfall parameters for discussion — namely, the nor-
malized intercept parameter (Ny), mass-weighted mean di-
ameter (Dp,), shape parameter (1), total number concentra-
tion (Ny), rain rate (R), and radar reflectivity factor (Z). Fig-
ure 3 and Table 3 show the distributions and statistics of these
six DSD parameters (the distribution of each was normalized
using the uniform method). On average, Dy, was more con-
centrated on smaller values at HS and BLG, which showed
smaller mean values than TL and DLD but significantly more
values greater than 1 mm at LB and SD; logjo N, was more
centralized on larger values at TL and DLD, with relatively
smaller values at LB and SD; and the distribution patterns for
w and logo N were similar to those for logo Ny,. The density
curves of R and Z were similar, but there were differences
among the six sites, which are analyzed in detail later in the
paper. It is noteworthy that the frequency of samples with
R around 0.6-1.0mmh~! was highest, and samples with R
less than 1 mmh~! accounted for more than half of the total
rainfall.

3.3 DSD characteristics in different rain rate classes

To further understand the characteristics of DSDs at the six
sites, the samples were divided into six classes according to
the associated rain rates (R): C1, R < 0.5; C2,0.5 <R < 2;
C3,2<R<4,C4,4<R<6;C5 6<R<10; C6, R>
10 mmh~!. This classification was based on two considera-
tions: firstly, the number of observation samples for different
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Figure 3. Probability density distribution of integral DSD parameters at six sites (LB, HS, TL, SD, BLG, DLD): (a) normalized intercept
parameter logjo Nw (Nw inm™> mm™ 1 ), (b) mass-weighted mean diameter Dy, (mm), (¢) shape parameter u, (d) total number concentration
log1gNt (Nt in m73), (e) rain rate logjgR (R in mm h! ), and (f) radar reflectivity factor Z (dBZ).

Table 3. Statistical values of several integral DSD parameters for all observations at six sites (LB, HS, TL, SD, BLG, DLD).

Sites logjoNw | D | m | log1o Nt | R | z

ME  SD SK| ME SD SK| ME SD SK| ME SD SK | ME SD SK| ME SD SK
LB 343 047 -025]099 029 2681092 663 061|201 046 —007 | 094 190 023 | 1779 7.82 044
HS 359 048 —029 | 089 025 335 | 1112 664 053|213 045 —022| 069 160 005 | 1624 7.08 034
TL 369 048 —055|090 029 449 | 1137 684 048 | 223 044 —043 | 089 148 —005 | 1747 755 035
SD 354 048 —0.17 | 096 026 212 | 1062 661 071|211 046 —0.17 | 097 201 006 | 17.95 747 028
BLG 372 054 —0.15|089 029 517 | 1171 706 046 | 226 050 —025| 094 213 —004 | 1734 766 041
DLD 3.69 045 -050 | 090 025 266 | 1152 666 043|224 043 —046 | 095 162 —001 | 1770 743 037

Note: ME is mean, SD is standard deviation, and SK is skewness.

rainfall rates roughly conformed to a normal distribution; and
secondly, the mean maximum diameter interval of different
rainfall rates gradually increased (Li et al., 2019). Of course,
other classification studies were referenced, and the fact that
the rain rate in this area is smaller than that in southern China
was taken into account (Y. Ma et al., 2019; Zeng et al., 2021).
Figure 4 shows the mean DSDs of each rainfall rate class for
the six sites. Table 4 lists the number of samples and statisti-
cal values of the DSD parameters for the six classes. Clearly,
as the rainfall rate increased, the number concentration of
almost all raindrop sizes and the width of DSD shapes in-
creased, and thus the tail of the DSD shape moved gradu-
ally towards a larger diameter, similarly to previous findings,
such as those of Y. Ma et al. (2019) and Pu et al. (2020).
Taking a number concentration of 0.01 m 3 mm~!, the mean
maximum diameters of DSD in each class were ordered as
follows: 2.3-2.5, 3.2-3.4,3.9-4.5,4.3-5.0, 5.0-5.6, and 6.0—
7.0 mm (the sixth-class diameter range is not fully shown in
the figure). In class C1, the number concentrations were rel-
atively similar at different sites; starting from class C2, the
differences in number concentration increased when the di-
ameter was greater than 2 mm for the six sites; and the dif-
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ferences in number concentration were gradually reflected in
each raindrop size bin as the rainfall rate class increased. Ob-
servationally, the DSDs of BLG, HS, and TL had larger num-
ber concentrations in different rainfall rate classes, and the
DSD parameters and standard deviations (SDs) were larger,
especially for BLG.

