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Abstract. Using a coherent Doppler wind lidar, the whole process of formation and decomposition of ice crystal cloud was  

recorded in Minfeng (37.06 °N, 82.69 °E) on the southern edge of the Taklimakan Desert (TD) from 5 to 6 February 2022.  

Combined  with  ERA5  and  MERRA-2  reanalysis  data,  FY-4A  and  Himawari-8  meteorological  satellite  data,  local  

meteorological data, and HYSPLIT model, the evolution process of ice crystal clouds affected by the wind profile, dust aerosol, 

turbulence, temperature, humidity, and terrain was analyzed. The results show that the uniquely relatively enclosed basin  

topography of the TD, coupled with the feeble turbulence and robust downdrafts at night, constrains the upward supply of  

water vapor and dust aerosols. As a result, the base height of the ice crystal clouds is maintained at approximately 3 km. Dust 

aerosols can act as effective ice nuclei, which catalyze the formation of ice crystal clouds and inhibit the occurrence of liquid  

precipitation. The continuous evolution of ice crystal clouds was well studied with multiple meteorological data, which 

improves the understanding of dust-cloud-atmosphere interactions in the desert hydrological cycle.

1 Introduction

Atmospheric ice nuclei (IN) refer to aerosol particles suspended in the atmosphere, which can condense water vapor or freeze 

supercooled droplets to form ice crystals (Vali, 1985). IN can have a huge impact on physical processes such as radiative 

transfer, precipitation, and cloud electrification (Heymsfield, 2005), thus they have significance in studying the precipitation 

process of natural cold clouds  (Morris et al., 2004), artificial weather modification  (Demott et al., 1983), the interaction 

between clouds and aerosols, and even global climate change (Ramanathan et al., 2001; Zeng et al., 2009).

The huge global emission of mineral aerosol dust is one of the important sources of IN (Kanji et al., 2017), which plays an 

important role in the dust-aerosol-cloud-precipitation interaction (DACPI). There is a significant correlation between IN and 

mineral aerosol dust (Klein et al., 2010). Under certain conditions, dust can not only inhibit rainfall but also enhance rainfall  

(Huang et al., 2014). Rosenfeld et al. (2001) found that when the Sahara desert dust acts as effective cloud condensation nuclei 
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(CCN) or IN, the increase of dust concentration leads to the decrease of cloud droplet size, which can reduce the efficiency of 

cloud droplet coalescence and inhibit the occurrence of precipitation. At the same time, the reduction in precipitation will lead 

to further drying of the soil, which may increase the dust content in the desert and provide a possible feedback loop to further 

reduce precipitation (Rosenfeld et al., 2001). When desert dust acts as an effective IN, it can make the top of the convective  

cloud have the ability to freeze, so as to promote the occurrence of ice precipitation, rather than inhibit the occurrence of warm 

rain (Rosenfeld et al., 2011).

It is difficult to grasp the regional and local changes of ice crystal clouds by using only one kind of data, whereas the  

combination of multi-source data can fully discover the trend of cloud change. Coherent Doppler wind lidar (CDWL) has the 

characteristics of high temporal and radial spatial resolution (Zhang et al., 2021), small detection blind area, high detection 

accuracy and real-time acquisition of three-dimensional motion information of the atmosphere. Based on these characteristics, 

the CDWL can obtain the wind field information (Liu et al., 2020) in the cloud and distinguish the vertical distribution of 

clouds and aerosols, which makes it possible to capture the evolution process of clouds. Therefore, CDWL has been utilized  

to study DACPI caused by dust transported from the desert  (Chouza et al., 2016; Westbrook et al., 2010; Westbrook and 

Illingworth, 2013; Ansmann et al., 2009; Seifert et al., 2010). The large-scale observation of meteorological satellites can 

obtain various cloud products from satellite-based data, and other valuable meteorological products can be obtained through 

atmospheric reanalysis techniques. The combination of these large amounts of product data makes it possible to analyze the 

large-scale changes of clouds, so as to capture the overall regional change process of clouds (Yoshida et al., 2010; Alexander 

and Protat, 2018). At present, there are many studies on the changes of local clouds and weather caused by the transport of  

dust aerosols in the study sites far away from the desert (Seifert et al., 2010; Ansmann et al., 2005). However, due to the factors 

such as equipment performance, harsh environmental climate, and desert human resource allocation, it is not sufficient to study 

the influence of dust aerosols on local cloud and weather changes in the desert where dust transport originates.

