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Abstract
The macro- and microphysical characteristics of wintertime precipitating clouds and non-precipitating clouds over the 
West Tianshan Mountains, China, were analyzed with the use of Ka-band radar and weighing rain gauge observations. The 
data were collected from January to February 2019, December 2019, and from December 2020 to February 2021. Snow-
fall clouds mainly ranged from 0.15 ~ 2.50 km and had a reflectivity (Z) of mostly 10 ~ 33 dBZ. Non-snowfall clouds were 
primarily distributed within the height range of 2 ~ 8 km, and the Z values were within the range of − 22 ~ 15 dBZ. Com-
pared with non-snowfall clouds, snowfall clouds have a higher particle water content (M) but a similar radial velocity (V). 
Light and moderate snowfall clouds were mainly located at heights of 0.15 ~ 3.50 km and had Z values concentrated from 
5 ~ 24 dBZ. Heavy snowfall clouds were characterized by a Z of 5 ~ 30 dBZ below 3.5 km. The proportion of clouds with 
an M value > 0.1 g·m−3 below 2 km was noticeably higher for heavy snow events than for light and moderate snow events. 
The differences in the distributions and values of snowfall cloud V values were small among the different snow types, and 
descending motions occurred below 6 km, with V ranging − 1.4 ~ − 0.3 m·s−1. The heights of the non-snowfall cloud top 
and base during the day were lower than those at night. The snowfall cloud top did not show noticeable diurnal variations. 
The cloud top and base heights of the non-snowfall clouds both showed a single-peak distribution. The cloud top values of 
snowfall clouds exhibited bimodal distributions.

1 Introduction

Clouds, as one of the primary factors influencing weather 
and climate changes, influence the energy balance and water 
circulation of the Earth by altering the radiative forcings and 
atmospheric thermal motions (Clement et al. 2009; Zhou 
et al. 2016). The cloud radiation effect is primarily deter-
mined by the macro- and microphysical properties of the 
cloud. Therefore, the observations, inversions, and research 
on the macroscopic and microscopic physical properties of 
clouds are important for improving the parameterization pro-
cessing of clouds in Models and understanding the feedback 
effect of clouds in climate change (Ackerman and Stokes, 
2003; Harrison et al. 1990). At present, the macro- and 
microphysical characteristics of clouds are mainly observed 
and studied by aircraft, satellites, and ground-based equip-
ment (Chen et al. 2016; Li et al. 2017; Reddy et al. 2018; Yin 
et al. 2013). Although aircraft can obtain detailed observa-
tion results, the sampling space is small, and the cost is high 
(Parish and Leon, 2013). Satellites have a wide detection 
range but low spatial and temporal resolutions (Yi, 2019).
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Millimeter-wave cloud radar has high sensitivity and spa-
tial–temporal resolution (Zeng et al, 2020a), and it can con-
tinuously observe clouds and obtain the macro- and micro-
physical vertical structure characteristics of clouds through 
reflectivity, radial velocity, and other products. Therefore, 
millimeter-wave cloud radar is a powerful tool for study-
ing the macro- and microproperties of clouds. (Kollias et al, 
2011; Zeng et al. 2020b). In China, researchers have con-
ducted research only in central and eastern China and the 
Qinghai–Tibet Plateau (Zhao et al. 2016; Li et al. 2017). 
Zhang et al. (2019b) observed the vertical structure of clouds 
in Beijing based on cloud radar data and found that the cloud 
top height and radar reflectivity in summer and autumn were 
higher than those in spring and winter and that there were 
two peak values in the height of the cloud base (0 ~ 1 km and 
5 ~ 6 km). Wang et al. (2017) used cloud radar to analyze the 
microphysical and dynamic characteristics of freezing rain 
and snowfall in Weining, Guizhou, and the results showed 
that the average radii of the particles at the beginning of 
freezing rain and snowfall were approximately 40 μm and 
120 μm, respectively. Qiu et al.(2018) used cloud radar to 
analyze the vertical structure and water content of clouds 
over the Qinghai–Tibet Plateau in summer and found that 
at local times of 00:00–06:00, 06:00–12:00, 12:00–18:00, 
and 18:00–24:00, the occurrence probabilities of clouds 
were 82.7%, 56.2%, 55.3%, and 65.4%, respectively. This 
type of research is of great significance for understanding 

the physical characteristics of clouds and precipitation in 
China. However, there are still few studies on the snowfall 
process in arid areas of China using millimeter-wave cloud 
radar(Zeng et al. 2020a).

