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Abstract: +—In order to improve understanding of the characteristics differenees—of
raindrop size distribution (DSD) in—over complex mountainous terrain, the
differencescharacteristies of in DSD-were-analyzed-by-using the six-months-obscrvation
data—at over the southern slopes, northern slopes and interior of theinstde—in Qilian
Mountains were analyzed using six months of observations. For all rainfall events, the
number concentrations of small and large raindrops es-in the interior inside-and on the
southern slopes are-were greater than that-on the northern slopes, but midsize raindrops
are-were less. The DSD spectrum of the interior wasinside-meuntains-are more variable
and differed significantly differ-from that of the northern slopes. The differences in the
normalized intercept parameters of the DSD for stratiform and convective rainfall are
were 8.3% and 10.4%, respectively, and those of the mass-weighted diameters are-were
10.0% and 23.4%, respectively, whilewhieh the standard deviations of DSD parameters
at interioren-inside sites are-were larger. The differences in the coefficient and exponent
of the Z-R relationship are-were 2.5% and 10.7%, respectively, with an increasing value
of the coefficient from the southern slepe-to the northern slopes #n-for stratiform rainfall,
but the opposite te-for convective rainfall. In addition, the DSD characteristics and Z-
R relationships are-were more similar at the ipsilateral sites and have-had smaller
differences between the southern slopes and interior of theinside mountains.

Keywords: Reaindrep-raindrop size distribution; Complieated-complicated mountain
terrain,, spatial variationchearacteristic-difference
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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; Ma et al., 2019a)—). 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 has an essential
contribution to improving quantitative precipitation estimates-estimation (QPE) using
weather radar and satellite observations (Adirosi et al., 2018; Jash et al., 2019). The
parameterization of DSD can obtain the distribution model parameters of DSD in
different rain types, which is significant in advancingte—advanee microphysics
parameterization in numerical weather prediction (NWP) models (Wainwright et al.,
2014; McFarquhar et al., 2015; Zhao et al., 2019). In addition, understanding the DSD
is crucial in many appliedappheation fields concerning hydrology, agriculture, soil
erosion and microwave communication (Rincon et al., 2002; Smith et al., 2009;
Angulo-Martinez et al., 2015:5 Lim et al., 2015; Yang et al., 2016).

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; Loh et al., 2019; Jash et al., 2019). It is-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 demonstratedisplay that the
mass-weighted mean diameter (i.e., D) and normalized intercept parameter (i.e., Nw)
of convective rainfall (€R)—are larger than those of stratiform rainfall—SR).
Furthermore, these studies also reveal that there are more differences in_the
characteristics of DSD. Dolan et al. (2018) divided global DSD characteristics into 6
types by using 12 datasets across three latitudes and found_that the centralized regions
and DSD parameters of the 6 types varied in location. The average number of raindrops
in central Korea were-was usually greatermere—numereus than that in the southeast
under three rainfall systems, especially drops en-in the 0.31—0.81mm diameter range
(Loh et al., 2019). According to the-DSD measurements in resutts—frem-the Tibetan
Plateau—(TP) _region, it-shewedthe-castern arecas have aregions—had higher raindrop
number concentration in the diameter range ofefraindreps—en 0.437—1.625_mm
diameters—and meore—greater variation inen—different-diameters than that-in central
areasregions (Wang et al., 2020). Compared to eastern China and northern China, the
DSD in southern China demenstrated—shows a higher number concentration of
relatively small-sized drops;+espeetively (Zhang et al., 2019). Fhe-eComparison of the
Z-R relationship (defined as Z=AR") indicated-indicates that the coefficient decreased

(R Tk big

decreases with increasing R in the southern Tibetan PlateauP, which is opposite #-to

(MR Tk iR

the case in sSouth China (Wu et al., 2017). For the DSD parameters of stratiformSR
and convective rainfallER, there are various changes between the lower reaches-and
middle reaches of the Yangtze River (Fu et al., 2020).

As reported in the above studies, DSD characteristics signifieantly—vary
significantly with factors such as geographical location, climatic region and rain types.
Pu et al. (2020) analyzed the DSD characteristics of five sites in Nanjing city and found
the Nw of DSD to bewas largest at site near industrial areas, but_the Di of DSD was
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largest at sites near the city’s eentrecenter. In other words, even at the urban scale, there
are still differences te-in the microphysical characteristics reflected by the DSD, which
is due to the influence of the surrounding environment. How. Fthen, hew—do the
characteristics of DSD vary from location to location fer-over the complicated mountain
terrain? Rao et al. (2006), suggested-that-the-ebvieus—variationin-DSD-with-altitude
wererelated-to-evaporationand-breakup-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.: Geoffroy et al.

(2014) concluded that the total concentration of raindrops decreased while the average
drop size increased as-with decreasing altitude;-which-used-aireraft-observations. Then
But how large weuld-might be-the differences in DSD be at different altitudes in
mountainous regions? And-ther how significant weuld-might be-the effects be of these
differences?

The Qilian meuntainsMountains, a series of marginal mountains in the
northeastern part of the Tibetan Plateau®P, are the—a vitally important ecological

protection barrier in the northwest arid areas_of the region, whieh-that block the
connection betweenef deserts and wilderness-in-the-nerthwest (shewnas Figure 1a).
The mountains form several inland rivers that are important water sources for the
northwest—arid areas_of the northwest and have_therefore made a considerable
contribution to regional economic development (Gou et al., 2005; Tian et al., 2014; Qin
et al., 2016). In this paperstudy, we cheose_the Qilian meuntains—-Mountains as the
research object and selected 6-six sites with different backgrounds representing the
southern slopes, northern slopes and inside—interior of Qilian—the mountains. To
thoroughly investigate the discrepancies in the—this complexeemplicated mountain
terrain, the DSD characteristics and Z-R relationships are—were comprehensively

(R Tk Rl

analyzed according to different rain types based on continuous disdrometer
observations in the rainy season. The primary goal is—was to obtain a deeper
understanding and characteristic differences of DSD over the finerpreecipitation—of
Qilian meuntains-Mountains and improve the accuracy of QPE, which weuld-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 eriginating-originate
from these areas-of Qitian-Meuntains (Li et al., 2019). Six disdrometers were deployed
on the southern slopes, northern slopes and interiorinside (close to the ridge) of the
Qilian meuntainsMountains, with three sites in the eastern section whieh-[called Taola
(TL), Huangchengshuiguan (HS); and Liuba (LB), from south to north]; and with
another three sites in the middle section whieh-[called Daladong (DLD), Boligou (BLG);
and Shandan (SD), from south to north]. The background of the Qilian Mountains is
shown on the satellite map_in Figure la, and the six sites are marked on the
topographical map, alsoas in Figure 1b. The distances between the six sites are listed in
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121  Table 1. The sites en-in the south, north and interiorinside are basically parallel to the
122  orientationtrend of the mountains, and the sections formed by the sites in the east and
123  interiormidedle are basically perpendicular to the-trend-of-the-mountainit. Fhrough-On
124 the basis of an historical weather review and rain gauge observations-results, the rainy
125  season at the six sites is concentrated in May to October, with more precipitation in July,
126  August and September.
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130  Figure: 1. Fhe(a) Geographical overview of the Qian meuntains-Mountains:ard (b) the

131  disdrometer sites:-the— (circles): ertrianglesrepresent-theloeationof-thesites(c) the
132  observation device at TL site. Source:Fhe-map-abeve-isfrom Google Earth © Google

134  Table 1. Site detailsboeation-between-every-two-sites (latitude, longitude, sea level
135  height) and distances (km) between pairs of sites-and-distance-information).