In order to study the desert meteorology, such as wind conditions and DACPI, a long-term and stable continuous observation 

experiment was carried out in Minfeng County by using the CDWL, and a complete process of ice crystal cloud evolution was 

observed from February 5 to 6, 2022. The effects of wind, dust aerosol, turbulence, temperature, humidity, terrain and other 

factors on the evolution of ice crystal clouds were analyzed by multi-source data. This paper is organized as follows: the study 

site and datasets are described in Sect. 2. The observations of various data are presented and analyzed in Sect. 3. Finally, a  

conclusion is drawn in Sect. 4.

2 Site and data resources

2.1 Study site

The Taklimakan Desert (TD), located in the Tarim Basin, is the world's second largest shifting sand desert and the largest  

desert in China. The terrain corresponds to high elevation in the north, with an average elevation of more than 1 km, as shown 

in Figure 1. The TD is surrounded by three mountains, and the near-surface wind regimes is characterized by the prevailing 
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northeast wind (Sun and Liu, 2006), the special terrain makes it very easy to form dust storms. The observation experiment  

was carried out in Minfeng County (37.06 °N, 82.69 °E), which is located in the southern edge of the TD and the northern foot 

of the Kunlun Mountains. The climate of Minfeng belongs to a typical temperate arid climate with sufficient sunshine and 

scarce precipitation. When the cold air of different intensity invades, due to the blocking effect of the Tibet Plateau, the study 

site Minfeng is located in the convergence and ascending range of the east and west airflow (Liu et al., 2019). As a result, the 

wind-sand activity in this area is extremely strong, making it one of the regions with a high frequency of sandstorm weather 

in China (Yang et al., 2016). A digital elevation map of the study site is also added in Figure S1.

Figure 1: The elevation map of Taklimakan Desert. The red circle represents the study site, Minfeng.

2.2 CDWL measurements

A CDWL conducted long-term stable detection experiments on the Taklamakan Desert, the process formation of ice crystal 

cloud was observed from 5 to 6 February, 2022. It is operated at an eye‐safe wavelength of 1.5 μm. The pulse energy of the  

laser is 130 μJ. The radial spatial resolution of the CDWL is 30 m. The sampling rate of the analog-to-digital converter (ADC) 

is 500 MS s−1. The key parameters are listed in Table 1. During the experiment, the lidar operates in a velocity azimuth display 

(VAD) scanning mode with a period of 1 minute. The elevation angle is fixed at 70°. The azimuth angle changes from 0° to 

300° with a step of 12°. The carrier-to-noise ratio (CNR) directly reflects the data quality of CDWL (Yuan et al., 2020). To 

ensure the reliability of the data, the  CDWL data with a CNR less than -17 dB were filtered out.  Banakh et al. (2017) 

described the calculation method and error analysis of turbulent kinetic energy dissipation rate (TKEDR) (Banakh et al., 

2017). Li et al. (2023) introduced the inversion of backscattering coefficient (BSC) in detail (Li et al., 2023). Wei et al. (2019) 

analyzed the error of wind speed and wind direction (Wei et al., 2019).  The planetary boundary layer height (PBLH) is 

calculated by using the TKEDR method (Wang et al., 2021). Su et al. (2024) provided a detailed explanation of the parameter 

inversion method in the article (Su et al., 2024a). 
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In a cloud system with a scale of hundreds kilometers, the evolution process of each part of the cloud system is synchronized 

as a whole. As the development of the cloud system is accompanied by the advection, when the cloud system passes over the  

CDWL site, the CDWL can sample different parts of the cloud system at different times, which means that the obtained data  

is corresponding to the different development stages of the cloud system. Therefore, the CDWL detection method as a fixed-

space Euler method can be used to study the evolution of cloud systems. In the previous studies, this type of lidar has been 

used in the research of atmospheric turbulence (Jiang et al., 2022), bioaerosol (Tang et al., 2022), planetary boundary layer 

height (Wang et al., 2022; Su et al., 2024a; Su et al., 2024b), simultaneous detection of wind and rain (Wei et al., 2019), 

thundercloud structure (Wu et al., 2023), wind shear (Yuan et al., 2022a; Yuan et al., 2020) and so on.