The Xinjiang Uyghur Autonomous Region has an arid 
and semiarid climate. However, because of the special 
topography involving three mountain ranges separated by 
two basins, Xinjiang, particularly northern Xinjiang, where 
polar front jets frequently move southwards in winter, is the 
region with the most frequent snowfall and one of the three 
regions with the most snow cover in China in winter (Li 
1998). Although a number of scholars have investigated the 
structural characteristics of non-precipitating clouds and 
precipitating clouds in China based on satellite observation 
data (Luo et al. 2011; Qie et al. 2014; Xu 2013), research 
on the physical characteristics of non-snowfall clouds 
and snowfall clouds in Xinjiang in winter has rarely been 
reported. The West Tianshan Mountains are the precipitation 
center of Xinjiang (Zhang and Yang 2018), and Xinyuan is 
one of the best representative areas in terms of precipitation 
in the West Tianshan Mountains. On January 22, 2019, a 
millimeter-wave cloud radar was installed at the Xinyuan 
weather station (43°27′N, 83°18′E; altitude: 928 m) (Fig. 1) 
by the Institute of Desert Meteorology, CMA, Urumqi. In 
this study, we analyzed the structural characteristics of the 
non-snowfall clouds and snowfall clouds of different snow-
fall magnitudes at Xinyuan station from January to February 

Fig. 1  Location of Xinyuan Meteorological Station (XY, 83°18′ E, 43°27′ N, 928 m above sea level) and photos of the millimeter-wave cloud 
radar instrument
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2019, December 2019, and December 2020 to February 
2021 (in winter). To achieve this goal, we used radar obser-
vation data on the cloud radar reflectivity, radial velocity, 
height of the cloud base, cloud top parameters, and moisture 
content of snow particles obtained through inversion. This 
study is different from previous studies due to analysis of 
radar data from the newly constructed Xinyuan station. The 
results of this study provide an understanding of the macro- 
and microscale physical characteristics of clouds in the West 
Tianshan Mountains of Xinjiang in China in winter. Sect. 2 
provides a brief introduction to the data and methodology 
used in this study. Sect. 3 presents the statistical results of 
the macroscopic characteristics and the microphysical prop-
erties of snowfall and non-snowfall clouds. Sect. 4 provides 
a discussion and a brief summary of the conclusions of the 
paper.

2  Data and methodology

2.1  Data

The observation period was 6 months in total (from Janu-
ary to February 2019, December 2019, and from December 
2020 to February 2021), and all observation times were CST 
(China Standard Time, UTC + 8). The ground snowfall is 
measured by weighing the rain gauge at the Xinyuan weather 
station, and the unit is mm·h−1. An hourly precipitation 
amount ≥ 0.1 mm·h−1 was considered to be a precipitation 
occurrence. Then, the continuity of the snowfall clouds at 
the time of precipitation was judged according to the cloud 
radar map. If the clouds were continuous, one precipitation 
process was considered, and the number of hours from the 
beginning of the precipitation to the end was used to define 
the snowfall duration.

The manufacturer of the Ka-band millimeter-wave cloud 
radar is the Beijing Institute of Radio Measurement, and the 
model is HMB–KPS. The Ka radar works 24  hd−1 in a verti-
cally pointing mode, as shown in Fig. 1. The parameters that 
were calculated from the cloud radar data include reflectiv-
ity, radial velocity, and the heights of the cloud top and base. 
To obtain the cloud top and base data, first, the cloud radar 
data were subjected to quality control to remove interfering 
echoes and noise. The heights of the cloud top and base 
were obtained according to the method of Wu et al. (2017). 
The effective signal observed by cloud radar was used as the 
cloud boundary, and each radial data point of cloud radar 
was divided into a continuous effective data segment. If the 
distance between two adjacent echo segments was less than 
a certain threshold (90 m), the two segments were merged 
into one segment, and if the length of the segment was less 
than the set threshold (120 m), the segment was deleted. 
The lower edge of the continuous valid data segment is 

considered the cloud base, and the upper edge is considered 
the cloud top. Because the cloud touches the ground during 
precipitation, only the cloud top height was selected. The 
other main parameter indexes are shown in Table 1. When 
Chen (2018) used millimeter-wave cloud radar to make snow 
observations, he found that attenuation can be neglected 
when dry snow was detected below the order of 2 mm·h−1. 
Because the snowfall events selected in the paper are dry 
snow, the attenuation effect of snowfall is not considered in 
this paper. The cloud radar and the weighing rain gauge are 
both located at the Xinyuan weather station, with a distance 
of 10 m between the two instruments.

