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Abstract

Using raindrop spectrum data from different stations during 58 rainfall events
in the Liupan Mountains from 2020 to 2021, we analyzed the microphysical pa-
rameters, average characteristics of raindrop spectra, and Gamma distribution
parameters for three types of rainfall: stratiform clouds, convective clouds, and
cumulus-stratiform mixed clouds. The results show that: (1) At the same sta-
tion, all microphysical parameters and mean characteristic diameters exhibit the
following relationship: convective clouds > cumulus-stratiform mixed clouds >
stratiform clouds; in stratiform and cumulus-stratiform mixed clouds, the aver-
age diameter (Dave) and mode diameter (Dmode) are larger at the mountainside
than at the mountain top and base, and as altitude increases on both the eastern
and western slopes, the maximum diameter (Dmax), mass-weighted mean diam-
eter (Dm), rainfall intensity (R), radar reflectivity (Z), and liquid water content
(Q) gradually increase; (2) In stratiform and cumulus-stratiform mixed clouds,
small raindrops contribute the most to both rainfall intensity and number con-
centration, while in convective clouds, small raindrops contribute the most to
number concentration, and medium-sized raindrops contribute the most to rain-
fall intensity; (3) The Gamma distribution parameters NO (intercept parameter),

(shape parameter), and A (slope parameter) decrease with increasing altitude,
and the slope of the -\ fitted curve is closely related to precipitation type; (4)
The raindrop particle number concentration (Nw) at mountain-top stations de-
creases compared with that at mountain-base stations, while the mean scale
(Dm) increases; (5) The characteristic diameter parameters and microphysical
parameters of raindrop spectra under the northwest airflow pattern are greater
than those under the east-high-west-low pattern and the straight airflow pat-
tern.

chinarxiv.org/items/chinaxiv-202308.00680 Machine Translation


https://chinarxiv.org/items/chinaxiv-202308.00680
https://chinarxiv.org/items/chinaxiv-202308.00680

ChinaRxiv [$X]

Full Text

Statistical Analysis of Surface Raindrop Size Distribution
Characteristics in the Liupan Mountains of Ningxia

MA Simin!?, SHU Zhiliang!2, CHANG Zhuolin'2, ZHOU Nan'2, LTU
Shijun?

Key Laboratory for Meteorological Disaster Monitoring and Early Warning
and Risk Management of Characteristic Agriculture in Arid Regions, CMA,
Yinchuan 750002, Ningxia, China

2Ningxia Key Laboratory of Meteorological Disaster Prevention and Mitigation,
Yinchuan 750002, Ningxia, China

3Wuhai Meteorological Bureau, Wuhai 016000, Inner Mongolia, China

Abstract

Using raindrop spectrum data from different stations during 58 rainfall processes
in the Liupan Mountains from 2020 to 2021, we analyzed the microphysical pa-
rameters, average characteristics of raindrop spectra, and Gamma distribution
parameters for three types of rainfall: stratiform, convective, and stratocumulus.
The results show that: (1) At the same station, the mean values of microphysical
parameters and characteristic diameters follow the pattern: convective > stra-
tocumulus > stratiform clouds. In stratiform and stratocumulus rainfall, the
average diameter (D ) and mode diameter (D ) were larger on the mountain-
side than at the mountaintop and foothills, while the maximum diameter (D ),
mass-weighted mean diameter (D ), rain rate (R), radar reflectivity (Z), and
liquid water content (Q) increased with elevation on both eastern and western
slopes. (2) In stratiform and stratocumulus rainfall, small raindrops contributed
most to both rain rate and number concentration, whereas in convective rainfall,
small raindrops contributed most to number concentration while medium-sized
raindrops contributed most to rain rate. (3) The Gamma distribution param-
eters N (intercept parameter), (shape parameter), and A (slope parameter)
decreased with increasing altitude. The slope of the -\ fitting curve was closely
related to precipitation type. (4) Compared with foothill stations, the mountain-
top station showed decreased raindrop number concentration (N ) but increased
mean scale (D ). (5) The characteristic diameters and microphysical parameters
under northwesterly flow patterns were greater than those under east-high-west-
low patterns and straight flow patterns.