Table 1: Key parameters of CDWL

Parameter Value

Wavelength 1.5 μm

Pulse energy 130 μJ

Pulse repetition rate 10 kHz

Diameter of telescope 100 mm

Radial spatial resolution 30 m

Azimuth scanning range 0 ~ 360 °

Zenith angle 70 °

Sample rate of ADC 500 MS/s

2.3 Other data

ERA5 is the fifth-generation global climate reanalysis dataset from the European Centre for Medium-Range Weather Forecasts 

(Hersbach et al., 2020). In this paper, u-v wind vector,  specific cloud ice water content (CIWC), temperature and relative 

humidity in ERA5 are used to study the cloud movement trend over the entire TD region. The dataset used has a spatial 

resolution of 0.25° × 0.25° and a temporal resolution of 1 hour.

MERRA-2 (Modern-Era Retrospective Analysis for Research and Applications, Version 2)is the atmospheric reanalysis of the 

modern satellite era produced by NASA’s Global Modeling and Assimilation Office (Gelaro et  al.,  2017). The aerosol 

assimilation reanalysis datasets in MERRA-2, including dust dry and wet deposition, dust sedimentation, dust emission, and 

dust convection scavenging, were used to analyze the spatio-temporal variations of dust aerosols over the TD. The spatial 

resolution and temporal resolution of the data set used were 0.5° × 0.625° and 1 hour, respectively.

Fengyun-4A (FY-4A) is a new generation geostationary meteorological satellite in China (Yang et al., 2017), equipped with 

an advanced geostationary radiation imager (AGRI) that can offer a variety of cloud products in the study area. In this paper,  

the cloud top temperature product (CTT) and cloud phase product (CLP) with a horizontal spatial resolution of 4 km and 

temporal resolution of 15 minutes are used to analyze the change of cloud top temperature and cloud phase, respectively. The 
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470 nm, 650 nm and 830 nm three-band data in the FY-4A L1 dataset with a horizontal spatial resolution of 1 km are used to 

synthesize pseudo-color images. The cloud phase product of FY-4A is reasonably consistent with MODIS and Himawari-8 

(Lai et al., 2019).

Himawari-8 satellite  (Bessho et al., 2016), launched by the Japan Meteorological Agency, is equipped with an  Advanced 

Himawari Imager (AHI) that employs a sophisticated cloud classification algorithm to discern various cloud types. The spatial 

and temporal resolutions of the Himawari-8 satellite data are 5 km and 10 minutes, respectively.

To  identify  aerosol  sources  and  spatial  transport  paths, the HYbrid  Single-Particle  Lagrangian  Integrated  Trajectory 

(HYSPLIT) (Stein et al., 2015) model was used. The HYSPLIT model was configured to perform 24 hour back trajectory 

calculations at an altitude of 3 km above the study site, utilizing meteorological data from the Global Data Assimilation System 

(GDAS) with a spatial resolution of 1°.

The  meteorological  data  provided  by  the  Minfeng  County  Meteorological  Bureau  is  used  to  analyze  near-surface  

meteorological changes, including temperature, relative humidity, horizontal visibility, horizontal wind speed, and horizontal  

wind direction.

3 Observations and analysis

In order to analyze the formation process of ice crystal clouds more directly, and combined with the dust transport process 

caused by atmospheric turbulence movement, this paper divides the life cycle of ice crystal clouds into four-time stages (Field, 

1999; Sullivan et al., 2022): pre-formation, forming, formed, decomposition. The time stages are divided as shown in Table 

2. 

Table 2: Evolution process of ice crystal cloud

Stage Time range

Stage-1 Pre-formation 5 February 00:00 LT to 12:00 LT

Stage-2 Forming 5 February 12:00 LT to 22:00 LT

Stage-3 Formed 5 February 22:00 LT to 6 February 10:00 LT

Stage-4 Decomposition 6 February 10:00 LT to 24:00 LT

3.1 Phenomena observed by the FY-4A satellite and Himawari-8 satellite

In this section, firstly, a cloud transit was observed by using the synthetic image of FY-4A. Subsequently, the temperature and 

phase changes of the cloud were analyzed by using FY-4A's CTT and CLP data. Finally, himawari-8 cloud classification data 

were employed to cross-verify FY-4A's observational results. 
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3.1.1 Cloud distribution

As shown in Fig. 2, the pseudo-color images synthesized by three bands in the FY-4A L1 dataset show the partial distribution 

of clouds over the TD on February 6, 2022. Taking into account the sunrise and sunset time of the day, the starting time of the 

displayed image is at 11:30 LT. As can be seen from Fig. 2a, a cloud system with a scale of hundreds of kilometers is distributed 

near the study site, and part of the surface state can be seen through the cloud system. Before 13:30 LT, the study site was  

covered by clouds. After 14:30 LT, the clouds in the study site dissipated gradually.