According to the radar meteorological equation, the 
reflectivity factor depends on many parameters, and the 
measurement of different parameters will have errors, which 
will affect the reflectivity factor. Therefore, the intensity of 
the radar reflectivity factor also needs to be calibrated before 
it can be used for research. Using the internal test signal, the 
amplitude of the input test signal is changed, the receiving 
channel, the signal processing method, and the output result 
of the signal processor are tested at different pulses, and 
the input and output characteristics of the receiving system 
are analyzed. The test result shows that the linearity of the 
receiving system is good.

2.2  Snowfall case selection

The currently used criteria for the magnitude of snowfall in 
Xinjiang are listed as follows: light snow, 0.1 mm ≤ snow-
fall amount (R, hereinafter) ≤ 3.0  mm; moderate snow, 
3.1 mm ≤ R ≤ 6.0 mm; heavy snow, 6.1 mm ≤ R ≤ 12.0 mm; 
snowstorm, 12.1  mm ≤ R ≤ 24.0  mm; torrential snow-
storm, 24.1 mm ≤ R ≤ 48.0 mm; and severe snowstorm, 
R ≥ 48.1 mm (Liu et al. 2021). In this study, the snowfall in 
the Xinyuan area between 2019 and 2020 was categorized 
according to these criteria. A total of 26 snowfall events 

Table 1  Main performance indexes of the Ka-band millimeter-wave 
cloud radar system

No Parameters Index

1 Frequency 35 GHz ± 500 MHz
2 Beam width  ≤ 0.4°
3 Transmit power  ≤ 500 W
4 Antenna gain  ≥ 52 dB
5 Antenna diameter 1.8 m
6 Height coverage 0.15–15 km
7 Temporal resolution 1 min
8 Range resolution 30 m
9 Polarization mode Single-shot and 

single-take-up 
polarization

10 Emission wavelength 8.6 mm
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were identified, including 15 light snow events, 7 moder-
ate snow events, and 4 heavy snow events. Since the tem-
poral resolution of the cloud radar was 1 min, the snow-
fall per min was taken as an observation sample. Thus, a 
total of 15,300 effective snowfall observation samples were 
obtained, including 4860, 6720, and 3720 samples of light, 
moderate and heavy snow, respectively. In addition, 30,060 
observation samples of non-snowfall clouds were obtained. 
The magnitudes, periods, durations, and amounts of snowfall 
are summarized in Table 2. The average snowfall duration 
of light snow was 5.4 h, with a maximum duration of 13 h. 
The average snowfall amount of light snow was 1.13 mm. 
The average snowfall duration of moderate snow was 17 h, 
with a maximum duration of 25 h. The average snowfall 
amount of moderate snow was 3.98 mm. The average snow-
fall duration of heavy snow was 15.5 h, with a maximum 
duration of 27 h. The average snowfall amount of heavy 
snow was 7.75 mm. The average hourly snowfall amounts 
of light, moderate and heavy snow were 0.209 mm·h−1, 
0.234 mm·h−1, and 0.5 mm·h−1, respectively (the average 
hourly snowfall amount = the total snowfall amount for the 
given snowfall magnitude / total snowfall duration).

2.3  Normalized contoured frequency by altitude 
diagram

Yuter and Houze (1995) employed a statistical technique 
based on the contoured frequency by altitude diagram 
(CFAD) to display the statistical distribution of storm prop-
erties for the first time. However, the CFAD method has the 
side effect of increasing the percentages at altitudes, where 
there are fewer data points. To overcome this weakness, 
many studies (Luo et al. 2009; Fu et al. 2003; Yuan et al. 
2011; Guo et al. 2018) have suggested an improved statisti-
cal technique known as the normalized contoured frequency 
by the altitude diagram (NCFAD). The improvement is that 
the frequency for each box is normalized to the total number 
of points in all level boxes in the altitude phase space. Based 
on the total radar reflectivity, radial velocity, and particle 
water content at all height levels, the vertical structure of 
the cloud at the snowfall time was investigated using the 
NCFAD statistical method to calculate the proportions of 
radar reflectivity, radial velocity, and particle water content 
values at a certain height level within a certain numerical 
range in this study. The NCFAD is calculated as follows:

where Nz(i, j) is a frequency distribution function that is 
defined as the occurrences of the jth reflectivity, radial 
velocity, and particle water content in the ith height layer. 
Because the layers below 150 m constitute the blind zone of 

