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Abstract

:

In this study, we investigate the seasonal and diurnal variations in cloud occurrence frequency, as well as cloud vertical structure (CVS) characteristics under different seasons and precipitation intensities over the Guangzhou region in South China, based on the analysis of millimeter-wave cloud radar (MMCR) and ground automatic weather station rainfall observations from May 2019 to August 2021. The results showed that the occurrence frequency of clouds exhibits a bimodal distribution throughout the year, with peaks in March to June and October, reaching its highest occurrence in May at approximately 80% and its lowest from December to February at around 40%. Additionally, there are distinct diurnal variations in occurrence frequency, with the lowest rates occurring around 0005 LST, rapidly increasing after 0006 LST, and peaking during the afternoon to evening hours. Cloud top height (CTH) shows bimodal distributions during the pre-flood and post-flood seasons. The most frequently occurring range of CTH during the pre-flood season is below 3 km, accounting for approximately 43%, while during the post-flood season, it ranges from 11 to 14 km, constituting about 37%. For precipitation clouds, CTH can extend beyond 12 km, with the radar reflectivity decreasing gradually with increasing height. The highest frequencies of radar echoes are observed below 2 km and between 4 and 7 km, exhibiting clear diurnal variations, with echoes mainly below 2 km and between 4 to 6 km during the early morning, intensifying and shifting to higher altitudes during the day and reaching their maximum below 4 km during the afternoon to nighttime hours, while both the frequency and intensity increase in the height range of 4 to 12 km. Vertical profiles of radar reflectivity and cloud ice/liquid water content (IWC/LWC) exhibit similar trends under different precipitation intensities. The main differences are observed below 4 km, where both radar reflectivity and IWC/LWC generally increase with increasing precipitation intensity. These findings contribute to a better understanding of cloud characteristics in the South China region, enhance the accuracy of model simulations, and provide a scientific basis for accurate forecasting and warning of meteorological disasters.
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1. Introduction


With the increasing attention to climate change and the global climate system, research on the characteristics of clouds has become increasingly important. Clouds play a crucial role in regulating the Earth’s energy balance, influencing climate and precipitation distribution, and participating in atmospheric chemistry [1,2,3,4]. The microphysical characteristics of clouds have a significant impact on the lifecycle of mesoscale convective systems (MCS) and macroscopic properties such as precipitation. Long-lived MCSs produce 2–3 times more precipitation than short-lived ones, and cloud microphysical characteristics have a very important influence on extreme precipitation [5]. The cloud vertical structure (CVS) can affect atmospheric thermodynamics, dynamics, and water circulation, and can also influence large-scale atmospheric circulation through radiative forcing and latent heat release [6]. Furthermore, cloud statistics are essential for both scheduling observation time for land-based astronomical telescopes and identifying suitable locations for telescope construction [7]. Therefore, monitoring and understanding clouds are of great significance for predicting climate change, improving weather forecasting, coping with extreme weather events, and enhancing astronomical observation.



Currently, there are various methods of cloud detection. Radio sounding can penetrate cloud layers for direct detection, providing accurate vertical profiles of atmospheric elements such as temperature and humidity. This helps in reflecting cloud information at different altitudes, aiding in the study of cloud vertical distribution and structure [8]. Research based on 11 years of radio sounding observations from the Gadanki station in India has found that the vertical structure of clouds, including clouds’ top and bottom heights, cloud layer thickness, and the vertical distribution of multiple cloud layers, can affect large-scale atmospheric circulation by altering adiabatic heating gradients and latent heat release [9]. Analysis of multi-layer cloud structures, cloud top heights, and cloud occurrence rates using 20 years of global sounding data indicates a close relationship between changes in CVS and the positions of subtropical divergence zones and monsoon systems [10]. Analysis of CVS over the Indian Gangetic Plain based on radiosonde and satellite data indicates a significant increase in the frequency of multi-layer clouds during the monsoon season. Additionally, although aerosol-induced heating suppresses the formation of convective clouds over urban clusters, aerosols can trigger convective cloud formation when there is sufficient moisture to form cloud layers [11]. However, radio sounding typically occurs only twice a day, with lower temporal resolution compared to satellites and radars. Balloon drift is influenced by weather conditions such as wind speed and direction, which may affect the accuracy and reliability of data collection [12,13].