Figure 2: Cloud distribution of FY-4A over the Taklimakan Desert from 11:30 to 18:00 LT (UTC+8) on 6 February 2022. The red 
circle symbol represents the study site Minfeng. The white box represents the drawing area of the subgraph.

3.1.2 Cloud top temperature and cloud phase

The formation of ice crystal clouds can affect the temperature of cloud tops (Li et al., 2017). Fig. 3 shows the probability  

distribution of cloud phase and cloud top temperature at the study site over the whole observation time. It can be seen from the 

figure that the ice crystal cloud is formed under relatively warm temperature conditions (-10 °C to -17.5 °C), and dust aerosols 

can form IN under such temperature conditions (Crawford et al., 2012; Murray et al., 2012). When the temperature is lower  

than -27.5 °C, the cloud phase changes from a mixed phase to an ice phase gradually. When the temperature is lower than  

-37.5 °C, the cloud only has an ice phase.

Figure 3: The occurrence probability of cloud phase types at different cloud top temperatures of FY-4A in the study site of Minfeng 
from 5 to 6 February 2022 (UTC+8).

Fig. 4 shows the change process of cloud phase in the study site from 5 to 6 February, 2022. During Stage-1, it can be seen 

that a cloud system passed by the study site and completely dissipated. During Stage-2, the study site was in a cloud-free state 
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before 20:00 LT, However, from 20:00 to 22:00 LT, the study site began to be covered by clouds and under relatively warm 

temperature conditions (in Fig. 3), the cloud phase transitioned from supercooled water phase to ice phase. Therefore, this  

phenomenon indicates that dust aerosols can act as IN and participate in the formation of ice crystal clouds, as observed in 

previous studies (Murray et al., 2012; Moore and Molinero, 2011). During Stage-3, the study site was nearly continuously 

covered in clouds. The phase state of the cloud is dominated by mixed phase and ice phase, which indicates that this cloud  

system is composed of ice crystal clouds and constitutes a complete advection cloud system. It is worth noting that the AGRI 

may identify some ice clouds as mixed-phase clouds (Lai et al., 2019), while current Himawari-8 observations predominantly 

show cirrus cloud (in Fig. 6), which coincidentally cross-validates the FY-4A's observational results. During Stage-4, the 

mixed phase cloud completely dissipated after 14:30 LT with the cloud advection movement.

Figure 4: Cloud phase distribution of FY-4A at the study site Minfeng from 5 to 6 February 2022 (UTC+8). The value of Null and 
Clear represent the background color and cloudless, respectively. The cloud phase types include ice (red), mixed (aquamarine),  
supercooled water (sky blue) and water (blue).
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Figure  5: The Himawari-8 satellite observed changes  in cloud type at the study site every 20 minutes from 10:30 to 14:10 LT 

(UTC+8) on 6 February 2022. The purple circle symbol represents the study site Minfeng. Cloud types are distinguished by different 

colors. The cloud type of Ci, Cs, Dc, Ac, As, Ns, Cu, Sc, St represent cirrus, cirrostratus, deep convection, altocumulus, altostratus,  

nimbostratus, cumulus, stratocumulus, stratus, respectively. 

3.2 Lidar results and comprehensive analysis

In this section, multi-source data are used to comprehensively analyze the life cycle and influencing factors of the ice crystal  

clouds. Fig. 6 shows the continuous observation results of CDWL, ERA5 and FY-4A from 5 to 6 February, 2022. The u-v 

wind vector in ERA5 was used to analyze the boosting effect of the special terrain factors (Lloyd et al., 2015; Rogers and Vali, 

1987) on the formation of ice crystal clouds. Fig. 6 shows the 24 h HYSPLIT backward trajectory results of dust transport. 

Each stage of the ice crystal cloud life cycle is analyzed as follows.