(1)NCFAD =
Nz(i, j)

∑h

i=1

∑n

j=1
Nz(i, j)

Table 2  Periods, durations, and amount of snowfall in snowfall 
events of different magnitudes

Magnitude Time period Duration (h) Snowfall 
amount 
(mm)

Light 2019.01.29.06–
2019.01.29.07

1 0.2

2019.02.15.21–
2019.02.16.11

14 2.1

2019.11.25.19–
2019.11.25.21

2 0.5

2019.11.27.11–
2019.11.27.12

1 0.3

2019.12.20.10–
2019.12.20.15

5 1.6

2019.12.24.07–
2019.12.24.14

7 0.6

2020.12.05.01–
2020.12.05.11

10 2.2

2020.12.06.01–
2020.12.06.04

3 1.1

2020.12.08.01–
2020.12.88.03

2 1.3

2020.12.10.18–
2020.12.10.21

3 0.8

2020.12.21.14–
2020.12.21.16

2 0.5

2021.01.13.13–
2021.01.13.22

9 1.8

2021.01.24.10–
2021.01.24.15

5 1.1

2021.01.25.05–
2021.01.25.09

4 0.7

2021.02.25.11–
2021.02.25.24

13 2.2

Average 5.4 1.13
Moderate 2019.02.10.17–

2019.02.11.03
10 4.3

2019.02.12.11–
2019.02.12.23

12 3.2

2019.02.21.10–
2019.02.22.08

22 4.2

2019.11.07.19–
2019.11.08.06

10 4.1

2019.12.22.06–
2019.12.23.01

19 3.8

2020.12.27.03–
2020.12.28.04

25 4.6

2021.01.14.03–
2021.01.14.17

14 3.4

Average 17 3.98
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the millimeter-wave cloud radar, only data above 150 m were 
used in this study. In the NCFAD, the Y-axis constitutes the 
height index. For calculation and statistical convenience, we 
adjusted the vertical resolution from 30 to 150 m, and the 
total number of layers was 80. The X-axis of the NCFAD are 
reflectivity, radial velocity, and particle water content, with 
intervals of 1 dBZ, 0.25 m·s−1, and 0.005 g·m−3, respec-
tively. All cases for each cloud category were normalized 
in this paper.

2.4  Cloud radar parameters

Reflectivity is the total sum of the 6th power of the diameters 
of the particles within the unit volume, which is designated 
by Z (units,  mm6·m−3). Because reflectivity can vary greatly, 
over several orders of magnitude, dBZ is used to represent 
the value of reflectivity:

V represents the radial velocity of particles when the radar is 
oriented vertically: a positive value indicates upward veloc-
ity, and a negative value indicates the opposite.

2.5  Inversion of the water content of snow particles

The liquid water content in the clouds is a particularly 
important meteorological element, and its magnitude and 
spatial distribution serve as a crucial index for investigating 
the dynamics of clouds, as they reflect the degree of con-
densation and development in the clouds (Mason and Basil 
1957). To date, there is a lack of methods for accurately 
measuring the magnitude of the liquid water content. How-
ever, the relative magnitude and spatial distribution of the 
liquid water content could can be measured by radar, which 
requires assumptions about the drop spectrum in the cloud. 

(2)dBZ = 10 ⋅ lg
Z

Z0

(

Z0 = 1mm6
⋅ m−3

)

The water content of snow particles can also be calculated 
in a similar way. Marshall and Palmer (1948) proposed the 
Marshall–Palmer drop spectral distribution (M–P distribu-
tion). Based on the M–P distribution (Greene and Clark 
1972), the liquid water content (M) and radar reflectivity 
(Z) can be represented as follows:

where x represents the maximum drop diameter, D is the 
diameter, and � represents the water density. Under certain 
conditions, ice crystals collide with each other and merge 
to form snowflakes. During this aggregation growth, the 
temperature and the shape of the ice and snow crystals play 
primary roles. According to Gunn and Plamer (1958), the 
snowflake-scale relation approaches the M–P distribution 
at the time of precipitation, and the calculation is described 
as follows:

where Λ = 25.5I−0.48 , n0 = 3.8 × 103I−0.87 ,  D0 is the equiva-
lent diameter of the water drop after snow melting (unit, 
mm), and I is the precipitation rate (unit, mm·h−1), which is 
presented as the thickness of the obtained water after melt-
ing of the accumulated snow. Equations (3), (4) and (5) are 
combined, and the following simplified equation is obtained:

where the units of M are g·m−3, those of Z are  mm6·m−3, 
and the coefficients A and a vary according to drop spectral 
patterns.