5

Six sites-distaneeen) LB HS TL SD BLG DLD
LB (38.16°°N, 102.14°E, 1926m) - 39.6 94.3 116.0 129.6 161.1
HS (37.83°°N, 102.01°2E, 2342m) - - 55.6 135.1 132.8 154.9
TL (37.33°°N, 102.00°°E, 2910m) - - - 182.4 167.3 177.0
SD (38.80°“N, 101.08°°E, 1765m) - - - - 54.2 96.8
BLG (38.4°N, 100.69°E, 2455m) . - - - ) 433
DLD (38.18°°N, 100.3°°E, 2957m) - - - - - -
136 This-experimentstudy used an optical, laser-based device to measure the DSD,

137  called a DSG4 disdrometer_(Figure Ic), which meets the assessment-of-Functional
138  Specification Requirements Eer—for Disdrometer issued by the China Meteorological
139  Administration. FheThis disdrometer has the-an HSC-OTT Parsivel2 sensor as the
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observation part, manufactured by OTT Messtechnik (Germany) and Huatron (China).
When raindrops pass through the horizontal flat laser beam generated by the
transmitting part of the instrument, it causes the—signal attenuation in the laser
observation area. The raindrop size is determined by the degree of signal 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 m s, ! for velocity and 0.062 to 24.5 mm for drop diameter.

(Frme R

I

2.2 Quality control of the data

It is-was necessary to earry-eut-qualityquality control en-the data due-tebecause of
potential instrument error. Every minute of DSD data has-been—earefully processed;
whieh-collected by the six DSG4 disdrometers from May to October 2020 _was carefully
processed. Specifically, theFhe following criteria have-beenwere employed in choosing
data for analysis—(Jaffrain et al., 2011; Guyot et al., 2019; Pu et al., 2020): (1) Fhe-the
first two size bins were ignored because of low signal-to-noise ratio; (2) samples with
1-min total of raindrop number ef+raindrops-less than 10, or a rain rate at the moment
of discontinuous observation less than 0.1 mmh—" were regarded as noise; (3) raindrops

at-thewith diameters ef-more than 8§ mm were eliminated; (4) raindrops with a falling
terminal velocity ,J(D;) that deviates—deviated from the empirical terminal velocity

=2

iR

Jemp(Di) by more than 40% were removed (Kruger and Krajewski, 2002); and (5)

=27

R

samples with less than 5-five bins after the correction of falling terminal velocity were
deleted because its-their DSDs ean’tcould not be determined with too few bins. The
fourth criterion can be expressed by the formula:

[V (Di) = Verp (D) | < 0.4V (D1) €Y)
where  Vppp(D;) = 9.65 — 10.3exp(—0.6D;) (D; is the mean volume-equivalent

;T

TR,

ThR

H 2N

1R}

o A JL

oL

diameter of the jth size category), as derived from the formula given in Atlas et al.

s iRt

(1973).

After data quality control, the sample statistics of key steps are shown in Table 2.
The number 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 13230,
respectively, which accounted for 87.9%, 85.8%. 84.5%, 91.2%, 80.6% and 86.5% of
the total number of samples.

Table 2. Sample statistics of data quality control at six sites

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 rain minutes (%) 87.9% 85.8% 84.5% 91.2% 80.6% 86.5%

2.3 Integral parameters of rainfall

The basic observations obtained by the disdrometer were theis counts of raindrops
6
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at each diameter and velocity. Also.And the diameters given by the disdrometers
wereare the mid value of two adjacent bins, which we take the—diameters—as the
corresponding endpoint bin values. The velocities are-were the weighted average
velocity class over the corresponding disdrometer. The raindrop number concentration

0 A JC L )

N(D,) (m* mm!) in the jth size bin per unit volume per unit size interval for diameter (B ik iR
is-was calculated by the following equation:
32
ND) = Y —— @)
' _._1A-er-Am
i.j=
Where-where p1;; denotesis the counts of raindrops measured by the disdrometer within (im0 ik iR
the-size bin j and velocity bin j during the sampling time Az:; A and Af are the sampling (ieRm: 71k iR
area (0.0054 m>2) and sampling time (60 s), respectively; J; (m s™) is the mid-value (R Fik: fil
falling speed for velocity bin j; and AD; is the diameter spread for the jth diameter bin. [ #HZ#: 7‘12" ki
Some integral rainfall parameters, such as_the total number concentration N; \ [ﬂ'ﬁgﬁm: 3:“‘ : ﬁ’iﬂ
(m3)Ne-Gm>), rain rate R (mm h™'), radar reflectivity factor Z (mm® m~) and liquid Uista: Fih: b
water content ¥ (g cm ), can be derived by the following equations: [mgi&:m; Tl R
o B (#riestB: ik iR
O 3 (iR ik Rt
t—ZS (1) @ eI
=t (msRm: 7 iRt
32
6m 3
R= Wz V(D;) DN(D,)AD; *)
Wis1
32
7 = z N(D;)DEAD; 5)
i=1
32
p,
= B> DIN(DAD, ©)
i=1
where p,, is the water density (1.0 gem™3); and V(D) is the falling speed-measurements (i Rm: ik iR
from the disdrometer. In this study, when calculating the rain rate we use ,Vemp(D;) to (#HRm: Tk iR
replace V'(D;) because of measurement error, particularly at larger bins and faster falling (R Tk bR
speeds. (MR Tk bR

The BSB-characteristics_of DSD can be described by_a three-parameter gamma
distribution in feHewing-the form_introduced by Ulbrich (1983). Also, it has better
fitting capability than the M-P distribution on the broader variation of DSD fluctuations,
including the middle rain drops, especially on small and large rain scalesAnd-ithas

hette nab han N D 4 hution—to—de he the hraoade on—ofDb
apa y—tRah—v H a vafrta =

gctaa T W aSo

the-fitting-error-on-small-andJarge-seale. The three-parameter gamma distribution can
be expressed by the following formula:

N(D) = NyD* exp(—AD) 7
where N(D) is the raindrop number concentration; D is the raindrop bins with unit mm;

o )

(FieRi: 7k bR

and No, pu 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-

7
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squaresteast-sguare method, respectively. When pu=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; Ma et al., 2019)Although;—three-

D,

(4 + w@w ( D )“ exp <—(4 + #)D)

Nw)=:LM4

128 ®)

ri4+uw D,

Where-where y is the shape parameter, which is in dimensionless; D, (mm) is the mass-

AR T iR

weighted mean diameter, and N, (m=> mm~") is the normalized intercept parameter

RN R R

computed from Dy. The form is as follows:

_ XZ N(D)D;AD;
mn 32 N(D))D3AD;

N = 4% (103w 10
Y mp, \ Df (10)

3 DSD parameter characteristics

€)

the mean DSDs for the six distriets—sites during the rainy season in the Qilian

meuntainrsMountains. The maximum concentration of raindrops is-was around e#-0.562
mm in diameter and the maximum number concentration values of sites were order as
follows:are BLG>TL>DLD>HS>SD>LB. As the inereasing—diameter_increased, the
number concentration values—decreased and the concentration values followed the
orderare LB>SD>DLD>TL>BLG>HS at around 2 mm in diameter. When the diameter
is-was larger than 4 mm, the concentration efat TL, BLG and HS are-was relatively high.
In this study, the data wereitis roughly divided into small raindrops (less than 1 mm in
diameter), midsize raindrops (1-—3 mm) and large raindrops (greater than 3 mm) to
easily describe the difference efin DSDs (Ma et al., 2019b; Pu et al., 2020). To highlight
the DSD differences caused by the background environment, Figure 2b shows the mean
DSDs normalized with-by the N, and D, results for the sites. Compared with Figure 2a,

(
(
(R Tk bR
(R Tk bR

(D D W

(A Tk bRt

the raindrop characteristics eftheraindrops-arewere more consistent across sizes, while
the differences between the abeve-sites are-were more pronounced, especially in the
midsizemedivm and large raindrops, which truly refleetsreflected the DSD differences
caused by the location—variability. Combining the characteristics of the geographical
environment of the six sites, we can analyze some differences in DSD characteristics in

8
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the Qilian Mountains. For small raindrops, the number concentrations en-the-insideat
interior and southern--slopes sites weredistriets-are greater than that-en-theat northern-
slope _sites; for midsize raindrops, the number concentrations deerease—decreased
sequentially es-at the northern--slopes, southern--slopes and interior sitesinside-distriets;
and for large raindrops, the number concentrations es-at the interior sites weretnside
distriets—are larger. In addition, the number concentrations of raindrops in the middle
section of this the mountainous area is-were slightly greater than thatthose in the eastern
section.

(a) ] R .
~ 10° |l e 10" 103 NS
‘:E sD E
E oio " o ———
-E 101 \_; 10-3 — 1.5 2 25
= z
a =
zZ 4 2 ..
10 =z 10
3 5 2 3 4
D (mm) DfDm(mm)

Figure- 2. The (a) Mean-mean measured-DSDs:and (b) Nermalized-normalized mean
DSDs at six sites efin the Qilian meuntains-Mountains region in the rainy season

3.2 Distribution of DSD parameters

In order to study the differences in DSDs, we selected 6-six integral rainfall

parameters for discussion—namely, the;whieh-are normalized intercept parameter (Ny), DT R
mass-weighted mean diameter (D), shape parameter (u), total number concentration DR R
(NV), rain rate (R) and radar reflectivity factor (Z). Figure 3 and Table 2-3 show the e I 5
distributions and statistics of é-these six DSD parameters (the distribution of each LG
parameter-iswas normalized using the uniform method). On averageAveragely, Dy is L ik gt
was more concentrated on smaller values at HS and BLG, which shews-showed smaller e 1
mean values than TL and DLD;-while but significantly more values greater than 1_ mm fﬁi {U:ﬂ —
at LB and SD; logo]V,» is-was more centralized on larger values at TL and DLD, with il? B, Fh
relatively smaller values at LB and SD; and the distribution patterns for x gn,(rimlggl_qu ; o B
are-were similar to those for logioN,. The density curves of R and Z are-were similar, otk A, T
but there are-were differences at-among the é-six sites, which weuld-beare analyzed in \ s Ak iR
detail in—subsequent-contentlater in the paper. It is noteworthy that the frequency of - TR
samples with R around 0.6—1.0 mm_h="! is-was highest, and samples with R less than L TR B
Imm h=" accounted for more than half of the total rainfall. L iR, TR
: TR
e o Y
LR WAL, FAR
LT iR
L R R
L iR
DR R

o U A JC A A 0 A JC U A JC A _JL
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log, (N, (m™) log, R (mmh") 2(dBZ)

274
P75  Figure- 3. Probability density distribution of integral DSD parameters at six sites (LB,

P76  HS, TL, SD, BLG, DLD): (a) normalized intercept parameter logjoNy (m=—>mm~="); (b) W Fiw

D77  mass-weighted mean diameter D, (mm); (c) shape parameter u; (d) total number AR TR R

P78  concentration logig)V; (m=3); (e) rain rate R (mm_h="); (f) radar reflectivity factor Z WA T BRL, T

P79  (mm®mm>dBZ) R Tk Bk

280  Table 2-3. Statistical of several integral DSD parameters for all observations at six sites N

281 (LB, HS, TL, SD, BLG, DLD). R R iR

(
(
|
E%%ﬁm:%%:@ﬂ,Fﬁ
(
(

R R R

; “Brmm ! y -3 B
Sites logigNy (m™mm™") Dy (mm) u logigV, (m™) R (mmh™) Zﬂ‘lBZ (Rt b B

N

E SD SK ME SD SK ME SD SK ME SD SK ME SD SK ME\ (st R bR

<

{ R T iR

0 JU 0 JU U A A )

LB 343 047 -0.25 099 029 268 1092 6.63 061 201 046 -0.07 094 190 0.23 17.79 Eﬁﬁﬁﬁﬁ

HS 359 048 -0.29 089 025 335 1112 6.64 053 213 045 -022 0.69 1.60 0.05 16.24 (’%%iﬁﬁ‘]: T
TL 3469 048 -0.55 090 029 449 1137 684 048 223 044 -043 089 148 -0.05 17.47 [%%:‘W"B‘J EN
SD 354 048 -0.17 096 026 212 1062 661 071 211 046 -0.17 097 2.01 0.06 17.95 I%ﬁﬁm E N
BLG 372 054 -0.15 089 029 517 1171 706 046 226 050 -0.25 094 213 -0.04 17.34 ‘(ﬁgﬁ&g; AR it
DLD 349 045 -0.50 090 025 266 11.52 6.66 043 224 043 -0.46 095 1.62 -0.01 17700 743 037

