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In autumn, the clouds over the South China Sea contain more cloud water and cloud ice. Intertropical Convergence Zone sometimes can strengthen and move north, causing heavy precipitation in the northern South China Sea. To reveal the distribution and evolution of hydrometeors in the Intertropical Convergence Zone precipitation clouds, a rainfall process occurred in Xisha and surrounding regions on 16 October 2021 was analyzed by utilizing S-band dual-polarization weather radar data and fuzzy logic algorithm. The classified hydrometeors showed that drizzle, rain, and dry snow were the three most abundant types, while dry crystal was less, indicating deposition and aggregation were more active in the marine environment with sufficient water vapor. The relative content of drizzle and dry snow changed oppositely to that of rain particles, suggesting the coalescence of drizzle and the transformation of dry snow were important processes affecting the formation of rain particles. The precipitation clouds were characterized by stratiform clouds with embedded convections. The strong updraft in the convective clouds transported liquid water upward, thus dry snow could collide with supercooled water and rime to form graupel, then graupel melted to form large raindrops below the 0°C layer. However, compared with continental convective clouds, the riming was weaker. In the stratiform clouds, the ascending motion was weak, no graupel was generated, and the 0°C-layer bright band indicated that dry snow could directly contribute to the small raindrops by melting. This study revealed the evolution of hydrometeors in the Intertropical Convergence Zone precipitation clouds and found that the increase in raindrop size in convective clouds was caused by the combined effects of stronger coalescence and riming.
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1 INTRODUCTION
Microphysical processes include the mutual transformation between water vapor and various hydrometeors in clouds. Liquid hydrometeors are mainly located below the 0°C layer, while ice hydrometeors are mainly distributed above the 0°C layer (Fan et al., 2010; Zhu and Guo, 2014). Due to the complexity of ice hydrometeors in shape, size, and density, they can be further classified as ice crystals, snow, graupel, and hail, etc. The growth and evolution of these hydrometeors include condensation, coalescence, deposition, freezing, riming, aggregation, and melting, etc. (Sheng et al., 2013). Among them, riming and aggregation are important growth processes of ice hydrometeors. Riming means that ice crystals grow by colliding with supercooled water and then freezing, and aggregation refers to multiple ice crystals stick together to form snow or larger ice crystals (Zhou et al., 2016). These processes are affected by the thermal and dynamic conditions in clouds, and they also have important feedback on the cloud dynamics, ultimately affect the rainfall area, intensity, and the accumulated amount of precipitation (Hua and Liu, 2016; Lee et al., 2018; Hou et al., 2020).
In warm clouds, hydrometeors grow through condensation and coalescence, the latter is the main mechanism for raindrop formation (Zhou et al., 2017; Chen and Li, 2022). However, the diversity of ice hydrometeors increases the complexity of microphysical processes in cold clouds. In general, the riming process controls the formation of cold cloud precipitation. As the products of riming, the melting of graupel and hail below the 0°C layer is an important source of raindrops in cold rain, and the increase in graupel density implies the enhancement of precipitation rate (Cheng et al., 2010; Ribaud et al., 2019; Cao et al., 2021; Zhang et al., 2021). In the area with insufficient supercooled water, ice hydrometeors mainly grow through deposition, while abundant supercooled water can enhance riming, which promotes the conversion of ice crystals to graupel, resulting in a low concentration of ice crystals in a warm front cloud system, but high in cold front (Qi et al., 2019; Zhu and Guo, 2014). Even under the same weather system, the intensity of riming is different in different stages or types of clouds (Zhao and Lei, 2014; Hou et al., 2021).
In addition to the coalescence of cloud droplets and the melting of graupel, the formation of raindrops is also affected by the melting of snow. From radar observation, there is sometimes a strong echo band near the 0°C layer, which is called the “0°C-layer bright band”. Zhang et al. (2000) summarized the reasons for its formation as follows: the melting effect of ice crystals or snowflakes, the collision and aggregation effect of particles, and the velocity and shape effect after the melting of ice crystals or snowflakes. From the above, it can be seen that the melting of snow provides an important source of raindrops. However, previous studies have also shown that snow in the clouds was far above the 0°C layer, which made it unable to make a direct contribution to the ground rainfall, but could indirectly affect the precipitation by riming to graupel (He et al., 2010; Zhang et al., 2021). Therefore, how snow affects the raindrop formation needs to be further analyzed.