When the drops are snowflakes, A = 3.8 × 104 and 
a = 2.2(Zhang et al. 2001), and Eq. (6) can be described as 
follows:

where the units of M and Z are g·m−3 and dBZ, respectively.

3  Results

3.1  Macrophysical characteristics of non‑snowfall 
clouds

Figure 2 shows the diurnal variations in the base and top 
heights of the non-snowfall cloud observed in winter. The 
uppermost and lowermost points represent the maximum 
and minimum values, respectively. The transverse lines 

(3)M =
��

6 ∫
x

0

n(D)D3dD

(4)Z = ∫
x

0

n(D)D6dD

(5)n
(

D0

)

= n0 exp
(

−ΛD0

)

(6)Z = AMa

(7)M = 0.0083 ⋅ 100.0455⋅Z

Table 2  (continued)

Magnitude Time period Duration (h) Snowfall 
amount 
(mm)

Heavy 2019.02.01.00–
2019.02.02.03

27 11.5

2019.02.06.10–
2019.02.06.20

10 8.0

2021.01.22.20–
2021.01.23.10

14 11.7

2021.02.10.03–
2021.02.10.14

11 7.8

Average 15.5 7.75
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of the box represent the 75% and 25% percentile values, 
respectively, and the middle line in the box represents the 
50% percentile value. The black dotted lines represent 
the 50% percentile values of the base and top heights of 
all non-snowfall clouds. The local solar time of Xinyuan 
is 2.5 h later than that of CST. The median values of the 
base and top heights of the non-snowfall clouds were 
2.43 km and 5.56 km, respectively. The base heights of the 
non-snowfall clouds displayed a low-height tendency dur-
ing the daytime and a high-height tendency at night. The 
highest median value of the cloud base appeared during the 
period of 02:00–03:00 when the median value was 2.81 km. 
The median value of the base height of the cloud during 
10:00–17:00 was lower than that of all clouds. The lowest 
median value, which was 1.98 km, appeared at 13:00–14:00 
(Fig. 2a). The top heights of non-snowfall clouds displayed 
a low-height tendency during the daytime and a high-height 
tendency at night. The highest median value of the cloud 
top occurred during 09:00–10:00 (approximately 6.26 km) 
and the lowest median value occurred during 17:00–18:00 
(4.39 km) (Fig. 2b). Higher daytime temperatures favor 
increased atmospheric instability. In addition, the trumpet-
shaped topography on the west side of the observation point 
(Fig. 1) has an important influence on airflow through the 
Tianshan mountains. Mountain valley wind circulation 
(Zeng et al. 2020b), formed by a westerly wind blowing 
from the valley to the mountains during the daytime and 
an easterly wind blowing from the mountains to the valley 

during the nighttime, may also play an important role. Under 
the influence of westerly winds during the daytime, the low-
level airflow has climbing and ascending motion, and the 
heating effect of solar radiation increases the instability of 
the low-level atmosphere, thereby making the exchange of 
matter and energy in the boundary layer more active. Under 
such dynamic and thermal conditions, daytime clouds tend 
to form at lower altitudes. In contrast, cold air from the top 
of the mountain moves down and westward at night, and 
the sinking motion combined with the lower temperatures 
stabilizes the lower atmosphere, which is not conducive to 
the formation of lower atmosphere clouds. At the same time, 
some higher clouds near the summit moved over Xinyuan 
under the influence of easterly winds. The above physical 
processes cause cloud base heights and cloud top heights to 
be higher at night than during the day.

Figure 3 shows the distributions of the base and top 
heights of non-snowfall clouds in winter. Both the cloud 
base and cloud top values exhibit single-peak distributions. 
The cloud base heights (CBH) of the clouds were primar-
ily distributed within the range of 1 ~ 4 km, and the prob-
ability of the appearance of the cloud base at any height 
level within this range was greater than 10%. The highest 
occurrence frequency of the cloud base was observed at the 
height level of 2 ~ 3 km, with a value of 35.4%, whereas 
the lowest frequency was observed at the height level of 
8 ~ 9 km, with a value of 0.12% (Fig. 3a). The cloud top 
heights (CTH) were primarily distributed within the height 

Fig. 2  Diurnal variations in the base (a) and top (b) heights of non-snowfall clouds in winter
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range of 3 ~ 8 km, and the probability of the appearance 
of the cloud top at any height level within this range was 
greater than 10%. The highest occurrence frequency of the 
cloud top was observed at the height level of 4 ~ 5 km, with a 
value of 19.1%, whereas the lowest frequency was observed 
at the height level of 1 ~ 2 km, with a value of approximately 
0.11% (Fig. 3b).