Figure 5 shows box-and-whisker plots of the normalized
intercept parameter logig/Ny, and the mass-weighted mean
diameter Dy, for six sites in each rain rate class. The mid-
dle line in the box indicates the median. The left and right
lines indicate the 25th and 75th percentiles. The left and right
ends of the whiskers indicate the most extreme data points
between the 5th and 95th percentiles, except outliers. The
median Dy, gradually increased with a larger value range as
the rain rate class increased, particularly for HS and BLG in
classes C5 and C6. The median logo Ny increased in classes
C1 to C3 and then tended to decrease in classes C5 to C6, for
which the reduction was obvious at sites with a larger value
range, such as HS and BLG. Y. Ma et al. (2019) also ob-
tained similar conclusions that Dy, values increase with the
increased rainfall intensity, while the logo Ny, is not as clear.
The indication was that the increase in rain rate was mainly

https://doi.org/10.5194/hess-27-3895-2023
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Table 4. Statistical values of several integral DSD parameters for six rain rate classes at six sites.

Class Sites ~ Samples  logjoNw | Dm ‘ “w | logioNe | R ‘ 4

ME SD| ME SD| ME SD| ME SD| ME SD| ME SD

Cl (<0.5mm h_l) LB 6520 325 041 | 0.88 0.18 | 1236 7.09 | 1.74 0.34 020 0.13 | 12.68 4.52

HS 10753 343 044 | 0.81 0.17 | 12.01 7.03 | 1.89 0.37 020 0.13 | 11.90 4.54

TL 7858 3.52 044 | 079 0.16 | 1291 7.12 | 1.96 0.37 020 0.13 | 11.78 4.16

SD 5772 334 043 | 0.85 0.18 | 11.72 6.99 | 1.82 0.36 0.20 0.13 | 1251 4.40

BLG 10073 350 048 | 0.79 0.17 | 1294 728 | 1.94 0.40 020 0.13 | 11.73 4.26

DLD 6891 3.51 043 | 079 0.15 | 13.04 6.92 | 1.96 0.36 0.21 0.13 | 12.14 4.15

C2 (0.5-2mm h_l) LB 3318 3.66 041 | 1.06 024 993 575 | 230 0.28 1.00 041 | 22.55 3.27

HS 5700 3.82 039 | 097 0.21 10.21 588 | 244 0.26 096 0.37 | 21.67 3.09

TL 5368 3.87 042 | 098 023 | 1035 6.15 | 249 0.26 1.07 041 | 22.18 3.33

SD 3778 373 041 | 1.03 0.23 994 6.14 | 236 0.28 1.02 040 | 2240 3.15

BLG 6411 397 047 | 094 025 | 11.24 6.72 | 256 0.30 1.07 043 | 21.69 3.69

DLD 4778 3.88 037 | 095 020 | 1091 6.02 | 247 0.24 1.01 040 | 21.60 3.19

C3 (24 mm h’l) LB 782 371 047 | 1.31 0.37 733 428 | 252 0.29 277 056 | 29.54 2.87

HS 884 396 050 | 1.16 0.34 842 522 | 273 027 276 054 | 28.33 3.06

TL 1232 400 047 | 1.13 0.33 870 593 | 275 0.23 2.68 053 | 28.07 3.16

SD 812 389 044 | 1.19 0.27 8.57 553|263 0.26 271 053 | 2841 2.68

BLG 1865 4.05 049 | 1.11 0.30 8.62 575 | 281 0.25 2770 053 | 2799 3.29

DLD 1111 391 044 | 1.18 0.29 781 545 | 270 0.23 274 054 | 28.73  3.09

C4 (4-6 mm h_l) LB 229 380 047 | 1.41 040 733 394 | 265 0.31 476 0.57 | 32.69 2.63