Previous research on cloud microphysics and precipitation mainly focused on North China, Pearl River Delta, and Yangtze River Delta, but relatively little on marine areas. Xisha is located in the northwest region of the South China Sea (SCS). In autumn, cold air often interacts with tropical disturbances in the northward moving Intertropical Convergence Zone (ITCZ) to form precipitation (Li et al., 2016; Wang et al., 2021). Both satellite and ground-based observations demonstrated that precipitation peaked in autumn over most parts of the SCS, especially in September and October, with 58% heavy rainfall caused by non-typhoon systems, of which ITCZ was an important member (Li et al., 2006; Xiao et al., 2013; Li et al., 2016; Feng et al., 2017). So far, many studies have focused on the thermal and dynamic analysis of such precipitations, with less attention paid to microphysics, especially on the distribution and evolution of hydrometeors (Zhao et al., 2011; Feng et al., 2017; Wang et al., 2021). The dual-polarization weather radar can transmit and receive horizontal and vertical electromagnetic waves to obtain the size, shape, phase state, density, and spatial orientation of particles in clouds, then the classification of hydrometeors can be realized combined with algorithms (Liu and Chandrasekar, 2000; Liu et al., 2005; Paulitsch et al., 2009). Based on the observation data of S-band dual-polarization weather radar and fuzzy logic algorithm, this paper classifies the hydrometeors in the clouds during an autumn ITCZ precipitation process in the northwestern SCS and analyzes the distribution and evolution of these particles.
This paper is organized as follows. Section 2 describes the data and methods used in the study. Section 3 introduces the precipitation event. Section 4 presents the hydrometeor classification and evolution during the rainfall. The distribution of hydrometeors in different cloud types is analyzed in Section 5. Conclusion are summarized in Section 6.
2 DATA AND METHODS
2.1 Data
Reanalysis data including geopotential height, air temperature, meridional wind, zonal wind, specific humidity, and mean sea level pressure, with a spatial resolution of 0.25° × 0.25° and a temporal resolution of 1 h, were obtained from European Center for Medium-Range Weather Forecasts (ERA5 | ECMWF) to analyze the atmospheric circulation of the precipitation event. The sounding data, surface meteorological elements, and S-band dual-polarization weather radar data were all provided by Sansha Meteorological Station on Yongxing Island (112.33°E, 16.83°N). The sounding data were used to analyze the stratification state of atmosphere and determine the altitudes of the specific temperature layers. To better capture the vertical structure of atmosphere during the precipitation process, a 6-h intensive sounding observation was conducted. Surface meteorological elements include temperature, precipitation, wind speed, and wind direction, with a temporal resolution of 1 h. The S-band dual-polarization weather radar can emit horizontal and vertical electromagnetic waves with a wavelength of 10 cm. The radar operates in volume coverage pattern 21 (i.e., scanning is completed within 6 min for nine elevation angles: 0.5°, 1.5°, 2.4°, 3.3°, 4.3°, 6.0°, 9.9°, 14.6°, and 19.5°), and its radial resolution is 250 m. The polarization parameters of radar include reflectivity Z, differential reflectivity [image: image], specific differential phase [image: image], and copular correlation coefficient [image: image]. They have been business corrected, and radial five points smoothing was applied to reduce the random disturbance.
Reflectivity Z represents the sum of the sixth power of the diameters of all hydrometeors in a unit volume, in dBZ, the formula is as follows:
[image: image]
here [image: image] represents the number of particles with a diameter between [image: image] and [image: image] in a unit volume, [image: image] (Yu et al., 2006). Reflectivity Z reflects the size and number density of particles in the observed target (Yu et al., 2006). Details of other radar polarization parameters are provided in the supplementary material.
2.2 Radar quantitative precipitation estimate
The relationship between rain rate R ([image: image]) and radar reflectivity factor [image: image] ([image: image]) is the basis of quantitative precipitation estimation, and the relationship varies with region, season and rainfall type (Part and Barros 2009; Zeng et al., 2019). Based on the onboard disdrometer dataset, Zeng et al. (2019) gave the Z0-R relationship for precipitation in October in the SCS, which can be expressed as:
[image: image]
In this study, the relationship was used for rainfall estimation.