3.2  Macrophysical characteristics of snowfall clouds

Figure 4 shows the diurnal variations in the top and distribu-
tions of the snowfall clouds observed in winter. The median 
value of the top height of the snowfall cloud is 5.1 km. The 
median top altitudes of the snowfall clouds in different peri-
ods range from 3.9 km to 6.9 km. The highest median value 
occurs during 23:00–24:00, and the lowest median value 
occurs during 05:00–06:00 (Fig. 4a). The cloud top values 
exhibit bimodal distributions. The cloud tops are primarily 
distributed within the altitude range of 3 ~ 6 km and 7 ~ 9 km, 
and the probability of the appearance of the cloud top at any 
height level within this range is greater than 10%. The high-
est occurrence frequency of the cloud top was observed at 
the height level of 3 ~ 4 km, with a value of 24.6%, whereas 
the lowest frequency was observed at the height level of 
1 ~ 2 km, with a value of approximately 0.55% (Fig. 4b). The 
cloud top heights of snowfall clouds are lower than those of 
non-snowfall clouds, which may be due to the lower atmos-
pheric instability due to the reflection of solar radiation by 
clouds during snowfall due to the high cloud cover.

3.3  Microphysical characteristics of non‑snowfall 
clouds

Because the observations in this study were performed 
in winter when the temperature was low, we inverted the 
M values of the non-snowfall clouds in accordance with 
Eq. (7). Figure 5 shows the NCFADs of the Z, V, and M 
of the non-snowfall clouds in winter. Under non-snowfall 
conditions, clutters existed in the bottom air within a cer-
tain height range. Therefore, we extracted only the radar 
parameters above 0.48 km for investigation. Most of the 
non-snowfall clouds did not extend to the ground, and the 
maximum cloud top extended above 10 km. In addition, the 
maximum Z exceeded 20 dBZ (with most of the Z values 
being less than 20 dBZ) (Fig. 5a). The non-snowfall clouds 
were mainly distributed in 2 ~ 8 km, and the Z values were 
within the range of − 22 ~ 15 dBZ. The maximum frequency 
center appeared at 2.5 ~ 6.5 km, with Z values within the 
range of − 14 ~ − 14 dBZ (Fig. 5a). The V values of the 
non-snowfall clouds were mainly within − 1.1 ~ − 0.4 m·s−1, 
and the clouds ware mainly located at 2.0 ~ 7.5 km (Fig. 2b). 
The M values were primarily less than 0.018 g·m−3 within 
the height range of 1.2 ~ 8.7 km, with a maximum M value 
of 0.02 g·m−3 (Fig. 5c).

3.4  Microphysical characteristics of snowfall clouds

Figures 6 shows the NCFADs of the Z, V and M of snow-
fall clouds in winter during the observations. As shown 
in Fig. 6a, the proportion of snowfall clouds above 4 km 

Fig. 3  Distributions of the base (a) and top (b) heights of non-snowfall clouds in winter
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relative to the total number of clouds was small, and the 
Z values of clouds above 7.5 km were basically below 0 
dBZ. The snowfall clouds were primarily distributed from 
0.15 ~ 2.50 km, the Z values of the clouds were 10 ~ 23 dBZ, 

and the maximum Z value reached 37 dBZ (Fig. 6a). The 
V values of snowfall clouds were between − 5 m·s−1 and 
4 m·s−1, mainly distributed in the range from 0.15 km to 
3.50 km and concentrated in the range of − 1.2 ~ − 0.4 m·s−1 

Fig. 4  Diurnal variations in the top height (a) and distributions of the top height (b) of snowfall clouds

Fig. 5  Normalized contoured frequency by altitude diagrams of the cloud radar parameters of the non-snowfall clouds in winter (unit, %). a Z. b 
V. c M
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(Fig.  6b). The maximum M of snowfall clouds was 
0.35 g·m−3, mainly distributed from 1.9 to 8.9 km and con-
centrated below 0.03 g·m−3 (Fig. 6c). Compared with the 
non-snowfall clouds, the snowfall cloud in winter were 
located at lower heights but had larger Z and M values, and 
the non-snowfall clouds generally did not reach the ground.