282  Note: ME is mean; SD is standard deviation; SK is skewness.

P83 3.3 Characteristiesof DSD characteristics in different rain rate classes

84 To further understand the characteristics of DSDs at the six sites, the samples are

85  were divided into six classes according to the associated rain rates (R): C1, R<0.5; C2, R R iR

P86  0.5<R<2; C3, 2<R<4; C4, 4<R<6; C5, 6<R<10; C6, R>10_mm_h~". Sueh—This W R R

287  classification is-was based on two considerations: firstly, the number of observation AR T

R R R

289  secondly, the mean maximum diameter interval of different rainfall rates gradually AR Tk B

R R iR

(

(

{

288  samples in different rainfall rates roughly conformed to a normal distribution; and \ %
(

(

P90  inereases-increased (Lietal., 2019). Of course, otherstudies-abeut classification studies —
R A iR

P91  wereare referenced and the fact that the rain rate in this area is smaller than that in the
292  southern China is-was taken into account (Ma et al., 2019b; Zeng et al., 2021). Figure
P93 4 shows the mean DSDs at each rainfall rate class for the six sites. Table 3-4 listscontains

10
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94  the number of samples and statistical values of the DSD parameters for the six classes.
P95  Clearly.Obwvioushy as the rainfall rate increased.with-therainrate-elassinereasing the
296  number concentration of almost all raindrop sizes and the width of DSD shapes
P97  increased, and thus the tail of the DSD shape gradually-meves-moved gradually towards
P98  alarger diameter, which-are-similar to the-previous findings.studies such as those of Ma
P99 et al. (2019b) and Pu et al. (2020). Taking a number concentration of 0.01 m=—3mm-=",
BOO0  the mean maximum diameter of DSD in each class was ordered as follows:is-in-ordes:
BO1 2.3--2.5,32-34,3.9-45,43-5.0,5.0--5.6 and 6.0—7.0 mm (Fhe-the sixth-class
302  diameter range is not fully shown in the figure). In class C1, the number concentrations
B03  are-were relatively similar in-at different sites; starting from class C2, the differences ef
B04  in number concentration increased when the diameter is-was greater than 2_mm for 6
BO5  the six sites; and the differences of in number concentration are-were gradually reflected
B06 en—in each raindrop size bin as the rainfall rate class increasedinereasing.
BO7  ObservationallyObservingly, the DSDs of BLG, HS and TL hawve-had larger number
B08  concentrations in different rainfall rate classes, and the DSD parameters and standard
B09  deviations (SDs) are-were larger, especially for BLG.
B10  Table 3-4. StatisticsStatistieal of several integral DSD parameters for six rain rate
B11l  classes at 6-six sites.
Class Site  Samples logigNVw Dnm u logigNV: R “Z [%mitag: AR iR
s (m>mm ") (mm) (m™) (mmh™) O dB{ #ERE: T GiR
ME SD ME SD ME SD ME SD ME SD  ME &R 7 fif
CI(<0.5mmh-') LB 6520 325 041 088 018 1236 709 174 034 020 013 124 WS TiA: TR
HS 10753 343 044 081 017 1201 703 189 037 020 0.13 11.4 ik R
TL 7858 352 044 079 016 1291 712 196 037 020 0.13 11.7[ HHETUAY: ?% W‘%
SD 5772 334 043 085 08 1172 699 182 036 020 0.13 12.5[1%%3?: T
BL 10073 350 048 079 0.7 1294 728 194 040 020 013 1173 426
G
DL 6891 351 043 079 015  13.04 692 196 036 021 013 1214 415
D
C2(0.5~2jmmh™") LB 3318 3.66 041 1.06 024 993 575 230 028  1.00 041 2255 327
HS 5700 382 039 097 021 1021 58 244 026 096 037 2167 3.09
TL 5368 387 042 098 023 1035 615 249 026 1.07 041 2218 333
SD 3778 373 041 103 023 994 6.14 236 028 1.02 040 2240 3.5
BL 6411 397 047 094 025 1124 672 256 030 1.07 043 2169 3.69
G
DL 4778 388 037 095 020 1091 602 247 024 101 040 2160 3.19
D
C32~4nmmh=1) LB 782 371 047 131 037 733 428 252 029 277 0.56  29.54 287
HS 884 396 050 1.16 034 842 522 273 027 276 054 2833 3.6
TL 1232 400 047 113 033 870 593 275 023 268 053 2807 3.6
SD 812 389 044 119 027 857 553 263 026 271 053 2841 268
BL 1865 405 049 111 030 862 575 281 025 270 053 2799 329
G

11



DL 1111 391 044 1.18 029 781 545 270 023 274 054 2873  3.09
D
C4(4~6mmh=") LB 229 3.80 047 1.41 040  7.33 394 265 031 476 057 3269 2.63
HS 191 403 054 128 047 754 442 286 027 480 0.56 3170 334
TL 213 384 0.56 1.41 051 623 464 277 028 477 0.54 3282 3.54
SD 187 403 041 124 027 835 502 280 022 476 054 3132 252
BL 321 3.99  0.66 133 053 797 6.10 293 027 478 054 3244 440
G
DL 270 392 053 135 047 650 480 283 025 4.83 056 3255 347
D
C5(6~10 mmh=") LB 167 381 046 1.55 044  6.46 338 272 027 7.6 122 3574 285
HS 49 3.69  0.74 170 068  6.89 482 275 038 742 1.09 3614 429
TL 103 357 062 1.78 0.66 520 462 271 032 7132 102 3703  3.76
SD 128 396 039 142 035 710 396 28 021  7.68 117 3476 242
BL 138 397 076 1.51 0.80 834 635 299 027 7137 102 3509 496
G
DL 122 3.90 046 146 034 613 420 286 026 7.29 111 3532 288
D
C6(>10mmh=") LB 87 3.85 044 1.73 053 508 3.05 287 032 1481 757 3958 357
HS 42 360 065 219 092 674 527 300 028 2169 991 4293 611
TL 40 3.16 069  2.69 1.19 434 520 274 032 1825 969 4470 541
SD 59 3.66 029 204 046 330 248 291 0.6 2107 834 4285 410
BL 53 338 093 258 152 558 6.19 300 037 2195 905 4408 7.0
G
DL 58 382 047 180 046  6.64 412 284 028 1658 721 40.13 353
D
B12
€1:<0.5 mm h”! €2:0.5~2 mm h"’'
(a) (b) e
o 10° / || 10
E s0 E
E an)| of
& 10! & 10!
g g
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(d) — ]
1< L
| E E
= 3
17 L]
| E E
s g
1‘2 =z
0 2 3 4 5
313 D (mm) D (mm) D (mm)