HS 191 4.03 054 | 1.28 047 754 442 | 2.86 0.27 480 0.56 | 31.70 3.34

TL 213 384 056 | 141 0.51 6.23 4.64 | 277 0.28 477 0.54 | 32.82 3.54

SD 187 4.03 041 1.24  0.27 835 502 | 280 0.22 476 054 | 31.32 252

BLG 321 399 0.66 | 1.33 0.53 797 6.10 | 293 0.27 478 0.54 | 3244 4.40

DLD 270 392 053 | 1.35 047 6.50 4.80 | 2.83 0.25 483 0.56 | 3255 3.47

C5 (6-10 mm h_l) LB 167 381 046 | 1.55 044 6.46 338 | 2.72 0.27 7.66 122 | 3574 2.85

HS 49 369 0.74 | 1.70 0.68 6.89 482 | 2.75 0.38 742 1.09 | 36.14 4.29

TL 103 357 062 | 1.78 0.66 520 4.62 | 271 0.32 732 1.02 | 37.03 3.76

SD 128 396 039 | 142 0.35 7.10 396 | 2.82 0.21 7.68 1.17 | 3476 242

BLG 138 397 076 | 1.51 0.80 834 635 | 299 0.27 737 1.02 | 35.09 4.96

DLD 122 390 046 | 1.46 0.34 6.13 420 | 2.86 0.26 729 1.11 | 3532 2.88

C6 (> 10 mm h_l) LB 87 385 044 | 1.73 0.53 508 305|287 032 | 1481 757 | 39.58 3.57

HS 42 360 0.65 | 2.19 092 6.74 527 | 3.00 028 | 21.69 991 | 4293 6.11

TL 40 3.16 0.69 | 2.69 1.19 434 520 | 274 032 | 1825 9.69 | 4470 541

SD 59 3.66 029 | 2.04 046 330 248 | 291 0.16 | 21.07 834 | 4285 4.10

BLG 53 338 093 | 258 1.52 558 6.19 | 3.00 037 | 21.95 9.05 | 44.08 17.50

DLD 58 382 047 | 1.80 0.46 6.64 4.12 | 2.84 0.28 | 16.58 7.21 | 40.13 3.53

due to the growth in raindrop size. Also, the change in num-
ber concentration may have been caused by the imbalance
between the loss of number concentration at small raindrop
sizes and the addition at large raindrop sizes, which in a sense
implies a relationship between the collision—coalescence and
breakup of raindrops. It is worth noting that the microphys-
ical processes were quite different among the sites, being
greatly influenced by the surrounding environment. Because
HS and BLG were located in the interior of the mountains
and close to the ridge, their dynamics and thermodynamics,
as well as their underlying surfaces, were thus different from
those of other sites.

https://doi.org/10.5194/hess-27-3895-2023

Figure 6 displays the contribution of different rain rate
classes to the total rainfall at different sites. It is clear that C2
contributed the most to the total rainfall of all sites, followed
by C3, and the sum of the two classes’ contributions could
reach 60 % of the total rainfall. Compared with the interior
and southern-slope sites, C2 and C3 contributed slightly less
to sites LB and SD (i.e., the northern slopes), while C5 and
C6 contributed relatively more to sites LB and SD, indicat-
ing that there is a greater probability of heavy-precipitation
events on the northern slopes. The DSD parameters in Ta-
ble 3 provide a more detailed representation of the rain-
fall differences between the three geographical sections of

Hydrol. Earth Syst. Sci., 27, 3895-3910, 2023
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Figure 4. Distribution of mean measured DSD for different rain rate classes at six sites.
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Figure 5. Variation of the normalized intercept parameter logjgNw (a) and the mass-weighted mean diameter Dy, (b) for different rain rate
classes at six sites. The three lines in the boxes are the 25th, 50th, and 75th percentiles, from left to right. The whiskers at the left and right
ends are the 5th and 95th percentiles, respectively. The colors represent the six sites, as in other figures.

the Qilian Mountains, i.e., the interior, southern slopes, and
northern slopes. Meanwhile, it also reflects the characteris-
tics of rainfall in the eastern and interior sections — for ex-
ample, the eastern section had larger Z and Dy, and smaller
log1o Ny and logjoN; compared to the interior. It is possible
that there is a certain spatial connection between precipita-
tion at the sites, related to factors such as the source of pre-
cipitation vapor, weather system, and so on.