Satellites, with their wide coverage and ability of continuous monitoring, are one of the main means of observing clouds [14,15,16]. CloudSat satellite can observe the vertical distribution of clouds, cloud thickness, and the microphysical structure inside clouds, and can differentiate between different types of clouds such as cumulus, stratiform, and convective clouds, making it an important tool for studying cloud vertical structure and evolution [17,18]. CALIPSO is equipped with advanced lidar, which provides high-vertical-resolution cloud structure information, allowing for accurate measurements of cloud top and bottom heights, as well as cloud vertical distribution. This system can even observe cloud structures within dense cloud layers [19,20]. Research based on the new CERES-CloudSat-CALIPSO-MODIS (CCCM) RelD1 dataset indicates significant differences in the vertical structures of clouds of different types. The average coverage of single-layer clouds is nearly four times that of multi-layer clouds. Four types of CVS lead to warming, while eight types lead to cooling [21]. The particle radius and optical thickness of low clouds are well correlated with the columnar number concentration of aerosol particles, and there is a positive correlation between cloud optical thickness and cloud coverage with aerosol column number concentration [22]. However, satellites also have limitations, such as low spatial resolution and the inability to obtain data beneath thick cloud layers [23].



To obtain more accurate detection data, it has become increasingly popular to integrate multiple data sources for comprehensive cloud detection. Results from comparative analyses of different observation data show high consistency between radiosonde- and ground-based remote sensing products [24,25,26]. Ground-based remote sensing detection devices such as lidars, ceilometers, and MMCRs are being increasingly utilized [27,28,29]. MMCRs have high temporal and spatial resolutions, enabling the capture of small-scale cloud structures and variations and continuously acquiring high-precision CVS information [30]. Research based on observations from Ka-band millimeter-wave cloud radar (MMCR) and disdrometers in Xinjiang indicates significant diurnal variations in clouds and precipitation. The most dramatic changes in the physical parameters of precipitation occur in the afternoon to evening, accompanied by lower cloud top and bottom heights and a higher number of cloud layers, mainly due to the influence of wind- and terrain-related temperatures [31]. Studies on the microphysical characteristics of low-level liquid clouds at the Nam Co station on the Qinghai–Xizang Plateau indicate a single-mode distribution of the cloud droplet effective radius, with the most frequent value around 5–7 μm. The distribution of cloud ice/liquid water content (IWC/LWC) also exhibits a single-peak shape, with the most frequent value below 0.2 g m−3. Both the cloud droplet effective radius and the LWC increase with height [32].



Guangzhou, as an important city in South China, belongs to the subtropical monsoon climate zone, where typhoons, heavy rains, and other severe convective weather events occur frequently [33,34,35]. Studying the vertical structure and microphysical characteristics of clouds in the Guangzhou area is of great significance for gaining an in-depth understanding of the weather and climate characteristics in South China and improving the accuracy and timeliness of weather forecasting. Although there have been some studies on the characteristics of clouds in South China, there is still a lack of long-term research on cloud characteristics, mainly due to the limited relevant detection data. In 2019, a Ka-band MMCR was deployed at the Guangzhou Weather Observatory (GZWO; 113°19′12″ E, 23°0′36″ N, 42 m above sea level) to enhance the understanding of cloud characteristics and its relationship with precipitation in South China.



The aim of this study is to conduct systematic observations and analysis of clouds characteristics in the South China region using long-term millimeter-wave cloud radar data. It involves comparative studies of cloud characteristics during different seasons, exploring the relationship between clouds and precipitation, and conducting in-depth research on key parameters such as cloud vertical structure. Apart from the introduction, this paper is primarily divided into the following sections: Section 2 will introduce the data and research methods used, including quality control and analysis methods for millimeter-wave cloud radar data. In Section 3, we will present the results of relevant analyses, such as seasonal variations and diurnal variations in cloud occurrence frequency. Additionally, we will discuss the distribution characteristics of cloud top heights (CTHs) during the flood season, as well as the vertical structure characteristics of clouds under different seasons and precipitation intensities. In the final section, we will provide a summary of the findings presented in the preceding sections. Through these analyses and discussions, this study aims to deepen our understanding of clouds in the South China region and their implications for the weather and the climate.




2. Data and Methods


2.1. Data and Quality Control


The MMCR is deployed at the Guangzhou Weather Observatory (GZWO), which also hosts rain gauge observations. The MMCR is of the HMB-KPS Ka-band radar type, with a detection height ranging from 120 m to 20 km. The observation mode is fixed at a 90° elevation angle observation, with a frequency of 35 GHz, a spatial resolution of 30 m, and a temporal resolution of 1 min. This setup allows for the retrieval of reflectivity intensity, cloud liquid water content (LWC), and other products at different heights. The time resolution of the rain gauge at the ground automatic station is 5 min, and the observed accuracy is 0.1 mm. The data cover the period from May 2019 to August 2021, with all times presented in local standard time (LST) for this study. The experimental location of GZWO is shown in Figure 1.