2.3 Fuzzy logic algorithm
There is no clear boundary between the polarization parameters of different hydrometeors, the fuzzy logic algorithm divides the polarization parameters into various levels so that the particles can be identified according to the flexible classification principle (Liu and Chandrasekar, 2000). Liu and Chandrasekar (2000) used neural network learning to determine the constant parameter values in the algorithm. Since then, the algorithm has been further optimized (Cao et al., 2005; Park et al., 2009; Song et al., 2021). At present, this method has been widely used to classify hydrometeors based on radar observation (Dolan et al., 2013; Wu et al., 2018). The process of the algorithm includes the following four steps: fuzzification, inference, aggregation and defuzzification.
2.3.1 Fuzzification
Fuzzification transforms the polarization parameter value into the possibility (also known as a fuzzy set) of being judged as a certain hydrometeor type by constructing a membership function. In the membership function, the observed parameters are independent variables and the fuzzy set is a dependent variable. A one-to-one membership function was applied between each hydrometeor type and each polarization parameter, 10 types of hydrometeors (drizzle, rain, dry snow, dry crystal, wet snow, dry graupel, wet graupel, small hail, large hail, rain hail) could be distinguished, and four parameters (Z, [image: image], [image: image], [image: image]) were used in this study. As for the type of membership function, the asymmetric trapezoidal function given by Park et al. (2009) was used, and the expression is as follows:
[image: image]
where x is the value of radar polarization parameter, [image: image] are constant parameters, which control the shape of the function. The constant parameters for the 10 hydrometeor types (Table 1) used in this study were referred to the results given by Cao et al. (2005) and the temperature thresholds given by Li et al. (2017).
TABLE 1 | Parameters of the membership functions for 10 hydrometeor types.
[image: Table 1]2.3.2 Inference and aggregation
The membership function value [image: image] corresponding to the polarization parameter j (j = 1, 2, 3, 4) and the hydrometeor type i (i = 1, 2, 3, …, 10) can be obtained through fuzzification. The processing of inference and aggregation enables each hydrometeor type to have aggregated value [image: image] at each observation point. Cao et al. (2005) pointed out that there was no significant difference in the results of [image: image] by multiplying or adding the function values with unequal weights. The multiplication formula is as follows:
[image: image]
2.3.3 Defuzzification
For each point, there should be 10 aggregated values, the defuzzification aims to select the type with the largest RS from them and take it as the classification result.
Although the fuzzy logic algorithm can only identify the dominant hydrometeor type, and the classification results are affected by the quality of radar data and temperature profile (Dolan et al., 2013). It is still an effective method to investigate the spatial and temporal distribution of hydrometeors in clouds, and the uncertainty can be reduced by statistical analysis.
3 OVERVIEW OF THE PRECIPITATION EVENT
3.1 Radar reflectivity and precipitation estimation
From the evening to the night of 16 October 2021, there were thunderstorms occurred in Xisha and surrounding regions. The precipitation on Yongxing Island was concentrated from 19:00 to 20:00 (UTC+8, the same below), with the hourly rainfall of 11.3 mm (Figure 1A). Due to the “Cone of Silence”, it is difficult to study the cloud directly above the radar, and to reduce the influence of radar scanning field on statistics, a fixed square region (Region 1, 111.6°E–111.9°E, 16.8°N–17.1°N, a size that can contain a complete convective cell) in the west was selected for further analysis, instead of tracking the clouds. Mean rainfall of Region 1 estimated by Eq. (2) is shown in Figure 1B, and radar reflectivity during the rainfall period are shown in Figure 2. The black square in Figure 2 denotes Region 1, and radar reflectivity depicts that the precipitation clouds were mixture of convective and stratiform clouds. Scattered convective bubbles with high reflectivity were embedded in broad stratiform clouds with low reflectivity. Under the prevailing east wind, the clouds system kept moving westward, and the Region 1 was successively affected by different clouds. At 20:01, the strong echo belt from northeast to southwest was located in the east of Region 1, then it moved westward and weakened at 20:31. At 21:17, the rear enhanced convective clouds moved to the eastern edge of Region 1, making the rainfall begin to increase. And at 21:43, Rigion 1 was almost covered by convective clouds, the strongest rainfall occurred, with the rate increasing from less than 4 mm h−1 to more than 14 mm h−1. Later, as the convective clouds moved out and decayed, the echo over Region 1 weakened and the mean rain rate dropped to less than 2 mm h−1, the rainfall tended to end.