Hydrol. Earth Syst. Sci., 27, 3895-3910, 2023

3.4 DSD properties for different rain types

Previous studies on DSD have shown that there are signif-
icant differences in the DSD of convective and stratiform
rainfall in the same climatic region, which has a substantial
impact on the parameterization of NWP and remote sens-
ing observations (Bringi et al., 2003; Penide et al., 2013).
Due to the different physical mechanisms of convective and
stratiform rainfall, it is possible to discuss the differences in
the microphysical structures of rainfall types through their

https://doi.org/10.5194/hess-27-3895-2023
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DSDs. Studies have employed many different classification
methods for rainfall types; for example, Testud et al. (2001)
used the rain rate, Chen et al. (2013) combined the rain rate
and its SD, and the findings of Das and Maitra (2018) were
based on the rain rate and radar reflectivity factor. Among
these, the method of Chen et al. (2013) has commonly been
used to establish samples of convective and stratiform rain-
fall but mainly in semi-humid or humid regions with rela-
tively high rain rate and rainfall. However, the Qilian Moun-
tains are located in the semi-arid regions of China and far
from the sea, where the average rainfall intensity and amount
are quite different from in semi-humid regions. Therefore,
this paper proposes a new classification method for precipi-
tation that is applicable to the arid and semi-arid regions of
northwestern China based on the classification ideas of Chen
et al. (2013) and Das et al. (2018).

Firstly, the sequences of DSD with continuous 1 min sam-
ples for more than 10 min are determined, and R; is defined
as the rain rate at time 7. In the first case, the R of samples
from R;_5 to R;45 is less than 5 mm h~!, and their SD is less
than 1.5mmh~!; in the second case, the R of samples from
R;_5 to R;,5 is greater than or equal to Smmh~! with more
than nine samples, and their SD is greater than 1.5mmh~!;
and in the third case, the situation is the same as the second
case, but their SD is less 1.5mmh~!. Secondly, samples sat-
isfying Z <20 and W < 0.08 in the second case are removed
(Thurai et al., 2016; Das and Maitra, 2018), and then, sam-
ples with R; greater than or equal to Smmh~! in the second
case are regarded as convective rainfall, and samples with R;
less than 5 mmh~! in the second case are regarded as transi-
tional rainfall (the rainfall stage in which convective precipi-
tation develops and declines). Samples in the first case are re-
garded as stratiform rainfall. Through experiments, the third
case does not exist. The main calculation process is shown in
Fig. 7.

https://doi.org/10.5194/hess-27-3895-2023

The log1gNw and Dy, of different rainfall types were dif-
ferent, and these were taken as the main research objects.
Figure 8 shows the variation of logjoNy with Dy, at differ-
ent sites. The blue, red, and yellow scatter points represent
stratiform, convective, and transitional rainfall, respectively.
Obviously, there are fairly clear boundaries between the scat-
ter points for the different precipitation type events, and the
same dividing line can be used to distinguish between the
different rainfall types at different sites. The solid green lines
were drawn based on visual examination of the data, with a
slope of approximately —1.60 and an intercept of 6.008 to
represent the split between stratiform, transitional, and con-
vective rainfall in all subplots. The dashed green line can
distinguish transitional rainfall (transitional and stratiform
rainfall have an overlap area) with a slope of approximately
—3.338 and intercept of 6.847. Note that the dividing line be-
tween stratiform and convective rainfall has the same slope
as that obtained by Bringi et al. (2003) (solid green line with
a slope of —1.6 and intercept of 6.3), who fitted composite re-
sults based on disdrometer data and from radar retrievals cov-
ering many climate conditions from near the Equator to the
Plateau. The logjg Ny and Dy, from the figures for stratiform,
convective, and transitional rainfall are, respectively, concen-
trated in the ranges of 3.1-3.9 and 0.75-1.1 mm, 3.8—4.2 and
1.4-1.6 mm, and 3.6—4.0 and 1.05-1.2 mm. Compared to the
maritime-like cluster and continental-like cluster of convec-
tive rainfall proposed by Bringi et al. (2003), the convective
events in the Qilian Mountains do not belong to continental-
like clusters or maritime-like clusters, while the averages of
Dy, are slightly less than the continental-like cluster, and
the averages of logjo Ny, are greater than the continental-like
cluster. There are isolated convective events in the maritime-
like cluster, but it is difficult to be consistent with the features
of the geographical location of the Qilian Mountains.