Keywords: Liupan Mountains; raindrop spectrum; microphysical characteris-
tics; Gamma distribution
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Introduction

Raindrops are the final product of comprehensive cloud dynamic and micro-
physical processes, representing the culmination of macro- and micro-scale pre-
cipitation processes. Raindrop size distribution (RSD) describes the number
concentration of raindrops per unit volume as a function of their diameter.
Studying RSD is crucial for understanding natural precipitation mechanisms,
evaluating artificial rain enhancement potential, conducting effect verification,
guiding weather modification operations, and improving the accuracy of radar-
based quantitative precipitation estimation.

The concept of RSD was first introduced by Marshall and Palmer in 1948, who
proposed that an exponential equation could adequately describe the relation-
ship between raindrop size and concentration (referred to as the M-P distribu-
tion). However, subsequent research revealed significant discrepancies between
this distribution and actual precipitation characteristics, particularly in the dis-
tribution of small raindrops. Ulbrich subsequently proposed a three-parameter
Gamma distribution model that incorporates a shape parameter , enabling bet-
ter representation of small raindrop variations. Numerous studies have demon-
strated that the Gamma distribution more accurately characterizes the RSD
features of stratocumulus and cumuliform precipitation compared to the M-P
distribution.

In recent years, Chinese researchers have conducted extensive studies using
ground-based laser disdrometers, revealing significant regional variations in RSD
characteristics across different precipitation types, altitudes, and weather sys-
tems. For instance, Niu et al. analyzed RSD characteristics under different
circulation patterns in various regions of Ningxia, while Zhang examined sum-
mer convective and stratiform rainfall spectra at the southern foothills of the
Qilian Mountains, finding that convective rainfall particles of the same size had
slightly higher fall speeds than stratiform clouds. Wang et al. analyzed micro-
physical structural characteristics of three rainfall types in the Tianshan Moun-
tains, noting that mountainous terrain resulted in high concentrations of small
raindrops with small sizes, indicating substantial rain enhancement potential.
Li et al. demonstrated that in Huangshan, stratiform cloud RSD varied more
stably with height than convective clouds, with larger raindrop sizes at mid-
mountain positions compared to summit and base stations. Similar patterns
were observed by Zhang et al. in Lushan, where small raindrops accounted for
a larger proportion at higher altitudes, while same-sized raindrops had greater
terminal velocities at lower altitudes. Cheng et al. found that high-altitude sta-
tions in the Qilian Mountains exhibited smaller raindrop diameters but higher
concentrations.

The Liupan Mountains are one of China’ s few nearly north-south oriented nar-
row mountain ranges, with its main peak reaching 2942 m. The western slope
is gentle (10°-20°), while the eastern slope is steep (20°-35°), providing favor-
able conditions for studying airflow propagation over continuous mountains and
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cloud-precipitation physical processes. As a major water conservation area in
northwest China, the Liupan Mountains region is dominated by southeasterly
warm-moist airflow at 750 hPa, which undergoes orographic lifting and con-
densation when encountering the steep eastern slope, forming deep convective
clouds. Previous studies in this region, such as Tao et al.” s analysis of micro-
physical characteristics during a severe convective hail event and Cao et al.” s
comparison of microphysical features among convective, stratiform, and shallow
cumulus clouds using micro-rain radar, have lacked comprehensive analysis of
continuous observational data and comparative studies of RSD characteristics
at different topographic positions. This study utilizes raindrop spectrum data
from 2020-2021 to investigate microphysical parameters, average RSD character-
istics, and Gamma distribution parameters across different precipitation types
and locations, aiming to reveal surface rainfall microphysical features and ad-
vance understanding of orographic cloud precipitation development mechanisms
in the Liupan Mountains region.