[image: Figure 1]FIGURE 1 | Time series of (A) hourly rainfall (units: mm) observed on Yongxing Island and (B) rain rate (units: mm h−1) of Region 1 obtained by radar quantitative precipitation estimation on 16 October 2021 (UTC + 8, the same below).
[image: Figure 2]FIGURE 2 | Distribution of composite reflectivity (units: dBZ) at (A) 20:01, (B) 20:31, (C) 21:17, (D) 21:43, (E) 22:13, and (F) 23:10 on 16 October. The black square denotes Region 1 (the same below).
3.2 Atmospheric circulation
Figure 3 delineates large-scale circulation at 17:00 on 16 October. At 200 hPa, the northern SCS was controlled by the South Asian High, and there was a divergence in the upper level (Figure 3A). The East Asian Trough at 500 hPa in the middle and high latitudes was located in the east of 120°E (Figure 3B). The continental high corresponding to the upper trough carried strong cold air southward (Figure 3D). The ridge of Western Pacific Subtropical High at 500 hPa was located near 28°N and extended west to 95°E. Therefore, the warm and humid airflow on the southwest side of the subtropical high was conducive to the transport of water vapor and the development of ascending motion. In the lower layers (700 hPa and below), ITCZ controlled the northern SCS and a tropical depression formed in the ITCZ. Lander (1996) pointed out that ITCZ was located south of 10°N in October, compared with its climatological position, both wind convergence and the maximum outgoing longwave radiation during the event were around 15°N, indicating a northward shift of ITCZ (shown in Supplementary Figures S1, S2). Yongxing Island was located in the north of the depression, the northeast and the southeast airflow converged to form a low-level easterly jet, which provided sufficient water vapor flux for the occurrence of the rainfall (Figure 3C). The continuous southward movement of the continental high increased the pressure gradient in the north of the tropical depression and further intensified the dynamic field. The above analysis indicates that the rainfall was affected by the interactions of multiple systems, including the continental high, the Western Pacific Subtropical High, and the tropical depression in the ITCZ. In autumn, several heavy precipitation events in Xisha were caused by this synoptic situation, so the case was representative to some extent (Feng et al., 2015; Li et al., 2016).
[image: Figure 3]FIGURE 3 | Large-scale circulation at 17:00 on 16 October 2021. (A) Geopotential height (blue contours, units: dagpm) and wind field at 200 hPa; (B) Geopotential height (blue contours, units: dagpm) and wind field at 500 hPa; (C) Water vapor flux [shading, units: g (s·hPa·cm)−1] and wind field at 925 hPa; (D) Mean sea level pressure (blue contours, units: hPa), 2 m temperature (shading, units: °C) and 10 m wind field. The black star represents Sansha meteorological station (the same below).
3.3 Atmospheric stratification
As shown in Figure 4, the temperature profile, dew point temperature profile, and Convective Available Potential Energy (CAPE) in the skew T-lnP diagram were all “narrow and long” at 19:00 on 16 October, indicating there was plenty water vapor from bottom to top, which was favorable for the formation and development of the rainfall. The CAPE reached 3018.3 J kg−1, and the convective inhibition (CIN) was 0, these were thermodynamic factors triggering convection. The lifting condensation level (LCL) was around 150 m, which was responsible for the condensation of water vapor, and the release of latent heat further promoted the development of convection. The 0°C layer was located near 5060 m, and the thick warm cloud layer provided an ample area for the development of warm rain. From the sounding data, the corresponding altitudes of 5°C, 0°C, −10°C, −15°C, and −25°C layers were 4,240, 5,060, 7,160, 8,110, and 9,600 m respectively, which were used to classify hydrometeors in fuzzy logic algorithm. Easterly winds prevailed during the rainfall, the wind speed exceeded 20 m s−1 from 800 to 920 hPa, and the vertical wind shear was 15.2 m s−1 from 0 to 6 km. High CAPE, low LCL, and moderate deep vertical wind shear were all favorable conditions for the development of the convection.
[image: Figure 4]FIGURE 4 | The skew T-lnP diagram of Sansha meteorological station at 19:16 on 16 October (A), and 01:18 on 17 October (B). The brown and red solid lines are the dew point temperature and temperature profile, respectively.