Compared to weather radars operating in the centimeter waveband, MMCRs operating in the millimeter waveband are more susceptible to interference from non-meteorological targets such as insects, aerosols, and other targets, resulting in non-meteorological echoes. Data analysis revealed that in the lower atmosphere of the Guangzhou region, particularly below 3 km altitude, continuous non-meteorological echoes are often present. Therefore, we conducted quality control on the data to effectively control non-meteorological echoes. We employed a technique known as the “Z-LDR double-threshold” to filter out non-meteorological echoes. This approach relies on the observed disparity in Z and LDR distributions between non-meteorological targets, clouds, and precipitation. Specifically, non-meteorological echoes often display a significant LDR alongside a relatively small Z, whereas cloud and precipitation echoes typically exhibit a smaller LDR across a wider range of Z values. Utilizing research findings from the Longmen Weather Observatory, situated approximately 120 km away from GZWO, we established Z and LDR thresholds at −8 dBZ and −14 dB, respectively. Under these criteria, any radar range gate displaying a Z value below −8 dBZ and an LDR value exceeding −14 dB can be identified as non-meteorological and subsequently filtered out. By employing the “Z-LDR double-threshold” method, we successfully eliminated most non-meteorological echoes within the LDR field. However, a small portion of scattered non-meteorological echoes persisted in other radar moments characterized by larger LDR values [36,37]. Figure 2 shows the MMCR reflectivity data before and after quality control on 20 May 2020. Before quality control, continuous radar echoes were present near the ground and at a 2 km altitude. These echoes were caused by non-meteorological targets. Therefore, these echo data were treated as noise and removed during quality control.




2.2. Normalized Contoured Frequency by Altitude Diagrams


Contoured frequency by altitude diagram (CFAD) plots can effectively display the distribution frequency of radar reflectivity intensity at different heights [38]. However, when data samples at certain sampling points are insufficient, particularly large values may occur. To address this issue, an improved standardization method, known as Normalized CFAD (NCFAD), is increasingly being utilized [39]. In this study, NCFAD is employed to showcase the frequency distribution of radar echoes in the vertical direction. The calculation formula for NCFAD is as follows:


  N C F A D   i , j   =     N   Z   ( i , j )     ∑  i = 1   h      ∑  j = 1   n      N   z   ( i , j )        



(1)




where NZ(i,j) represents the number of observed samples at the j-th dBZ value at the i-th height. In this study, the height sampling interval is set to 300 m, and the statistical interval for radar echo intensity is set to 1 dBZ. Furthermore, to mitigate the interference from non-meteorological echoes, data below 300 m above ground level (AGL) and with intensities less than −40 dBZ (clear sky) are excluded [40]. For precipitation clouds, they are defined as clouds corresponding to hourly precipitation exceeding 0.1 mm, with precipitation data obtained from rain gauges at the GZWO.





3. Results


In the following subsections, the seasonal and diurnal variations in cloud occurrence frequency are investigated. Subsequently, the vertical structure characteristics of clouds under different seasons and precipitation intensities are discussed.



3.1. Occurrence Frequency Variation


3.1.1. Seasonal Variation of Cloud Occurrence Frequency


Clouds play a crucial role in the Earth’s radiation balance, water cycle, and greenhouse effect. Among them, the occurrence frequency of clouds is a significant factor that exhibits considerable variation across different seasons. In the South China region, the flood season spans from April to September, comprising two distinct stages: the pre-flood season from April to June and the post-flood season from July to September. The non-flood season occurs from October to February of the following year. Figure 3 illustrates the monthly cloud occurrence frequency at the GZWO. The cloud occurrence frequency varies significantly across different seasons, ranging from around 40% to 80%. It exhibits a quasi-bimodal distribution, with peaks occurring in March to June and October. The highest occurrence frequency is observed in May, reaching around 80%, while the lowest occurs from December to February of the following year, hovering around 40%. These results are similar to findings based on data from 51 ground-based meteorological stations in South China. A slight difference is that the cloud occurrence rate based on ground-based meteorological stations is higher from December to February of the following year. This difference may be attributed to variances in the study area and the time period of the data [41]. From March onwards, the transition from the non-flood season to the flood season in South China begins, with the strengthening of southerly winds. April to June marks the peak of the South China summer monsoon period, bringing ample moisture and energy, and thus providing favorable conditions for cloud formation and a noticeable increase in cloud occurrence frequency. In contrast, the occurrence frequency during July to September is lower (around 60%) compared to April to June, possibly due to the influence of the subtropical high-pressure system over the western Pacific Ocean during the post-flood season, leading to drier atmospheric conditions. October serves as a transitional period from the flood season to the non-flood season in South China, with relatively favorable humidity conditions in the atmosphere, possibly contributing to the relatively higher cloud occurrence frequency, aided by the influence of cold air masses.