1. Data and Methods

1.1 Equipment and Data Description This study utilized DSG5 laser dis-
drometers deployed at the Liupan Mountain Atmospheric Science Field Experi-
ment Base for year-round observations. Figure 1 shows the geographic locations
of the instruments, and Table 1 provides basic information for each observation
site. The DSGH laser disdrometer operates based on the principle of laser attenu-
ation by precipitation particles, featuring 54 non-equidistant diameter channels
and 32 non-equidistant velocity channels. The instrument measures precipi-
tation particle diameters from 0.2-25 mm and fall speeds from 0.2-20 m - s *.
Previous studies have shown that through calibration and monitoring, the error
range remains within $+$5%. Table 2 lists the main technical specifications.

We selected data from 58 rainfall processes during 2020-2021, using observations
from five disdrometer stations in the Liupan Mountains. Rainfall types were
classified based on data from a new-generation Doppler weather radar (located
at Liupan Mountain Station, 106.2°E, 35.68°N, 2860 m) and satellite imagery.
The selected cases included 23 stratiform rainfall events, 13 convective rainfall
events, and 22 stratocumulus rainfall events. After quality control, precipitation
duration at each station exceeded 30 minutes. Due to the localized nature of
convective precipitation, we selected cases observed by at least three disdrometer
stations simultaneously. The start and end times for each case corresponded
to the earliest and latest times precipitation particles were observed across all
stations.

Based on the 500 hPa circulation patterns over the Liupan Mountains region,
the 58 rainfall processes were categorized into three types: east-high-west-low
pattern, northwesterly flow pattern, and straight flow pattern. The east-high-
west-low pattern occurred most frequently (24 times, 41.4%), followed by the
northwesterly flow pattern (22 times, 37.9%), and the straight flow pattern (12
times, 20.7%). Among stratiform and stratocumulus rainfall events, the east-
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high-west-low pattern was most common, while convective rainfall events were
dominated by the northwesterly flow pattern.

1.2 Data Quality Control Due to limitations in sensitivity and sampling
area, laser disdrometer data require quality control. The first two size bins
(0.05-0.25 mm) are prone to turbulence and ground splash effects with low
signal-to-noise ratios, and raindrops smaller than 0.3 mm rarely occur natu-
rally. Therefore, we excluded the first two size bins and data with diameters >8
mm during quality control. To eliminate potential non-precipitation samples,
we removed data with rain rates <0.01 mm - h~!. Additionally, following Atlas
et al.” s empirical velocity-diameter formula, we filtered out anomalous data
exceeding this relationship. Figure 2 illustrates the quality control process for
raindrop spectrum data.

1.3 Calculation of Microphysical Parameters and Gamma Distribu-
tion After quality control, various microphysical parameters were retrieved
through calculation. The number concentration per unit volume and size inter-
val, N(D), is calculated as:

Zj 5
N(D) = A AtV,AD;

where n represents the number of raindrops in the i-th diameter bin and j-th
velocity bin; A is the effective sampling area of the disdrometer (m?); At is the
sampling time interval (s); V is the terminal fall velocity of raindrops in the
j-th velocity bin (m -s7!); and AD is the width of the i-th diameter bin (mm).
The DSG5H disdrometer has a sampling interval of 60 seconds.

From this, we derived precipitation microphysical parameters including raindrop
number concentration N (m~3), liquid water content Q (g+m~3), mass-weighted
mean diameter D (mm), rain rate R (mm -h™!), radar reflectivity factor Z
(mm® - m~3), and generalized intercept parameter N (mm™! - m™3), where is
water density (g+cm™2). The specific formulas are:

N, = /OO N(D)dD
0
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The Gamma distribution model was used to fit the observed raindrop spectra:

N(D) = NyD" exp(—AD)

where D is the raindrop equivalent diameter (mm); Ny, is the intercept parameter
(mm~1~ -m™3); is the shape parameter describing variations in small raindrops;
and ) is the slope parameter (mm~!). We employed the moment method to
estimate these three parameters, with the n-th moment defined as:

(oo}
an/ D"N(D)dD
0

Following Huang et al.” s method, we calculated N, , and A using the moment
method.