B14

12

Figure- 4. Distribution of mean measured DSD for different rain rate classes at 6-six
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Figgure- 5 shows box-and-whiskerbex—whisker plots of the normalized intercept

0 J A JC JU

parameter logio/V,y and mass-weighted mean diameter D,, for 6-six sites at-in each rain (FeRm: 7k bR
rate class. The middle line in the box indicates the median. The left and right lines-in L ET IR
the-box indicate the 25™ and 75" percentiles. The left and right ends of whiskers indicate (#Rm: L

the most extreme data points between the 5 and 95 percentiles, except outliers. The (#r#: L
median ef.D,, gradually inereases-increased with a larger value range when-as the rain [*ﬁgﬁﬂg: L5

rate class inereasesincreased, particularly for HS and BLG at-in class C5 and C6. The (Hrsta: Ehn
median ef-logio)V,, inereases-increased at-in class C1 to C3 and then tends-tended to “ﬁgﬁm: i 0
decrease at-in class C5 to C6, for which the reduction is-was obvious at sites with a [’.%*&EWJ: i
larger value range, such as HS and BLG. Ma et al. (2019b) also ebtains-obtained similar

conclusions about D, and logigNVy. The indication waslt-is-indieated that the increase of (Fwem: 7k iR
in rain rate is-was mainly due to the growth in raindrop size. And-Also, the change ef EETHE N

in number concentration may be-have been caused by the imbalance between the loss
of number concentration at small raindrop size and the addition at large raindrop sizes,
which implies—in a sense implies that-thea relationship ef-between the collision—
coalescence and break—up of raindrops. It is worth noting that the microphysical
processes are-were quite different among the sites, whieh-arebeing greatly influenced
by the surrounding environment. Because HS and BLG are-were located en—in the
interior of theinside mountains and close to the ridge, thus—their dynamics and
thermodynamics as well underlying surfaces are-were thus different from those of other
distrietssites.
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Figure: 5. Variation of the normalized intercept parameter logio/V, (a) and the mass- (iR b iR
weighted mean diameter D,, (b) for different rain rate classes at 6-six sites. The three (FieRi: 7k iR
lines in the boxes are the 25%, 50 and 75! percentiles, from left to right, respectively. (#wRm: b
The whiskers en—at the left—end and right ends are_the 5® and 95" percentiles, (R e
respectively. The colors represent the sixé sites same-as in other figures. (st b
(##stpg: Ehs
Figure 6 displays the contribution of different rain rate classes to the total rainfall (mmstio: Lhs

at different sites. It is clear that C2 eentributes-contributed the most to the total rainfall

of all sites, followed by C3, and the sum of the two classes-ef” contribution could reach

60% te—of the total rainfall. Compared with the_interior-distriets—on—the—inside and

southern--slopestepes sites, C2 and C3 contributed slightly less to sites LB and SD-sites
14
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(i.e., the northern slopes), while C5 and C6 contributed relatively more to sites LB and
SD-sites, indicating that there is a greater probability of heavy precipitation events on
the northern slopes. The DSD parameters in Table 3 provide a more detailed
representation of the rainfall differences between the three geographical
sectionsleeations of the Qilian Mountains, i.e., namely-the interiorinside, southern
slopes and northern slopes. Meanwhile, it also reflects the characteristics of rainfall en

in the eastern and interiormiddle sections, such as the eastern section has-had larger Z
and Dy and smaller logigV, and logigN; compared to the interiormiddle—seetion. It is

possible that there is a certain spatial connection between precipitation at the sites,
whieh-is-related to the-factors like-such as the source of precipitation vapor, weather
system and so on.
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-CBI>10 mm h!

N

DLD
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Figure- 6. Proportion of rainfall with different rain rate classes to rain amount at 6-six
sites.

3.4 DSD properties for different rain types

Previous studies on DSD have shown that there are significant differences in the
DSD of convective and stratiform rainfall in the same climatic region, which has a
substantialereat impact on the parameterization of NWP and remote sensing
observations (Bringi et al., 2003; Penide et al., 2013). Due to the different physical
mechanisms of convective and stratiform rainfall, it is possibleean-be-allowed to discuss
the differences ef-in microphysical structures for rainfall types through their DSD. 1
some—sStudies; there-have employedbeen many different classification methods for
rainfall types;; like-example, Testud et al. (2001) used the rain rate; Chen et al. (2013)
combined_the rain rate and its standard-deviation{SD3; and_the findings of Das et al.
(2018) were based on the rain rate and radar reflectivity factor. Among these, theFhe
method frem-of Chen et al. (2013) has commonly beenwas-always used to establish
samples of convective and stratiform rainfall, , but mainlyin-which-the-studiesarea
were-coneentrated in semi-humid or humid regions with relatively high rain rate and
rainfall. However, the Qilian Mountains are located in the semi-arid regions of China
and far from the sea, which-where the average rainfall rain and rainfall are quite
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|378 different from the-in semi-humid regions. Fhe-papertTherefore, this paper proposes a
379  new classification method for precipitation applicable to the arid and semi-arid regions
B80  of nerthwest-Northwest China based on the classification ideas of Chen_et al. (2013)
B81  and Das et al. (2018)Saurabh.

382 Firstly, the sequences of DSD with continuous 1-min samples more than 10

B83  minutes are determined, and R, is defined te-denote-as the rain rate at time ¢. The-In the R A R

B84  first case:, the R of samples from R.s5 to Ri+s are all less than 5 mm_h=" and their W R IR, AR

385  standard-deviation{SD) is less than 1.5 mm h~"; in the second case=, the R of samples HRE: ik B

886  from R.s to R.+s are greater than or equal to 5 mm_h—"! with more than 9-nine samples WA Tk R

887  and their SD is greater than 1.5 mm h="'; and in the third case=, the situation is the same W i U

B88  as the second case but their SD is less 1.5 mm_h="!. Secondly, samples satisfying Z<20 HRAN: P A

""""""" WRRAM: 70 Wikl

B89  and #<0.08 in the second case are removed (Thurai et al., 2016; Das et al., 2018). And BRI i b

891  as convective rainfall and samples with R, less than 5 mm_h="! in the second case are TR b

B92  regarded as transitional rainfall (the rainfall stage in which convective precipitation e e

393  develops and declines). Samples in the first case are regarded as stratiform rainfall. Wi ik g

394  Through experiments, the third case does not exist. WA A R

B95 The logigNw and Dy, of different rainfall types are-were different, which were WA Tk e

B96  takenmake as the main research objects. Figure 7 shows the variation of logioV.wy with R R iR