3.5  Microscale physical characteristics of clouds 
with different snowfall magnitudes

Figure 7 shows the NCFADs of the Z values of light snow, 
moderate snow, and heavy snowfall clouds. The snowfall 
clouds associated with light snow occupied a small pro-
portion of the total number of clouds above 7 km, and the 
Z value above 7 km was generally less than 0 dBZ. The 
snowfall clouds associated with light snow were primarily 
distributed between 0.15 km and 3.50 km, and the Z values 
were primarily between 5 and 23 dBZ, with a maximum 
value of 31 dBZ (Fig. 7a). The snowfall clouds associated 
with moderate snow occupied a small proportion of the total 
number of clouds above 7 km, and the Z values above 7 km 
were generally less than 0 dBZ. These snowfall clouds were 
primarily distributed between 0.15 km and 2.50 km. The 
Z values were mostly between 5 and 24 dBZ, with a maxi-
mum of 32 dBZ (Fig. 7b). The snowfall clouds associated 
with heavy snow occupied a small proportion of the total 
number of clouds above 8 km, and the Z values above 8 km 
were generally less than 0 dBZ. These snowfall clouds were 
primarily distributed between 0.15 km and 3.50 km. The Z 

values were primarily between 5 and 30 dBZ, and the maxi-
mum Z values reached 36 dBZ (Fig. 7c). As shown in Fig. 7, 
the NCFADs of light snow, moderate snow and heavy snow 
were similar. However, below 2 km, the Z values of heavy 
snow were noticeably higher than those of light snow and 
moderate snow, which could reach 17 ~ 30 dBZ. This result 
occurred, because the average hourly snowfall amount of 
heavy snow was much larger than that of any other snowfall 
type.

Figure 8 shows the NCFADs of the V values of light 
snow, moderate snow, and heavy snowfall clouds. As 
shown in Fig. 8, downward motions under all magnitudes 
of snowfall were gathered primarily below 6 km. The V 
values of the snowfall clouds were mainly distributed at 
− 1.4 ~ − 0.3 m·s−1. The variation range of the V values of 
moderate snow clouds was the smallest. Snowfall events of 
different magnitudes did not show noticeable differences in 
the range of the radial velocity.

Figure 9 shows the NCFADs of the M values of light 
snow, moderate snow, and heavy snowfall clouds. Light 
snow M was mainly located at 0.15 ~ 8.50 km, and most of 
the M values in these layers were less than 0.06 g·m−3, with 
the highest value of 0.2 g·m−3 (Fig. 9a). The moderate snow 
M was primarily distributed from 0.15 ~ 8.50 km, and most 
of the M values in these layers were less than 0.06 g·m−3, 
with the highest value of 0.23 g·m−3 (Fig. 9b). The heavy 
snow M was mainly distributed in 1.0 ~ 9.0 km, and most of 
the M values in these layers were less than 0.06 g·m−3, with 
the highest value of 0.35 g·m−3 (Fig. 9c). The proportion of 

Fig. 6  Normalized contoured frequency by altitude diagrams of radar parameters of snowfall clouds (unit: %). a Z. b V. c M
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clouds with an M value > 0.1 g·m−3 below 2 km under heavy 
snow was markedly higher than that in any other snow type, 

and the variation range of M increased with the magnitude 
of snowfall. These findings indicate that the moisture content 

Fig. 7  Normalized contoured frequency by altitude diagrams of snowfall cloud Z (unit: %). a Light snow. b Moderate snow. c Heavy snow

Fig. 8  Normalized contoured frequency by altitude diagrams of snowfall cloud V (unit: %). a Light snow. b Moderate snow. c Heavy snow
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in light snow was low, that a small amount of water vapor 
was available for the snow process, and that light snow had 
the shortest average duration. The moisture content of heavy 
snow was the highest among the three snow types; thus, suf-
ficient water vapor was available for the heavy snow process, 
and heavy snow had the longest average duration.

4  Conclusions and discussion

In this study, we analyzed the structural characteristics of 
snowfall clouds and non-snowfall clouds in the West Tian-
shan Mountains of China in winter from January to February 
2019, December 2019, and from December 2020 to Febru-
ary 2021 based on cloud radar data. The main conclusions 
are as follows:

(1) Snowfall clouds were primarily distributed within the 
height range of 0.15 ~ 2.50 km and had reflectivity (Z) 
mainly between 10 and 33 dBZ. Non-snowfall clouds 
were primarily distributed within the height range of 
2 ~ 8 km, and the Z values were within the range of 
− 22 ~ 15 dBZ. Compared with non-snowfall clouds, 
snowfall clouds have higher particle water content (M), 
but the V values were similar.