Figure 9 shows the mean DSDs for stratiform, convective,
and transitional rainfall at the six sites. The ranges of number

Hydrol. Earth Syst. Sci., 27, 3895-3910, 2023
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Figure 8. Scatter plot of logjg Nw versus Dy, for different rain types at (a) LB, (b) HS, (¢) TL, (d) SD, (e) BLG, and (f) DLD. The stratiform
cases, convective cases, and transitional cases are represented by blue, red, and yellow scatter points, respectively. The dashed green lines
are the logjo Nw—Dm relationship for stratiform versus convective cases and stratiform versus transitional cases. The dashed black lines are
the log1g Nw—Dn relationship for stratiform versus convective cases and stratiform versus transitional cases from Bringi et al. (2003). The
dotted green lines are the area of overlap between stratiform and transitional cases.

concentrations and corresponding raindrop diameters for the
three types were significantly different, matching the basic
characteristics of DSD. The mean DSDs of stratiform rain-
fall differed slightly among the sites; convective rainfall had
big differences among the sites; and transitional rainfall pre-
sented more differences, beginning at larger than 2.2 mm in
diameter, which were the expected results. Stratiform rain-

Hydrol. Earth Syst. Sci., 27, 38§95-3910, 2023

fall usually has a large horizontal extent and an homoge-
neous cloud distribution, which makes the DSD characteris-
tics basically the same under the influence of the same cloud
system in mountainous areas. However, convective rainfall is
related to local thermal and dynamical factors, which could
lead to differences in DSD at different sites when consider-
ing the complex topography and diverse underlying surfaces

https://doi.org/10.5194/hess-27-3895-2023
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in mountainous areas. For example, for convective rainfall,
there was a significant increase in the number concentration
of raindrops larger than 2.2 mm in diameter at BLG, HS, and
TL, indicating that these sites are conducive to the develop-
ment of convective precipitation. Also, the number concen-
trations of small raindrops at BLG and HS were higher than
at TL (the southern slope), which may be due to the higher
altitude of the interior sites reducing the falling distance of
raindrops after exiting the cloud and decreasing the impact
of collision on the raindrop evolution. In other words, even
for the same rainfall type, the microphysics of rainfall at dif-
ferent sites is still different, depending on the topography and
position of the observation point relative to the cloud base.

Figure 10 shows box-and-whisker plots of logjo/Ny and
Dy, for different rain types. The logigNy and Dy, of strat-
iform rainfall were smaller than those of convective rain-
fall but larger than those of transitional rainfall. Sites with
a large logig Ny value range had larger value ranges for Dy,
and sites with a large median log;o Ny, had a smaller median
D, especially at sites HS and BLG, for convective rainfall.
Based on the mean values of the six sites in Table 5, the DSD
characteristics in the Qilian Mountains consist of a larger Ny,
and smaller Dy, (compared the results of studies in other re-
gions; see the Discussion section for details) due to the melt-
ing of tiny, compact graupel and rimed ice particles (rela-
tive to large, low-density snowflakes). Compared with tran-
sitional rainfall, the Dy, of convective rainfall was obviously
larger, indicating that the increase in rain rate in this area is
mainly due to the growth in raindrop size. Moreover, on the
northern slopes, one should consider the increase in number
concentration because the logjo Ny, of convective rainfall also
increased. Note that the number of convective samples on
the northern slopes was higher than that of other sites, which
corresponds to the speculation regarding the contribution of
different rain rate classes. On average, for stratiform rainfall,
the dispersion degrees of logjgNy, and Dy, at different sites
were 8.3 % and 10.0 %, respectively, and for convective rain-
fall, it was 10.4 % and 23.4 %. The SDs of DSD parameters
at sites HS and BLG were relatively large.

3.5 Implications for radar rainfall estimation with DSD

The sixth moment of raindrop diameter is proportional to
the radar reflectivity factor, and the 3.76th moment is ap-
proximately the rain rate (they can be calculated by Egs. 4
and 5). Generally, the theoretical basis of QPE for single-
polarization radar (ground-based or space-based) is the
power relationship between the radar reflectivity and rainfall
rate (Z = ARP). This makes the coefficients A and exponents
b of the power relationship heavily dependent on the varia-
tion in DSD. Therefore, it is necessary to obtain the A and b
of different sites according to different rainfall types.