The dew point temperature form bottom to top decreased significantly at 01:00 on 17 October, demonstrating that the relative humidity decreased, because the rainfall consumed a certain amount of water vapor. Moreover, the convective instability energy below 700 hPa was reduced, but the CAPE was still high (2860.61 J kg−1), which provided energy for the rainfall on 17 October.
4 CLASSIFICATION AND STATISTICAL ANALYSIS OF HYDROMETEORS
4.1 Hydrometeor classification
To verify the accuracy of algorithm results, the correlation coefficient between the time series of mean rain rate in Region 1 and the time series of particles classified as rain was calculated. The correlation was up to .93, which was statistically significant at the 95% confidence level, indicating that the classification results of the fuzzy logic algorithm were reasonable.
Figure 5 shows the hydrometer distribution at 4.3° elevation at the same time as Figure 2. It can be seen that the distribution of hydrometeors depended on the temperature inside the clouds. Liquid hydrometeors (rain and drizzle) were mainly located below the 0°C layer, and the greater the reflectivity, the larger the raindrops. Only a few rain particles were transported upward to form supercooled water above the 0°C layer, where ice hydrometeors dominated, among which dry snow was the main type, mixed with wet snow and a small amount of dry crystal. The transition zone was located near the 0°C layer, where liquid and ice hydrometeors coexisted, in which wet snow was abundant, and graupel scattered in the strong echo area.
[image: Figure 5]FIGURE 5 | Distribution of hydrometeors at 4.3° elevation (A) 20:01, (B) 20:31, (C) 21:17, (D) 21:43, (E) 22:13, and (F) 23:10 on 16 October.
4.2 Statistical characteristics of hydrometeors
To explore the evolution of hydrometeors during the rainfall process and their impact on the raindrop formation, the relative content of particles was counted, and the correlations between rain particles and other types of hydrometeor were calculated (Table 2). The three most types were drizzle (9.42%–75.39%), rain (0.35%–53.54%) and dry snow (0%–52.59%), followed by wet snow (0%–15.32%) and dry crystal (0%–4.55%), dry graupel and wet graupel (0%–1.72%, 0%–1.93%) were the least, and there were almost no hails (small hail, large hail, rain hail). Abundant liquid and ice hydrometeors indicated that both warm and cold cloud played an important role in the rainfall.
TABLE 2 | The relative content of each hydrometeor type in Region 1 and its correlation with rain particles.
[image: Table 2]Figure 6 shows the time series of the relative content of rain, dry graupel, wet graupel, drizzle, and dry snow. Although the content of dry graupel and wet graupel was small, their relative content showed a consistent change with rain particles, with a correlation coefficient of .61 and .69 respectively (Figures 6A, B), which meant graupel could enhance the ground rainfall (Hua and Liu, 2016). However, due to the low quantity of graupel, its melting was not the main source of rain particles. Figure 6C shows that the increase of rain particles was accompanied by the decrease of drizzle, the opposite trends indicated that the coalescence played an important role in this event. As a kind of giant cloud condensation nuclei with great hygroscopicity, high sea salt aerosol concentration in marine environment can accelerate the conversion of cloud water to rain water, promoting rain formation (Rosenfeld, 2018; Jiang et al., 2019). Compared with the previous research (Li et al., 2017), the dry snow over the Xisha area was rich while the dry crystal was less. This might be because the moist marine environment was conducive to deposition and aggregation, making the generation of snow easy. In addition, as shown in Figure 6D, at 18:04, the relative content of dry snow approached 0%, then it gradually increased with time, and had the strongest negative correlation with rain particles (with a correlation coefficient of −.54). This suggested that the initial rain particles were formed by the collision of drizzle, and then the increasing dry snow also had an important contribution to rain formation. When the focus region was enlarged to Region 2 (Supplementary Figure S3), it was found that the above rule was still valid, but the relative content of dry snow was more negatively correlated with rain particles (−.83, shown in Supplementary Figure S4), which further indicated that during the rainfall dry snow had an important contribution to rain formation.
[image: Figure 6]FIGURE 6 | Time series of the relative content of rain, dry graupel, wet graupel, drizzle, and dry snow in Region 1. The black solid line represents rain particles, the black dashed line in (A–D) represents dry graupel, wet graupel, drizzle, and dry snow, respectively. The number shows their correlation coefficient, and * indicates the value passes 95% significance test.