B97  the.Dy at different sites. The blue, red; and yellow scattered points represent stratiform, AR R R

(
(
(
(
(
(
(
B90  then, samples with R, greater than or equal to 5 mm_ h="! in the second case are regarded %’.% R Tk A
(
(
(
(
(
(
(
(

B98  convective and transitional rainfall, respectively. Obviously, there are fairly clear RS : TR R

0 0 A JC U A 0 JC AL

B99  boundaries between the scatter points for the different precipitation type events, and the
400 same dividing line can be used to distinguish between the different rainfall types at
401  different sites. The black solid lines were drawn based on visual examination of the data
402  with a slope of approximately —1.60 and intercept of 6.008 to represent the split
403  between stratiform, transitional and convective rainfall in all subplots. The black dashed
404  line can distinguish transitional rainfall (transitional and stratiform rainfall have an
K05  overlap area) with a slope of approximately —3.338 and intercept of 6.847. Note that
406  the dividing line between stratiform and convective rainfall has the same slope as that
K07  obtained by Bringi et al. (2003) (solid green line with a slope of —1.6 and intercept of
408  6.3), who fitted the—composite results based on disdrometer data and from radar
409  retrievals covering many climate conditions from near the equator to plateau. The

410  logigNw and D, from the figures to-for stratiform, convective and transitional rainfall (#wm: ik g
M11  are respectively concentrated in_the ranges of 3.1-—3.9 m—>mm~", 0.75—1.1 mm; 3.8— (tRE: ik it

412 -4.2 m>mm~!, 1.4—1.6 mm; 3.6—4.0 m—>mm~"', 1.05-1.2 mm. Compared to the
413  maritime-like cluster and continental-like cluster of convective rainfall proposed by
414  Bringi et al. (2003), the convective events in_the Qilian Mountains are more consistent

415  with the continental-like cluster (the gray rectangle with smaller logig/Vy and larger D WM A Bk

416  in H Fig. 7). There are isolated convective events in the maritime-like cluster, but W i R

“18  consistent with_the features of the geographical location in-of the Qilian Mountains. R TR R

(
(
417 it is difficult to have more events from the trend between logoN,y and Dy. This is also (st Fhx
(
(

AR T iR
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Figure- 7. Scatter plot of logioVw versus D, for different rain types at (a) LB, (b) HS, (#pm: b iR
(c) TL, (d)SD, (¢)BLG, and ()DLD. The stratiform cases, convective cases and (MR ik hif
transitional cases are represented by blue, red and yellow scatter points.eirele—dets, (HtsR: w06 Widl T
respectively. The black dashed lines are the logiog/Nw—Dum relationship for stratiform (#rhestl: b iRl
versus convective cases and stratiform versus transitional case. (ke sRBo: ok fiRd

Figure 8 shows the mean DSDs for stratiform, convective and transitional rainfall
at the six sites. The range of number concentrations and corresponding raindrop
diameters for the three types are—were significantly different, matching the basic
characteristics of DSD. The mean DSDs of stratiform rainfall differed slightly among
the sites; convective rainfall has-had big differences at among the sites; and transitional
rainfall presentedappears more differences beginning at larger than 2.2 mm in diameter,
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which are-were the expected results. Stratiform rainfall usually has a large horizontal
extent and an homogeneous cloud distribution, which makes the DSD characteristics
basically the same under the influence of the same cloud system in-the mountainous
areas. However.But convective rainfall is related to the-local thermal and dynamical
factors, which could lead to differences in the-DSD at different sites adding—when
considering the complex topography and diverse underlying_surfaces in mountainous
areas. For example, in-for convective rainfall, there is-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 distriets—sites are conducive to the development of convective
precipitation. Also, And the number concentration of small raindrops #-at BLG and HS
is-were higher than thatinat TL (the southern slope), which may be due to the higher
altitude of the interiorinside 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 i-for the same rainfall type, the microphysicsmierophysieal-proeess of
rainfall at different sites is still different, depending on the topography and position of
the observation point relative to the cloud base.

(@’
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N(D) (m3mm™)
3_;
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D (mm)

D (mm)

Figure: 8. Distribution of mean measured DSD for (a) stratiform rainfall, (b) convective
rainfall and (c) transitional rainfall at 6six sites.
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Figure 9 is-theshows box-and--whisker plots of logig/Viw and D, for different rain (st ik s
types. The logigNw and Dy of stratiform rainfall are-were smaller than that-those of CiE
convective rainfall but larger than that-those of transitional rainfall. Sites with a large [ﬁﬁﬁm: T A
logig/Vyw value range have-had a-larger values ranges for D,; and sites with a large (AR b
median for-logigV, have-had a smaller median for,Dy, especially at sites HS and BLG (#iastin: fﬁi: Lt
forsites-in convective rainfall. Based on the mean values of the six sites in Table 45, the [%%ﬁmf iﬁx ﬁ):ﬂ
DSD characteristics in the Qilian Mountains consists of a larger Vi, and a-smaller Dy, %:ziz ;ZE Eﬁ:
due to th—? melting of tiny, compact gral}pel, anq .rlmed 1c.e particles (relative to large, (RRM: 71h: b
low-density snowflakes). Compared with transitional rainfall, the D, of convective (Htstim: 7. s
rainfall is-was obviously larger, indicating that the increase in rain rate in this area is (BHeRE: 71 bis
mainly due to the growth in raindrop size. Moreover, on the northern slopes_one should
consider the increase ef-in number concentration, because the logig)V,» of convective [’lﬁﬁiﬁﬂg FAA: R
rainfall also-have increased. Note that the number of convective samples on the northern
slopes is-was higher than that of other sites, which corresponds to the speculation i
regarding the contribution of different rain rate classes. On average, ef-for stratiform
rainfall, the dispersion degree of logigV,w and D, in-at different sites is-was 8.3% and (FmeRm: 7k iR
10.0%, respectively; and for convective rainfall it wasis 10.4%~—_ and 23.4%; iR ik bRt

respeetively. The SDsstandard-deviations of DSD parameters at sites HS and BLG sites
18




469

arewere relatively large.