Figure 11 shows the Z—R scatter plots for different sites
and the fitted power-law relationships for different rainfall
types. The blue and red scatter points represent stratiform

https://doi.org/10.5194/hess-27-3895-2023
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and convective rainfall, respectively. The solid purple, red,
and black lines indicate the Z—R relationships for stratiform,
convective, and total rainfall, respectively. It shows that the
Z—R scatter points for HS and BLG were relatively scattered
around the 5mmh~! rain rate. Besides, the Z—R relation-
ship of total rainfall underestimated the stratiform rainfall at
low R values and the convective rainfall at high R values.
Based on the average Z—R relationship using a least-squares
method, the dispersion degree of A and b at different sites
was 42.5 % and 10.7 %, respectively, which reveals that there
are large differences in mountain areas.

In order to compare the six sites’ Z—R relationships
with some standard Z—R relationships, the results for Z =
300R!'* for convective rainfall commonly used in radar and
Z =200R© (i.e., M48) for stratiform rainfall commonly
used in midlatitude areas are provided in Fig. 12. Overall,
convective rainfall had smaller values of A and larger values
of b than stratiform rainfall (excluding DLD). The A val-
ues of convective rainfall were smaller than the commonly
used Z—R relationship, with large differences, but the b val-
ues were greater. The distribution of A and b for stratiform
rainfall was relatively concentrated, with A and b ranging
from 186 to 238 and from 1.3 to 1.35, respectively. The A
values of stratiform rainfall were close to those of M48, and
the b values were close to and smaller than the Z—R of global
stratiform rainfall. Site DLD had a similar Z—R for strati-
form rainfall as M48, while its convective rainfall was dif-
ferent from other sites, with a larger A value (twice as large
as other sites) and smaller b value, which probably relates
to its own local climatic influences formed in a narrow val-
ley with higher peaks on either side relative to TL site that
would cause more precipitation. In addition, it is clear that
the A value of stratiform rainfall increased from the south-
ern slopes to the northern slopes, while the opposite was the
case for convective rainfall. Also, the Z—R relationships of
the same section are more consistent, such as those of the in-
terior or the northern slopes, which have distinct geographic
characteristics.

4 Discussion

The paper analyzes the statistical characteristics of DSD at
different sites in the Qilian Mountains during the rainy sea-
son, which not only contain rainfall classes using the ideal
velocity value in the calculation formula of R and rainfall
types but more importantly reflect the differences between
different sites. The results from different aspects can be mu-
tually confirmed and have a good representation of the spatial
distribution, serving as a strong factual basis for discussion
of the microphysical structure of precipitation. For exam-
ple, with the rain rate class rising, the number concentration
of all size bins was increased, and the width of DSDs be-
came wider, which manifested as convective rainfall having
a larger rain rate. In spatial terms, the characteristics of pre-

Hydrol. Earth Syst. Sci., 27, 3895-3910, 2023
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Figure 9. Distribution of mean measured DSD for (a) stratiform rainfall, (b) convective rainfall, and (c) transitional rainfall at six sites.

Table 5. Statistics of several integral DSD parameters for six sites with stratiform rainfall, convective rainfall, and transitional rainfall.