(2) Light and moderate snowfall clouds were primarily 
distributed between 0.15 km and 3.50 km, and the Z 

values were primarily between 5 and 24 dBZ. Heavy 
snowfall clouds were characterized by a Z of 5 ~ 30 
dBZ below 3.5 km. Although the NCFADs of the Z 
values were similar among the three snow types, the Z 
values below 2 km during heavy snow were noticeably 
higher than those during light and moderate snow. The 
underlying reason for this occurrence was that average 
hourly snowfall of heavy snow was markedly greater 
than that of light and moderate snow.

(3) The proportion of snowfall clouds with M > 0.1 g·m−3 
below 2 km during heavy snowfall was noticeably 
higher than those during light snow and moderate 
snow. The M during light snow was the lowest among 
the three snow types, indicating that a small amount 
of water vapor was available. Therefore, the average 
duration of light snow was the shortest. In contrast, dur-
ing heavy snow, M was high, indicating that sufficient 
water vapor was available. For this reason, the average 
duration of heavy snow was the longest.

(4) The height of the non-snowfall cloud top and base 
during the day was lower than at night. The snowfall 
cloud top did not show noticeable diurnal variations. 
The cloud top and base of the non-snowfall clouds both 
showed a single-peak distribution. The cloud top values 
of snowfall exhibited bimodal distributions.

Fig. 9  Normalized contoured frequency by altitude diagrams of snowfall cloud M above (unit: %). a Light snow. b Moderate snow. c Heavy 
snow
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The characteristics of clouds and precipitation are impor-
tant for understanding the formation process for clouds and 
precipitation (Ackerman and Stokes 2003; Harrison et al. 
1990; Schiffer and Rossow 1983; Zhang et al. 2019a). In the 
past, many researchers have studied the macro- and micro-
physical properties of rainfall clouds and non-rainfall clouds, 
and the conclusions of these studies help to understand 
clouds and precipitation. However, previous studies have 
mainly focused on areas with abundant rainfall (Zhang et al. 
2019b; Luo et al. 2009; Yi 2013; Liu et al. 2015; Ma et al. 
2018; Cui et al. 2020; Yue et al. 2020; Wang et al. 2018; 
Huo et al. 2020a, b; Wu et al. 2020) and there have been few 
studies on arid areas instead. In recent years, an increasing 
number of studies on precipitation and non-precipitation 
cloud macro- and microphysical properties have been car-
ried out in the arid regions of China, especially in the Qing-
hai–Tibet Plateau (Yi 2019; Liu et al. 2021; Ma et al. 2018; 
Qiu et al. 2018; Zhao et al. 2016, 2017), but less research 
has been carried out in Xinjiang. Therefore, the findings of 
this paper deepen the understanding of winter clouds in the 
West Tianshan Mountains of China and provide useful data 
for further investigation of the structural characteristics of 
winter clouds in this region.

Many scholars have conducted similar studies on snowfall 
clouds in monsoon regions, and the results are somewhat 
similar and different from those in the West Tianshan Moun-
tains of China. For example, the precipitation cloud Z in 
winter in the West Tianshan Mountains is generally larger 
than that in Beijing (Zhang et al. 2019b). The range of V 
during snowfall in Shou County (Cui et al. 2020) is similar 
to that in the West Tianshan Mountains of China, indicating 
that the falling velocities of snow particles in the two regions 
are similar. The concentration area of snowfall cloud Z in 
winter is lower than that in East Asia (Yin et al. 2013). This 
phenomenon might be caused by the collision of snowfall 
clouds that play a large role in the low air, increasing snow-
fall cloud particles in western China.

Different from the existing classification of cloud macro- 
and microphysical characteristics analysis, according to the 
snowfall classification criteria, the winter snowfall in the 
West Tianshan Mountains of China was divided into light 
snow, moderate snow, and heavy snow. The similarities and 
differences in the microphysical characteristics of the Z, V, 
and M of these three types of snowfall clouds were analyzed. 
Meanwhile, the structural characteristics of snowfall clouds 
and non-snowfall clouds in winter were also analyzed.

However, the macro- and microphysical characteristics of 
winter clouds were based only on the parameters Z, V, and 
M. Further studies in this area involving more microscale 
physical parameters, such as particle radius and particle con-
tent, should be conducted in the future.
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