470  Table 4-5 StatisticsStatistieal of several integral DSD parameters for six sites with
71  stratiform rainfall, convective rainfall and transitional rainfall
Typd Sites No. logioNw D X logiMV: R Z (Bmti: Sk g
W (% R
samples (m=mm=1)  (mm) (m=) (mm h=") dBZ k['ﬁ%:‘m"ﬂ@. Tk R .
(Bl 706 WiRl, T
ME SD ME SD ME SD ME SD ME SD ME  (#zR: 7k g
S LB 7123 342 042 096 021 1148 798 198 038  0.54 0.60 16.93 (bestit: vk it
’ ’ ’ ’ ’ ) ’ ’ ’ ’ ’ R A iR
HS 12694 360 044 08 021 1124 789 214 040  0.54 0.58 16.17 E’%%i’ﬁﬁ‘]' —th: AT
TL 10091 371 043 087 020 1190 801 223 039  0.65 0.67 1685 (st ik b
SD 7175 351 044 095 022 1115 803 207 039 062 0.64 1736 6.10
BLG 12467 372 049 088 023 1224 850 225 044 070 0.74 1711 633
DLD 9685 370 042 088 021 1191 791 223 038  0.67 0.69 1718 6.13
C LB 292 391 035 149 035 650 330 281 023 928 5.56 3588  3.59
HS 100 385 067 171 084 633 433 295 030 1255 1375 3732 6.64
TL 159 354 059 187 074 521 497 272 030 948 6.91 3796 521
SD 219 391 037 154 047 661 468 285 019 1075  7.68 3624 5.02
BLG 198 391 074 164 097 800 737 300 027 1057 1549 3629 675
DLD 203 394 048 150 043 696 524 287 027 941 6.04 3589 427
T LB 787 376 039 115 021 837 435 247 031 216 125 2642 3.89
HS 541 389 049 105 029 898 674 259 033 181 115 2479 3.89
TL 465 377 070 122 049 88l 691 256 044 230 121 2710 439
SD 819 387 041 112 026 823 546 259 028 228 118 2659  4.04
BLG 665 404 051 104 031 1033 731 272 033 219 113 2566 444
DLD 503 395 046 110 030  8.69 6.16 267 031 235 1.17 2660 420

19



472
h73

474

475
u76
w77
u78
479
180
181
182
183
484
485
186
u87
188
189
490
491

LB”l'a)- = 1 welm T -(b}

HS e o s S \ HS [HIF -
E L PR o e N0 L -
E s O o o | SD| I~
? BLe T BLG +T
DLD - {pLD+
15 2 25 3 35 4 45 5 1 15 2 25 3 35 4
) - | ] rmr-- )
» HS ree-CD--< | HS| s ---
% L R s s ST TS e s SR
g s ~-{IF- | SD| rOIF--=
©BLe ! T+ {BLG| T
DLD - {po}
15 2 25 3 35 4 45 5 115 2 25 3 35 4
LB (e} e o LB} == G}
_ Hs ---CIF- - HSK ~OF-
2} ee---- T~ | TLI TF---
§ sD+ r--CI3-+ + SD} ~OF
" B! - IBLG - @
DLD ! . DLD |
15 2 25 3 35 4 45 5 115 2 25 3 35 4
Iogme(m'lmm“) D, (mm)

Figure- 9. Same-asAs in Fig. 5 but for different rain types at é-six sites.

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 approximately the rain rate (they can be calculated by
Equations 4 and 5). Generally, the theoretical basis of the-QPE for single polarization
radar (ground--based or space-based) is the power relationship between the radar

reflectivity and rainfall rate (Z=4R?”). This makes the coefficients A and exponents b of DR R
the power relationship heavily dependent on the variation ef-thein DSD. Therefore, it Gl o G
is necessary to obtain the 4 and p of different sites according to different rainfall types. DR R
Figure 10 shows the Z-R scatter plots for different sites and the fitted power-law LA A
relationships for different rainfall types. The blue and red scatter points represent A R
stratiform and convective rainfall, respectively. The purple, red and black solid lines
indicate the Z-R relationships for stratiform, convective and total rainfall, respectively. DR R
It shows that the Z-R scatter points for HS and BLG are-were relatively scattered around TR AR
the 5 mm_h-"! rain rate. Besides, the Z-R relationship of total rainfall underestimates 1 b
underestimated the stratiform rainfall at low R values and underestimates—the o R
convective rainfall at high R values. Based onO# the average e£Z-R relationship using TR R
a least-squares method, the dispersion degree of A and p in-at different sites wasis 42.5% O G
and 10.7%, respectively, which reveals there to be large differences in mountain_areas. L Lti fﬁz
LR R
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Figure:_10. Scatter plots of Z (mm®m=3) versus R (mm_h=") for three rain types at (a) (irstin: 7ok iR
LB, (b) HS, (c) TL, (d)SD, (¢)BLG, and (f)DLD. The blue, red and yellow scatter (iRm: L
pointseirele-dets, respeetivelyrrepresentstand-for stratiform, convective and transitional
cases, respectively. The purple, red and black lines denote the Z-R relations. The blue, (im0 ik iR
red and black formula denote stratiform, convective and total Z-R relationships. (st b iR
In order to compare the six sites Z-R relationships with some standard Z-R (iatmn: b Wis
relationships, the results for Z=300R’* for convective rainfall commonly used en-in [ﬁﬂ%ﬁm: FAE: R
radar, and Z=200R"-% (i.e., M48) for stratiform rainfall commonly used es-in midlatitude I
areas, are provided in figure-Figure 11. Overall, convective rainfall has-had smaller (Hpesti: 1h:
values of 4 and larger values of p than thatthose of stratiform rainfall (excluding DLD). (MR b R
The A values of convective rainfall are-were smaller than the commonly used Z-R (HRRmg: Trh: iR
relationship with large differences, but the p values are-were greater. The distribution (besR: 6. foigl
of A and p for stratiform rainfall is-was relatively concentrated, with 4 and p ranging L ET I
from 186238 and 1.3—1.35, respectively. The A values of SR are-were close to the | - [ HrH AU i_ﬁi: Wﬂ
those of M48, and the p values are-were close to and smaller than the Z-R of global SR. % :zz: ;_EE gz
StationThe DLD station-hashad a similar Z-R in-for stratiform rainfall with as M48, I 17!& 1t)ﬁ: Y
while its convective rainfall is-was different from other sites, with a larger A value [%% X T bt
(twice as large as other sites) and smaller p value. In addition, it ean-make-itis clear that (BRm: 7 ik
the A value of stratiform rainfall inereases—increased from the southern slopes to (Wi 7 Wis
northern slopes, while the opposite was the case for convective rainfall-is-eppesite. And (MR i bR
Also, the Z-R relationships of the same sectionside are more consistent, such as beth [%ﬁgiwj; ik R
enthose of the interiorinside or the northern slopes, which have_distinct geographic ' (##sRio: 4k: Wigt
characteristics. (i sRm: #ib: gt
(#mRa: 7 bis
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Marshall, 1948);_and the eyan—purple lines in Fie—2(b) represents the convective %:ziz iﬁ 1;:
rainfall Z-R model (Z = 300R"#) applied to the-operational weather radar (Fulton et al., = EFJ: ? . Z‘S: 1;;4
1998). (wmmo: F0h: Wik
(#man: 706 iRt