Type Sites No. samples log1oNw ‘ D ‘ 7 ‘ log1o Nt ‘ R ‘ Z
ME SD| ME SD| ME SD| ME SD| ME SD| ME SD
S LB 7123 342 042096 021 | 1148 798 | 1.98 038 | 054 060 | 1693 593
HS 12694 360 044 | 0.88 021 | 11.24 789 | 214 040 | 054 058 | 16.17 6.06
TL 10091 371 043 ] 087 020 | 11.90 801 | 223 039 | 065 067 | 1685 6.15
SD 7175 351 044|095 022 | 1115 803 [ 207 039 | 062 064 | 1736 6.10
BLG 12467 372 049 | 0.88 023 | 1224 850 | 225 044 | 070 074 | 17.11 633
DLD 9685 370 042 ] 0.88 021 | 1191 791 | 223 038 | 067 069 | 17.18 6.13
C LB 292 391 035 ] 149 035 650 330|281 023] 928 556 | 3588 3.59
HS 100 385 067 | 171 084 | 633 433|295 030 | 1255 1375 | 3732 6.64
TL 159 354 059 | 1.87 074 | 521 497 | 272 030 | 948 691 | 3796 521
SD 219 391 037 | 154 047 | 6.61 468 | 285 0.19 | 1075 7.68 | 36.24 5.02
BLG 198 391 074 | 1.64 097 | 800 737 | 3.00 027 | 1057 1549 | 3629 6.75
DLD 203 394 048 | 150 043 | 6.96 524 | 287 027 | 941 604 | 3589 4.27
T LB 787 376 039 | 1.I5 021 | 837 435|247 031 | 216 1252642 3.89
HS 541 389 049 | 1.05 029 | 898 674 259 033 | 181 1152479 3.89
TL 465 377 070 | 122 049 | 881 691 256 044 | 230 121 | 27.10 439
SD 819 387 041 | 112 026 | 823 546 [ 259 028 | 228 118 | 2659 4.04
BLG 665 404 051 | 1.04 031 ] 1033 731 272 033 | 219 113 | 2566 444
DLD 503 395 046 | 1.10 030 | 869 6.16 | 267 031 | 235 117 | 2660 4.20

cipitation in the interior of the mountains and on the south-
ern slopes were closer, whether considering the overall DSD
distribution or the distributions of DSD parameters. How-
ever, there were obvious variabilities at the interior sites for
DSD parameters due to the influences of local dynamics and
thermal effects. On the other hand, these characteristics also
exhibited some differences between the interior and eastern
sections of the Qilian Mountains, especially in the discussion
of DSD parameters for rainfall classes and rainfall types (see
Figs. 5 and 10). This spatial variation in DSD suggests that
microphysical processes involved in the DSD are influenced
by complex topography (altitude, mountain alignment) and
are potentially related to the source of water vapor, develop-
ment of precipitation process, and anthropogenic factors.
Compared to previous studies that focused on eastern
(3.48 for logigNy and 1.23 mm for Dp,; Pu et al., 2020),
southern (3.86 for logigNw and 1.47mm for Dy,; Zhang
et al., 2019), northern (3.60 for logjo/Ny and 1.15 mm for
Dm; Y. Ma et al., 2019), and central (3.48 for logjgoNyw and

Hydrol. Earth Syst. Sci., 27, 3895-3910, 2023

1.54 mm for Dy,; Fu et al., 2020) China, as well the Tibetan
Plateau (3.47 for logjoNy and 1.05mm for Dy,; Wang et
al., 2020), the Qilian Mountains region has its own unique
DSD characteristics and Z—R relationship during the rainy
season, including a smaller raindrop diameter with a higher
number concentration (3.69 for logigNy and 0.94 mm for
Dy,). Moreover, the division of rainfall rate classes in the Qil-
ian Mountains more adequately reflects the DSD characteris-
tics in each class, unlike when using the classification method
of other sites with larger rainfall rates. More importantly, the
proposed classification of stratiform and convective rainfall
can clearly distinguish between the distribution of logjo Ny,
versus Dy, in different rainfall types, for which the dividing
line (slope of —1.6 and intercept of 6.008) between stratiform
and convective rainfall has the same slope as the line (slope
of —1.6 and intercept of 6.3) given by Bringi et al. (2003).
Furthermore, according to this method, it can be proven that
convective events do not belong to the continental-like clus-
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W. Mao et al.: Characteristics of DSD in complicated mountain terrain

LB (a) L i S LB [ HIT~ (b)
c HS el Y HS -+
s T F--CIT - TL [ HIF -
E SD [ o SD  HI-+
? BLe BLG
DLD DLD
15 2 25 3 35 4 45 5 115 2 25 3 35 4
LB (c) - LB FOF- (d)
o HS r---C—IF--+ | HS| rOT—F---
'% TL Fe--C T3 T - ----- -
g sp g spf O F---
©BLG BLG
DLD DLD
15 2 25 3 35 4 45 5 115 2 25 3 35 4
LB (e) e i LB+~ ()
< HS (e e 2 HS |+~
s TL Fe----  — — ) L I F---
g SD ---CF - sD| ~OF -
'_BLG BLG
DLD DLD
15 2 25 3 35 4 45 5 115 2 25 3 35 4

L3 4
|°g1on(Nw inm~“mm™) Dm(mm)

Figure 10. As in Fig. 5 but for different rain types at six sites.

ter or maritime-like cluster, conforming to the unique precip-
itation characteristics of the Qilian Mountains.