5 RADAR REFLECTIVITY AND HYDROMETEORS DISTRIBUTION IN DIFFERENT CLOUDS
Under the prevailing east wind, the precipitation cloud system kept moving westward, and the development and dissipation of clouds changed rapidly. To study the distribution and evolution of hydrometeors in different cloud types, convective clouds at 21:43 (Figure 2D) on 16 October and stratiform clouds at 22:13 (Figure 2E) in Region 1 were selected. Table 3 shows the percentage of reflectivity with different intensities in the two cloud types. There were strong echoes in the convective clouds, 48.89% of which exceeded 30 dBZ, while reflectivity of the stratiform clouds was mainly below 30 dBZ, and only 4.54% was greater than that.
TABLE 3 | Percentage of reflectivity in the convective and stratiform clouds.
[image: Table 3]5.1 Radar reflectivity and hydrometeors distribution in convective clouds
Radar composite reflectivity and hydrometeors distribution of the convective clouds at 21:43 on 16 October are shown in Figures 2D, 5D respectively. From the classification results at 4.3° elevation in Figure 5D, it can be seen that hydrometeors below the 0°C layer were large rain particles and mixed with wet snow and wet graupel, while above the 0°C layer were mainly dry snow and mixed with dry graupel. A section along the dashed lines in Figure 2D was chosen to analyze the vertical characteristics of the convective clouds, the results are shown in Figure 7, in which the two black horizontal dashed lines represent the 0°C and – 38°C isotherms respectively. The convective clouds were fully developed with the echo top height of 11 km, and the reflectivity greater than 40 dBZ was below the 0°C layer (Figure 7A). Figure 7B shows that graupel existed near the 0°C layer with reflectivity greater than 40 dBZ, which was consistent with the results of Wu et al. (2018). According to the spatial distribution of particles, it can be inferred that the sources of graupel mainly included the automatic conversion of snow to graupel, freezing of rain to graupel when colliding with snow or collected by snow. The melting of ice hydrometeors was an important source of ground rainfall. In the strong convection areas, snow can rime to form graupel, and graupel can further melt to form large raindrops (Wu et al., 2018).
[image: Figure 7]FIGURE 7 | Distribution of (A) radar reflectivity (units: dBZ) and (B) hydrometeors at 4.3° elevation in the convective clouds at 21:43 on 16 October along the section in Figure 2D. The black dashed line represents 0°C and −38°C isotherms, respectively.
5.2 Radar reflectivity and hydrometeors distribution in stratiform clouds
With the removal of convective system, Region 1 was covered by stratiform clouds at 22:13 on 16 October, the echo intensity obviously weakened (Figure 2E). Hydrometeors below the 0°C layer was small size drizzle, and there was no graupel existed (Figure 5E). The section analysis shows that the echo distribution was flat and conformed to the characteristics of stratiform clouds (Figure 8A). Compared with the convective clouds, the echo top height decreased. The reflectivity greater than 30 dBZ was mainly below the 0°C layer, and a 0°C-layer bright band generated. Above the 0°C layer, dry snow dominated, mixed with a small amount of dry crystal (Figure 8B). According to the formation of bright bands and the distribution of particles, it could be speculated that the formation of the bright band was mainly caused by the melting of snow and the change of particle velocity and shape after melting, which indicated that snow could directly affect ground rainfall in the stratiform clouds by melting. In addition, the existence of the bright band also suggested that the ascending motion in the clouds was weak, creating favorable conditions for the melting of snow.
[image: Figure 8]FIGURE 8 | Distribution of (A) radar reflectivity (units: dBZ) and (B) hydrometeors at 4.3° elevation in the stratiform clouds at 22:13 on 16 October along the section in Figure 2E. The black dashed line represents 0°C and −38°C isotherms, respectively.