Stage-1: Pre-formation. The wind created horizontal transport conditions for dust aerosols. Near the surface (below 1 km), 

firstly,  a lower stable nocturnal boundary layer is formed due to the weak turbulent motion (Fig. 6f),  which limits the 

transmission of near-surface dust aerosols to the upper atmosphere. Secondly, in Fig. 6d, the horizontal wind speed near-

surface is high from 0:00 to 5:00 LT, but then the wind speed decreases to a calm state, which can lead to the suspension of  

dust aerosols (as shown in Fig. 6a and Fig .6b of dust layer). Then, in terms of wind direction, the westerly wind prevails in  

the upper atmosphere from 5:00 to 12:00 LT, and the easterly wind prevails near the ground. The opposite wind direction can 

further separate the high-altitude water vapor from the near-surface dust aerosol. Additionally‌, the CNR or backscattering 

coefficient can be used as an indicator of aerosol concentration (Pea et al., 2013; Heese et al., 2010), and the BSC in regions 

of the TD with relatively strong dust intensity is distributed from 2∙10−6 to 10−5 m−1⋅sr−1  (Shuoqiu and Xiaoyan, 2020). 

Therefore, from 6:00 to 12:00 LT, as depicted in the Fig. 6a, the CNR value in box A (below 1.5 km) is greater than the above 

value, correspondingly, the BSC value (from 2∙10−6 to 4∙10−6 m−1⋅sr−1) of Fig. 6b within this temporal and spatial interval falls 

within the BSC range for dust aerosols, which proves that there is a dust layer here. Specifically, as depicted in Fig. S3a, a 

horizontal convergence airflow was formed in the TD. On February 5 at 10:00 LT, the local visibility reached the minimum 

value of 6 km and the situation at that time belonged to the dust weather, as indicated in Fig. S2.

Stage-2: Forming. The turbulence and wind can provide an opportunity for dust aerosols to contact supercooled water, thereby 

promoting the formation of ice crystal clouds. The PBLH can reflect the atmospheric environmental capacity of the region and 

the degree of vertical diffusion of pollutants (Holtslag and Boville, 1993), and plays an important role in the transport and 

diffusion of IN. After sunrise, with the increase of solar radiation (Fig. 6i), the turbulent activity gradually becomes active and 

a convective mixed boundary layer with a maximum height of 3 km is formed (Fig. 6f). At the same time, the near-surface  

horizontal wind speed increases gradually, and the horizontal wind direction at low altitude turns from southwest to north (Fig. 

6e and Fig. S3e). Firstly, it can be found in Fig. S3g and Fig. S1 that the change of wind direction can create the conditions 

for the transport of dust aerosols along the Kunlun Mountains to the upper atmosphere. Secondly, the values of PBLH, BSC 

and CNR have an uplift process, the 24-hour HYSPLIT backward trajectory results shown in Fig. 7 clearly show the climbing 
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process of dust aerosols. The dust emission in Fig. S4k-l is also greater than 0.5 ug m−2 s−1, and there is basically no dry and 

wet deposition of dust here (Fig. S4a-e). Additionally, the relative humidity in Fig. 6h decreased rapidly near the height of 3 

km. Then, in Fig. 6i and Fig. 6g, the temperature slowly rises to -15 °C and the weight of ice in the cloud increases significantly 

at 600 hPa (form 0.12 to 4.29 mg/kg). Meanwhile, in Fig. 6c, the cloud top height rose from around 2.37 km to over 3 km after 

20:30 LT. Finally,  combined with the CLP and CTT data of FY-4A in Fig. 4, it can be seen that dust aerosols can act as 

effective IN and participate in the formation of ice crystal clouds.

Stage-3: Formed. In this stage, the ice crystal cloud has been stably formed and transported to a wide horizontal range, and 

most cloud types are cirrus (Fig. 5). When the lidar beam hits the ice crystal cloud, the distribution of the crystal base surface 

makes the laser energy decay rapidly, thus forming a very strong backscattering signal  (He et al., 2021; Westbrook et al., 