As mentioned above, the characteristics of DSD mainly
describe diameters larger than 0.2 mm, which is limited by
the observation instruments being unable to detect small
drops with diameters less than 0.2 mm. Therefore, it is not a
complete DSD, and the number concentration of small drops
with diameters less than 0.5 mm is underestimated. Recent
studies have been devoted to improving DSD observations in
order to overcome the limitations of disdrometers. A study
by Thurai et al. (2017) obtained a more complete DSD by
splicing 2DVD and MPS (Meteorological Particle Spectrom-
eter) measurements to observe DSDs and developed a tech-
nology to reconstruct the drizzle-mode DSD (Raupach et al.,
2019), as a result of which a good presentation of the DSD
of small raindrops was provided, and important applications
were highlighted.

5 Summary and conclusion

Based on 6 months of DSD data observed over the southern
slopes, northern slopes, and interior of the Qilian Mountains,
the characteristics and differences of DSD were studied, and
the Z—R relationships of six sites were discussed. The main
conclusions can be summarized as follows:

1. For all rainfall events, the number concentrations of
small and large raindrops in the interior and on the
southern slopes were greater than those on the north-
ern slopes, while midsize raindrops were less. The DSD
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of the interior of the mountains showed great variabil-
ity, mainly in terms of the logioNw and Dy, (DSD pa-
rameters), which was quite different to the case for the
northern slopes.

2. The rainfall rates were divided into six categories based
on the DSD characteristics: C1, R <0.5; C2, 0.5 <
R<2;C3,2<R<4;C4,4<R<6;C56<R<10;
and C6, > 10mmh~!. As the rainfall rate increased, the
differences in number concentration of each raindrop
size became significantly larger, especially at the inte-
rior sites. Besides, classes C5 and C6 made a relatively
large contribution to the northern slopes, with a greater
probability of heavy-precipitation events.

3. The dispersion degree of logjoNy, and Dy, at the six
sites was 8.3 % and 10.0 % for stratiform rainfall and
10.4 % and 23.4 % for convective rainfall, respectively.
It is easier to increase the number concentration of large
raindrops in the interior area of the mountains during
convective rainfall. Meanwhile, there is a greater in-
crease in the number concentration of raindrops over the
northern slopes during convective rainfall.

4. The dispersion degree of coefficient A and exponent b
in the Z—R relationship for the six sites were 42.5 %
and 10.7 %, respectively. Overall, the Z—R relationships
of the ipsilateral sites were more consistent, and the A
value of stratiform rainfall increased from the southern
slopes to the northern slopes, while the opposite was
true for convective rainfall. The Z—R relationships in
stratiform rainfall were similar and generally underesti-
mated by the Z = 200R!® model used for midlatitude
stratiform rainfall, and the Z—R relationships for con-
vective precipitation varied greatly at different sites, be-
ing overestimated by Z = 300R!* at lower rain rates
values and underestimated at higher rain rates values.

This study reveals the microphysical variability of precipita-
tion over the complex topography of the arid and semi-arid
regions of northwestern China, which not only improves lo-
cal numerical simulations but also provides a basis for further
understanding the differences in DSD characteristics formed
at the mesoscale due to topographic factors, the water va-
por distribution, etc. This study holds importance as a basis
for the future implementation of weather modification tech-
niques, which is of great significance in solving the shortage
of water resources in the arid and semi-arid regions.

Data availability. Disdrometer data used in this study can be made
available by contacting the authors.
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Figure 12. The A and b values of the Z—R relationships for (a) strat-
iform rainfall and (b) convective rainfall at six sites. The purple
lines in (a) and cyan lines in (b) correspond to the global Z—R
model (Z = 295R149 for continental stratiform rainfall and Z =
278 R1-54 for convective rainfall) (Ghada et al., 2018). The cyan
lines in (a) represent the midlatitude stratiform rainfall Z—R model
(Z =200R"-%0, Marshall, 1948), and the purple lines in (b) repre-
sent the convective rainfall Z—R model (Z = 300R!-40) applied to
operational weather radar (Fulton et al., 1998).
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