4 Discussion

The paper analyses the statistical characteristics of DSD at different sites in the
Qilian Mountains during the rainy season, which not only contain rainfall classes and
rainfall types but more importantly reflect the differences between different sites. The
results from different aspects can be mutually confirmed and have a good representation
of the spatial distribution, making—serving as a stronggreat factual basis for the
discussion of the microphysical structure ferof precipitation. For example, with the rain
rate class rising, the number concentration of all size bins is increased and the width of
DSDs beeome-became wider, which as—a—feature—are-manifested in—rain—types—thatas
convective rainfall has-having a larger rain rate. In spatial terms—ef—spatiality, the
characteristics of precipitation en-in the interior of the mountainsinside and on the
southern slopes arewere closer, whether considering the overall DSD distribution or the
distributions of DSD parameters—distribution. But—However, there are—semewere
obvious variabilities #r-at the interior sitesinstde-meuntains for DSD parameters due to
the influences of #s—local dynamics and thermal effects. On the other hand, these
characteristics also exhibited some differences between the interiormiddle and eastern
sections of thein Qilian Mountains, especially in the discussion of DSD parameters for
rainfall classes and rainfall types (shews-as Figures 5 and 9). This spatial variation in
DSD suggests that microphysical processes involved in the DSD are influenced by
complex topography (altitude, mountain alignment) and potentially related to the source
of water vapor, development of precipitation process and anthropogenic factors.

Compared to the-preetous—previous studies that are-focused on eastern, southern
and northern China as well the Tibetan Plateau, the Qilian Mountains_region have-has
its own unique DSD characteristics and Z-R relationship during the rainy season, whieh
inelude-including the-a smaller raindrop diameter with_a higher number concentration.
Moreover, the division of rainfall rate classes in the Qilian Mountains more adequately
reflects the DSD characteristics at-in each class, unlike when using the classification
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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 logio/V,, versus D,, in different rainfall types, for which the dividing line

(BHRA: Tk Wig

(slope of —1.6 and intercept of 6.008) between stratiform and convective rainfall has

(R 6 bR

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 easily proven that convective
events are more consistent with the continental-like cluster, conforming to the
precipitation characteristics of the Qilian Mountains Abeve-al-itis-QilanMeountains

>
onve ve—rainfa q

hichis ] Lol L and aridresions.
As aferementioned_above, the characteristics of DSD mainly describe en—the

diameters larger than 0.2 mm, which isare limited by the observation instruments being
unable tothateannet detect the-small drops en-of diameter less than 0.2 mm. SeTherefor,
it is not a complete DSD, and underestimates-the number concentration of small drops
on-of diameter 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) have-obtained a more complete DSD by splicing the
2DVD and MPS (Meteorological Particle Spectrometer) measurements to observe
DSDs and developed a technology to reconstruct the drizzle--mode DSD (Raupach et
al., 2019), which-has-a good presentation te-of the DSD of small raindrops was provided.
and mere-important applications_were highlighted.

5 Summary and conclusion

Based on the-six_-months_of DSD data observed in—over the southern slopes,
northern slopes and interior of theinside-of Qilian Mountains, the characteristics and
their-differences of DSD are-were studied, and the Z-R relationships of six distriets-sites

(A 4 bR

are-were discussed. The main conclusions can be summarized are-as follows—:

1. For all rainfall events, the number concentrations of small and large raindrops e#
in the interior inside-and_on the southern slopes are-were greater than that on the

northern slopes, while midsize raindrops are-were less. The DSD of the interior of

and D, (DSD parameters), which is-was quite different to the case forfrem the

(R Tk big

(R 4 bR

northern slopes.

2. The rainfall rates BSBs-are-were divided into six categories based on rainfalt
ratethe DSD characteristics: C1, R<0.5; C2, 0.5<R<2; C3,2<R<4; C4, 4<R<6;
C5, 6<<R<10; and C6, >10 mm h=". As the rainfall rate inereasesincreased, the

y e D,k ] . IO L 5 N i
C1-C3and-then—decreases—on—C4-Cb,—as—wel—the differences ef-in number
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concentration en—of each raindrop size inereasesbecame significantly larger—,
Espeetally—especially i#r—at the interior sitesinside—mountains.—Fhe—meost
o - o esis C : i
the—sum—of—contribution—reaching—60%- Besides, classesthe C5 and C6 elass
havemade a relatively large contribution to the northern slopes, with a greater
probability of heavy precipitation events.
] . l l e . lowioNy "

has—the—same—s%epe—wrﬂ%the—hﬂe—we#by—&mgl—et—al—The dlsper510n degree of

logioNw and D, at the six sites wasare 8.3% and 10.0% for stratiform rainfall and

(msi: 706 Wik

10.4% and 23.4% for convective rainfall, respectively. It is easier to increase the

(##to: 716 gt

number concentration of large raindrops in the interior area of the mountains

durlng convective ra1nfa1 %Fh%staﬂdafd—devmﬂeiweﬁl)s{;—mmmeters—ea—ms*de

famdfeps—m—eemleeﬁ%e—%ﬁ-ﬁai—l Meanwhlle there is a greater increase in the

number concentration of raindrops over the northern slopes during convective
rainfall.

—The dispersion degree of

coefﬁment A and exponent b int he Z-R relatlonshlp for the six sites wasare 42.5% _

o J ) A JC )

(i 70k gl
and 10.7%, respectively. Overall, the Z-R relationships of the ipsilateral sites were (#pm: h: i
more consistent: and the 4 value of stratiform rainfall inereases-increased from the [ WHAN: i R
southern slopes to northern slopes, while the opposite was true for convective | (Hrsa: 06
rainfallis-oppesite -And-the-Z-R relationshipsof the ipsilateral sites-aremore | AHILMN: ks W15
eonsistent:_The Z-R relationships-ef-differentsites in stratiform rainfall arewere (memsRmn: b iR
similar and generally underestimated by the Z=200R"® model used te—thefor (memsmn: 716 iR
midlatitude stratiform rainfall:— and the Z-R relationships for convective (mmeRm: 7k iR
precipitation varyvaried greatly at different stations, which arewere overestimated
by Z=300R"* at lower rain rates values and underestimated at higher rain rates (#eahig: ik gt

values.

This study reveals the microphysical variability of precipitation #—over the
complex topography of the arid and semi-arid regions of Northwest China, which can
not only improve local numerical simulations, but also provides a basis for further
understanding efthe differences in DSD characteristics formed at the mesoscale due to
topographic factors and the water vapor distribution, etc. This study} holdsis

importanceimportant as a basis-to-note that this should-be-one of the fundamental studies
for the future implementation of weather modification_techniques, which is of great
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significance te-in solving the shortage of water resources in the arid and semi-arid
regions.
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