2010). Clouds can be detected from the BSC values by selecting a threshold of 10−5 m−1 sr−1 (Manninen et al., 2018; Harvey et 

al., 2013). In the experiment, judging from the thin layers of the CNR (> −5 dB), BSC (≥ 10−4 m−1 sr−1) and CIWC (≥ 0.12 

mg/kg) at about 3 km, the laser beam does not penetrate the ice crystal cloud, which is the parent cloud of the ice virga (Wu 

and Yi, 2017; Cheng and Yi, 2020). In terms of turbulence in Fig. 6f, during the night and morning, there is a stable nocturnal 

boundary layer with low temperature and weak turbulence. The updraft air at low altitude (Fig. 6c) against downdraft air at  

high altitude balances the gravity of the ice crystal cloud, supporting the continuous growth of the ice crystal cloud. In terms 

of relative humidity, water vapor competition can be more intense due to the generation of a large number of ice crystals,  

making it more difficult to increase the size of ice crystals, thus maintaining the existence of ice crystal clouds (Li et al., 2011; 

Tao et al., 2012). Therefore, it can be found from Fig. 6h that the relative humidity of the atmosphere above 3 km is always 

maintained below 40% during this stage. In addition, since the underlying surface of the atmosphere is a dry desert and the  

terrain is a relatively enclosed basin terrain surrounded by mountains on three sides, the turbulent activity at night is weak, and 

a significant downdraft is sustained throughout the stage. This situation results in the attenuation of the upward transport of  

water vapor and dust aerosols. As a result, the cloud base height of the ice crystal cloud consistently stays at a relatively low 

height of around 3 km (Wu and Yi, 2017; He et al., 2023; Seifert et al., 2010). It is worth noting that in Fig. 6c, the gradual 

thickening of the cloud layer can increase the probability of collision and coalescence of ice crystals, thus creating conditions 

for ice phase precipitation in the Stage-4.
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Figure 6: The ice crystal cloud episode was detected based on muti-source data, shch as CDWL, ERA5 and FY-4A, from 5 to 6 
February 2022 (UTC+8). (a) CNR, (b) backscatter coefficient, (c) vertical wind speed, (d) horizontal wind speed, (e) horizontal wind 
direction, (f) log10(TKEDR), (g) specific cloud ice water content, (h) relative humidity, (i) temperature. The height represents the 
height above the ground of the lidar site. The four stages of the ice cloud life cycle are labelled in Fig. 6a . In Figs.5a and 5b, the 
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dotted boxes A and B represent the existing dust layer and the upward transport process of dust aerosol, respectively.  The positive 
vertical wind speed in Fig. 6c represents the rising speed, and vice versa; Cloud top heights below 5 km are marked with black lines 
in Fig. 6c. The time of sunrise and sunset is also marked with arrow symbols in Fig. 6c. In Fig. 6e, 0° represents the wind blows to 
the north. The PBLH is denoted by white dashed lines in Fig. 6b and Fig. 6f, respectively. The temperature and relative humidity  
contours in Fig. 6h and Fig. 6i are denoted by light gray dashed lines.

Stage-4:  Decomposition. With the rise of the sun, the temperature gradually increases to form a mixed boundary layer 

dominated by downward airflow, and the ice crystal cloud begins to transform into a mixed phase cloud and sink downward.  

The ice virga layer refers to the ice crystal precipitation layer formed by vaporization or liquefaction before falling to the  

ground (Westbrook and Illingworth, 2013; Gultepe et al., 2017). By analyzing the CNR and BSC values from 10:00 to 16:00 

LT, it is obvious that the large-grained ice crystals growing by coalescence rush down from 3 km to 1 km under the function  

of gravity conditions, forming an ice virga. When the ice virga sinks down to about 1 km, as shown in Fig. 6a, due to the  

relatively dry (Fig. 6h-i) and strong northeast wind blowing from the desert hinterland and the frictional effects of air resistance, 

the ice virga evaporates before reaching the ground. At the same time, the amounts of dust from wet and dry deposition are 

very limited (Fig. S5a-d), however, dust sedimentation is evident (Fig. S5f-i). The maximum falling velocity of ice virga during 

the observation period is 1.38 m/s, which agrees well with previous observations (Ansmann et al., 2008; Abshire et al., 1974). 

Note that the evaporation of ice crystals pushes the dust aerosol down to the lower layer, making the CNR increase below 1 

km, reducing the relative humidity to below 60% at 825 hPa, and causing the presence of dust convection scavenging near the 

study site (Fig. S5s-t).

Compared with Figure 4, the distribution of ice crystal clouds observed by CDWL is generally consistent with that of FY-4A. 