2. Results and Analysis

2.1 Microphysical Parameter Characteristics of Different Precipita-
tion Types Precipitation characteristics in mountainous regions show strong
correlation with altitude. The Liupan Mountains, a narrow north-south ori-
ented range, feature a gentle western slope and steep eastern slope. The Liupan
Mountain Station represents the summit site at the highest elevation, while
Chenjin and Chengguan stations on the western slope have a mean altitude of
2269 m, and Dawan and Huitai stations on the eastern slope average 1968 m.

Analysis of characteristic diameters (Figure 3) reveals that at the same loca-
tion, convective rainfall exhibited the largest mean values for all characteristic
diameters, followed by stratocumulus, with stratiform rainfall showing the small-
est values. The differences in D among stations were minimal: 0.6 mm for
stratiform, 0.66 mm for stratocumulus, and 0.81 mm for convective rainfall. In
contrast, D showed the greatest variation: 1.71 mm for stratiform, 2.54 mm for
stratocumulus, and 2.9 mm for convective rainfall.

In stratiform and stratocumulus rainfall, the Liupan Mountain summit site
showed the smallest D  but the largest D , being 0.1 mm smaller than Huitai
station (which had the largest D ) but 1.36 mm larger than Dawan station
(which had the smallest D). This indicates that the summit site had numer-
ous small raindrops but also relatively large mean drop sizes, likely because the
summit is closer to or within the cloud base where moisture is abundant and
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evaporation/fragmentation processes are less pronounced. The western slope
Chenjin and Chengguan stations showed similar characteristic diameters, differ-
ing by only 0.01-0.07 mm. On the eastern slope, Huitai station had the largest
D , while Dawan station had relatively small characteristic diameters overall,
likely due to its lowest altitude where raindrop fragmentation and evaporation
during descent are significant, and its location at the northernmost part of the
mountain range with poorer moisture transport conditions. This is corroborated
by Dawan station’ s lower cumulative precipitation compared to other sites.

The correlation between characteristic diameters and altitude showed that D
and D increased with elevation, whileD and D  were larger at mid-mountain
positions. This differs partially from Huangshan studies, possibly because the
altitude difference between summit and base stations in Huangshan (1396 m)
exceeds that in the Liupan Mountains (892 m). In convective rainfall, the Liu-
pan Mountain summit site showed the largest characteristic diameters, while the
western slope Chenjin and Chengguan stations were similar (differences <0.07
mm). The eastern slope Huitai station had larger D  than Chenjin and Cheng-
guan but smaller D, while Dawan station showed the smallest characteristic
diameters overall, reflecting the localized nature of convective precipitation.

Microphysical parameters (number concentration N ;| radar reflectivity Z, liquid
water content Q, and rain rate R) consistently ranked as: convective > stratocu-
mulus > stratiform rainfall. Mean rain rates were 0.32 mm - h™! for stratiform,
0.95 mm - h™! for stratocumulus, and 2.9 mm - h~! for convective rainfall. The
lowest-altitude Dawan station showed the highest N (103.7 m~3), while Chenjin
station had the lowest (48.1 m~3), indicating higher raindrop concentrations at
summit and foothill sites compared to mid-slope positions. The Liupan Moun-
tain summit site exhibited larger R and Z values than other stations, exceeding
the lowest values by 0.21 mm +h~! and 6.15 dBZ, respectively. On both eastern
and western slopes, R, Z, and Q increased with altitude. However, in convec-
tive rainfall, the western slope Chenjin station showed maximum values for R,
N, and Q, while the summit site had maximum Z, and eastern slope stations
showed smaller Q, R, and Z than western slope stations—patterns inconsistent
with altitude correlations observed in stratiform and stratocumulus rainfall.