5.3 Distribution of hydrometeors at different heights
During this tropical marine rainfall, the particles grew through deposition and aggregation above the 0°C layer, and rimed in the supercooled water zone; the rimed particles fell below the 0°C layer and melted, finally forming raindrops through condensation and coalescence growth. This was a typical “seeding-feeding” structure (Hong and Zhou, 2005; He et al., 2015). To explore the effect of ice hydrometeors on raindrop formation and their evolution in different cloud types, the relative content of hydrometeors was analyzed (Table 4). Among them, supercooled water refers to rain particles that existed above the 0°C layer. The relative content of all kinds of hydrometeors was significantly different. In the upper layer where the temperature was lower than −20°C, there were only three type hydrometeors: dry snow, dry crystal, and wet snow. Among them, dry snow was the most, accounting for 10.35% and 19.19% of the total in the convective and stratiform clouds respectively, and 6.81% and 11.44% of them were located above the −38°C layer. It is generally considered that – 38°C is the threshold temperature for homogeneous nucleation of particles, the result shows that homogeneous nucleation could happen above marine area, then dry snow was formed through active deposition and aggregation. In the middle layer of 0 to −20°C, the amount of supercooled water in the convective clouds was more than that in the stratiform clouds (4.18% and 1.28% respectively), the reason was that the ascending motion was more vigorous in the convective clouds, so the liquid hydrometeors in the lower layer was transported to the middle layer. The increase in supercooled water is in favor of rimming. Therefore, dry snow in the convective clouds was consumed and graupel was generated, while no graupel appeared in the stratiform clouds in either the middle or lower layer. This showed that the “seeding-feeding” phenomenon in the convective bubbles was more active. However, compared with the results on continental convective clouds of Li et al. (2017), the content of graupel was less, suggesting that the riming in the marine convective clouds was weaker, this might be attributed to lower anthropogenic aerosol concentration. As an important source of cloud condensation nuclei, high anthropogenic aerosol concentration can reduce the size of cloud droplets (Albrecht, 1989). On the one hand, it can reduce the efficiency of converting cloud water to rain water and the collision between ice crystals and supercooled water; on the other hand, the decrease in the coalescence efficiency increases the liquid water content, providing more cloud water for riming and freezing (Cheng et al., 2010). Cao et al. (2021) and Xiao et al. (2016) also found that high anthropogenic aerosol concentration could ultimately increase surface rainfall by strengthen riming. In the lower layer where the temperature was higher than 0°C, there were mainly liquid types: drizzle and rain. Compared with the stratiform clouds, the size of raindrops in the convective clouds was larger, mainly because of the following two reasons. Firstly, ice hydrometeors in the upper layer in the convective clouds, such as dry snow, could form graupel by riming in the supercooled water zone, and then the graupel melt to form larger size liquid phase particles. Secondly, the stronger updraft in the convective clouds prevented the raindrops of small size from falling to the ground, so the smaller raindrops suspended in the air were easily collected by the larger ones (Seela et al., 2018; Bao et al., 2020).
TABLE 4 | The relative content of hydrometeors in different layers of the convective and stratiform clouds.
[image: Table 4]6 CONCLUSION
One autumn rainfall caused by the northward movement of ITCZ in Xisha and surrounding regions on 16 October 2021 was analyzed by using S-band dual-polarization weather radar data and fuzzy logic algorithm, to explore the microphysics mechanisms. The conclusions are as follows:
1) The rainfall event was caused by the interactions of the Western Pacific Subtropical High, the continental high, and the tropical depression in the ITCZ. The atmosphere was thermally unstable, with low LCL, large CAPE, and moderate vertical wind shear.
2) Radar quantitative precipitation estimation showed the peak mean rain rate of Region 1 was 14.3 mm h−1. Drizzle, rain, and dry snow were the three most types in the precipitation clouds. Below the 0°C layer, there were mainly liquid hydrometeors, and the greater the reflectivity, the larger the particles. Dry snow was dominant above the 0°C layer, sufficient water vapor in the marine environment promoted the deposition and aggregation growth of ice particles, making the dry snow more than dry crystal. The transition zone was located around the 0°C layer where liquid and ice hydrometeors coexisted, with graupel scattered in the strong echo region (>40 dBZ).
3) The relative content of dry graupel and wet graupel showed consistent trends with rain particles, which confirmed the generation of graupel could enhance surface rainfall, but the melting of it was not the main source of raindrops because of its low content. The opposite trend between drizzle, dry snow and rain particles indicated that the coalescence growth and transformation of snow made great contributions to the ground rainfall.
4) In the stratiform clouds, dry snow mainly melted to small raindrops because of insufficient supercooled water. The vigorous vertical development in the convective clouds transported liquid water above the 0°C layer to form supercooled water, then dry snow could rime to form graupel, and large raindrops were generated by graupel melting. The stronger riming and coalescence growth in the convective clouds made the raindrops larger than that of stratiform clouds. Compared with continental convective clouds, the riming in marine environment was weaker, which might be attributed to lower anthropogenic aerosol concentration.
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