Due to the fact that the FY-4A observation focuses on the cloud top state and it’s  horizontal spatial resolution and time 

resolution are much coarser than the CDWL. Additionally, by using the nine pixels closest to the study site in both FY-4A and 

ERA5 datasets as the subject of the study, so the cloud results are also slightly different. As a comparison, the observation 

results of Himawari-8 satellite and local meteorological instruments are shown in Figure 5 and Figure S2. From the observation 

results of these data, it can be seen that there is the same change trend with the CDWL data. 

Fig. 8 shows two typical power spectrum of the vertical speed during the ice phase precipitation events observed by CDWL.  

Fig. 8a-g shows a precipitation event that occurred on 5 February, a light precipitation hits the ground when the wind below 1 

km is weak. In another different case as shown in Fig. 8h-n, the precipitation failed to touch the ground due to the higher 

temperature and stronger wind below 1 km. As shown in Fig. 8, the difference between the speed of the aerosol and that of the 

ice crystal is not obvious. This may suggest that, no liquid precipitation occurs, since the Doppler double-peak power spectrum 

structure caused by the difference between wind speed and rain speed is not observed (Wei et al., 2019).
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Figure 7: The 24 h HYSPLIT backward trajectory results of dust transport calculated at 24:00 LT (UTC+8) on 5 February 2022. 
The starting location is set at 3 km above the study site Minfeng. The study site exhibits a distinct upward dust transport process 
between 12:00 and 22:00 LT. (a) dust aerosol vertical transport path, (b) dust aerosol horizontal transport path.

Figure  8:  The power spectrum observation results of two typical ice phase precipitation events were obtained  during the lidar 
experiment. (a-g) from 10:37 to 10:56 LT (UTC+8) on 5 February 2022, (h-m) from 13:11 to 13:57 LT on 6 February 2022.
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5 Conclusions

In this study, multi-source data were used to analyze a complete ice crystal cloud evolution process on the southern edge of  

Taklimakan Desert from 5 to 6 February 2022. The results indicated that the aerosol-cloud-precipitation interaction plays a 

important role in the life cycle of ice crystal clouds. As an effective IN, dust aerosols make more water vapor distributed into 

dust particles,  and the limited water content in the desert atmosphere will lead to fierce competition for water vapor, thus 

increasing the difficulty of the growth of ice crystal particle size and inhibiting the occurrence of precipitation. The terrain of 

Taklimakan Desert is a relatively enclosed basin terrain surrounded by mountains on three sides, and the complete formation 

of the ice crystal cloud is at night when the turbulent activity of the stable nocturnal boundary layer is weak and the underlying 

surface of the atmosphere is a dry desert, which greatly weakens the upward transport of water vapor and dust aerosol, thus  

making the cloud base height maintained at around 3 km. Due to the enhancement of solar radiation, the heterogeneous  

nucleation makes the cloud top temperature rise slowly, and due to the lack of water vapor and dust aerosol supplement, the 

ice crystal cloud begins to decompose and produce ice precipitation, which evaporates before reaching the ground.

Overall, the results not only reveal the transmission and diffusion mechanism of dust in the Taklimakan Desert, but also reflect 

the important role of terrain, turbulence and wind in the life cycle of ice crystal clouds in a more comprehensive and detailed  

way, thus improving the understanding of the dust-cloud-atmosphere interaction in the desert hydrological cycle. Since CDWL 

cannot obtain cloud phase information directly, in the future research, we plan to combine polarization lidar and weather radar 

to classify clouds and aerosols (Ma et al., 2015; Yin et al., 2021; Wu et al., 2015; Yuan et al., 2022b), and to further understand 

the formation mechanism of ice crystal cloud in the desert.

Data availability. Data supporting the results are available in the supporting information. The ERA5 data sets are publicly  

available from the ECMWF website at https://doi.org/10.24381/cds.bd0915c6. The MERRA-2 data used can be downloaded 

from https://doi.org/10.5067/HM00OHQBHKTP. The  FY-4A  satellite  data  are available  on  the  National  Satellite 

Meteorological  Center  (NSMC) website  at  https://satellite.nsmc.org.cn.  The Himawari-8 data can be downloaded from 

https://www.eorc.jaxa.jp/ptree/index.html. The  aerosol  source  and  transport path  can  be  visualized  on  the  website: 

https://www.ready.noaa.gov/HYSPLIT.php. All the above data need to be registered before downloading. The CDWL datas 

(Su et al., 2024c) can be downloaded from https://doi.org/10.6084/m9.figshare.25432984.
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