To investigate contributions from different raindrop sizes, we classified raindrops
into four categories: (1) D < 1 mm, (2) 1 <D < 2 mm, (3) 2 <D < 3 mm,
and (4) D > 3 mm, then calculated their contributions to N and R. Figure
5 shows that stratiform and stratocumulus rainfall exhibited similar patterns,
with small raindrops dominating. Category 1 raindrops contributed over 70%
to N at all stations, with summit and western slope stations showing higher
contributions than eastern slope stations. Medium raindrops (categories 2 and
3) accounted for a higher proportion in stratocumulus than stratiform rainfall.
For category 3 large raindrops, the Liupan Mountain summit site showed the
largest proportion, consistent with its maximum D and D values. Category 1
raindrops also contributed most to rain rate (exceeding 50%) in stratiform and
stratocumulus rainfall.
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In convective rainfall, category 1 raindrops similarly dominated N contribu-
tions (exceeding 60%), with the Liupan Mountain summit site showing the
smallest proportion. However, their contribution to rain rate was not maxi-
mal (all <40%). Category 2 raindrops contributed most to rain rate, while the
summit site showed the largest proportion of category 4 large raindrops and
correspondingly the greatest rain rate contribution.

2.2 Raindrop Spectrum Distribution Characteristics and Gamma
Function Fitting The Gamma distribution model provides better repre-
sentation of actual RSD than the exponential distribution due to its shape
parameter . Stratiform rainfall showed the narrowest spectrum width (3.75-6.5
mm), while convective and stratocumulus rainfall exhibited wider spectra
(up to 7.5 mm). In stratiform rainfall, Dawan station showed the highest
number density at the small-drop end (D > 1 mm) due to its low altitude and
pronounced raindrop fragmentation. The Liupan Mountain summit site, being
slightly higher than Chenjin station, and Huitai station, being slightly higher
than Dawan station, showed lower small-drop densities but higher densities for
D > 1 mm compared to Chenjin and Dawan stations.

In stratocumulus rainfall, the Liupan Mountain summit site showed higher num-
ber density at the large-drop end (D > 3 mm) than other stations, while Dawan
station dominated the small-drop end (D < 1 mm). In convective rainfall, Chen-
jin station exhibited the highest number density for drops with D < 1 mm, while
differences between Liupan Mountain and Chenjin stations were minimal at the
large-drop end (D > 3 mm). Eastern slope Huitai and Dawan stations showed
significantly lower number densities than other sites.

Overall, Gamma distribution fitting showed correlation coefficients exceeding
0.85 for stratiform and stratocumulus rainfall, while convective rainfall corre-
lations were above 0.75 except at Dawan station (0.68). Using the moment
method, we calculated the three Gamma parameters (Table 4). The intercept
parameter N, was generally largest for stratiform and smallest for convective
rainfall, indicating higher small raindrop concentrations in stratiform precipita-
tion. The slope parameter A characterizes the rate at which raindrop concen-
tration decreases with diameter—smaller A values indicate gentler curves and
wider spectra. In the Liupan Mountains, \ was typically largest for stratiform,
smallest for convective, and intermediate for stratocumulus rainfall, consistent
with observed raindrop size characteristics. The shape parameter describes
curve curvature ( > 0 indicates upward curvature). Mean values were positive
for all stations, generally largest for stratiform and smallest for convective rain-
fall, indicating less curvature and higher large-drop concentrations in convective
precipitation.

The Ny, , and A parameters generally decreased with altitude, reflecting lower
small-drop concentrations and higher large-drop concentrations with wider spec-
tra at higher elevations. To further investigate the -\ relationship, we fitted -\
curves for different rainfall types (Table 5). All rainfall types showed positive
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correlations following quadratic relationships, with stratiform rainfall exhibiting
the steepest slope and convective rainfall the gentlest. Since D = ( + 4)/A,
the slope is inversely related to D , confirming that the -\ fitting curve slope is
closely associated with precipitation type.

2.3 Distribution of Microphysical Characteristic Parameters The
mass-weighted mean diameter D and generalized intercept parameter N can
reflect overall raindrop concentration and size characteristics. Figure 7 shows
scatter plots of IgN versus D for all samples, distinguished by rain rate. The
generalized intercept parameter N decreased with increasing D , with scatter
concentrated at the small D end, indicating dominance by small raindrops.
As rain rate increased, scatters extended upward and rightward, with both
N and D showing increasing trends. For the same station, convective and
stratocumulus raindrops exhibited significantly higher concentrations and
larger sizes than stratiform raindrops.

The Liupan Mountain summit site scatters were mainly distributed in the range
N 0.5-45and D 1.2-4.5 mm, Chenjin station in N 0.5-6.0 and D 1.3-4.4
mm, Chengguan station in N 0.5-5.0 and D 0.6-4.5 mm, Dawan station in N

0.5-4.5 and D 1.2-4.8 mm, and Huitai station in N 0.56-4.1 and D 1.5-4.5
mm. The summit site showed a “downward-rightward”scatter pattern compared
to foothill sites, likely because the summit’ s abundant moisture and minimal
evaporation/fragmentation processes resulted in reduced number concentration
but increased mean drop size.

2.4 Microphysical Parameter Characteristics Under Different Circula-
tion Patterns Raindrop spectrum characteristics vary significantly not only
with precipitation type but also with circulation patterns. We classified the 58
rainfall processes into three 500 hPa circulation patterns: east-high-west-low,
northwesterly flow, and straight flow. Averaging all samples across the five
stations revealed that the northwesterly flow pattern exhibited the largest char-
acteristic diameters and microphysical parameters (Table 6), primarily because
convective rainfall cases were most frequent under this pattern. The straight flow
pattern showed the smallest values, with the east-high-west-low pattern interme-
diate. Additionally, Gamma distribution parameters averaged across circulation
patterns showed that northwesterly flow had the smallest N, , and X values,
while straight flow had the largest, closely correlating with precipitation proper-
ties under different circulation patterns. These conclusions differ from previous
studies in Ningxia using filter paper methods, which found straight flow patterns
produced the largest microphysical parameters and smallest A values, possibly
due to regional differences, topographic effects, and climate variations.

3. Conclusions

Based on quality-controlled and calculated data from 58 rainfall processes at five
stations in the Liupan Mountains from 2020-2021, we analyzed microphysical
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parameters, average raindrop spectrum characteristics, and Gamma distribu-
tion features for stratiform, convective, and stratocumulus rainfall. The main
conclusions are:

(1) At the same station, microphysical parameters and characteristic diam-
eters ranked as: convective > stratocumulus > stratiform rainfall. In
stratiform and stratocumulus rainfall, the mode diameter was smaller at
the summit and foothills but larger on the mountainside, while maximum
diameter and mass-weighted mean diameter increased with altitude on
both slopes. This suggests the summit is closer to or within the cloud base
with abundant moisture and minimal evaporation/fragmentation. Eastern
slope stations showed larger rain rate, radar reflectivity, and liquid water
content than western slope stations, with these parameters increasing with
altitude on both slopes.

(2) In stratiform and stratocumulus rainfall, small raindrops contributed most
to both rain rate and number concentration. In convective rainfall, small
raindrops dominated number concentration while medium raindrops con-
tributed most to rain rate.

(3) Stratiform rainfall showed the narrowest spectrum width, while convective
and stratocumulus rainfall exhibited wider spectra. Gamma distribution
fitting was most effective for stratiform rainfall. The N, , and A parame-
ters generally decreased with altitude, and the -\ fitting curve slope was
closely related to precipitation type.

(4) The generalized intercept parameter N decreased with increasing mass-
weighted mean diameter D , with scatters concentrated at the small D
end. As rain rate increased, both N and D showed upward-rightward
trends. The summit site exhibited decreased number concentration but
increased mean scale compared to foothill sites.

(5) The northwesterly flow pattern produced larger characteristic diameters
and microphysical parameters than east-high-west-low and straight flow
patterns, closely related to precipitation properties under different circu-
lation patterns.
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