3.1.2. Diurnal Variation of Cloud Occurrence Frequency


The diurnal variation of clouds reflects the thermal and dynamic processes in the atmosphere, playing a crucial role in weather prediction models. Figure 4 depicts the diurnal variation of cloud occurrence frequency at GZWO across different seasons, with differently colored lines representing distinct seasons, while bars denote the annual average. Cloud occurrence frequency exhibits pronounced diurnal characteristics throughout various seasons. The lowest cloud occurrence frequency is typically observed around 0005 LST, gradually increasing after 0006 LST and peaking during the afternoon to evening hours. This is generally consistent with the findings derived from continuous satellite observations of cloud data spanning from 2005 to 2008. In the eastern region of South China, the incidence of warm clouds notably escalates from the early morning hours, whereas the occurrence of cold clouds and mid-level clouds reaches the peak from the afternoon to the evening [42].This diurnal pattern primarily arises due to the relative atmospheric stability following nocturnal cooling, as well as increasing solar radiation post-sunrise leading to surface heating and enhanced evaporation of moisture, fostering convective activity that is conducive to cloud formation and growth.



There are discernible differences in diurnal variation among different seasons. During the post-flood and non-flood seasons, there is a temporary decrease in the cloud occurrence frequency in the morning, followed by a subsequent increase in the afternoon. In contrast, during the pre-flood season, the cloud occurrence frequency remains relatively high throughout the morning, likely influenced by monsoonal moisture transport. Moreover, both the pre-flood and post-flood seasons exhibit significant increases in cloud occurrence frequency around 0016–0017 LST, reaching peak values of 70–80% around 0020 LST. In contrast, during the non-flood season, the cloud occurrence frequency peaks around 0017 LST at approximately 65% before rapidly declining and maintaining a relatively stable level during the night. Additionally, there are differences in the amplitude of diurnal variation in cloud occurrence frequency among different seasons, with the post-flood season exhibiting the highest amplitude and the non-flood season showing the lowest, which is primarily attributed to variations in solar radiation intensity across different seasons.





3.2. Flood Season Cloud Characteristics


Clouds play a crucial role in precipitation, where their type influences precipitation intensity and their structure determines the type and distribution of precipitation. Therefore, we selected cloud samples from the flood season (April to September) during the observation period and conducted an analysis of the vertical structure under different seasons and rain intensities.



3.2.1. Frequency Distribution of Cloud Top Height during Flood Seasons


Cloud top height (CTH) reflects the vertical motion of the atmosphere. Studying CTH helps us to understand the vertical motion and thermodynamic structure of the atmosphere. By monitoring and analyzing changes in CTH, we can more accurately predict the occurrence and development trends of weather phenomena such as precipitation and severe convection. To investigate the variation patterns of cloud top heights, we computed the distribution of cloud top heights across different seasons. In cases of multiple cloud layers, the altitude of the highest layer’s cloud top is selected as the definitive cloud top height. Figure 5 shows the frequency distribution of CTHs at the GZWO during different seasons. As is evident from the figure, both the pre-flood and post-flood seasons exhibit a bimodal distribution of cloud top heights, with two peaks below 3 km and between 12 and 14 km. During the pre-flood season, the frequency of CTH below 3 km reaches around 43%. This is primarily attributed to the influence of the East Asian monsoon during this period. The abundant moisture transported by the monsoon leads to increased humidity, resulting in lower lifting condensation levels in the atmosphere. Consequently, cloud heights are relatively lower during this period, which aligns well with previous observations [37,43]. The frequency of CTH above 7 km increases with increasing altitude, reaching a secondary peak between 12 and 14 km. This is primarily attributed to the influence of frequent, intense convection events during this period in South China. Previous studies have indicated that, during intense convective events, cloud heights significantly increase [40].



In contrast, during the post-flood season, although there is also a peak frequency of CTH below 3 km, it occurs much less frequently compared to the pre-flood season, at around 16%. The most frequent occurrence of CTH during the post-flood season is observed between 11–14 km, accounting for approximately 37%. This is mainly attributed to the significant transition of atmospheric circulation patterns over South China during the post-flood season. During this period, South China is primarily influenced by the western Pacific subtropical high, resulting in hot weather and a noticeable increase in temperature. The atmospheric humidity decreases, leading to a higher lifting condensation level and overall higher cloud heights compared to the pre-flood season. Additionally, the frequent occurrence of convective activities in the afternoon during the post-flood season contributes to higher CTHs.




3.2.2. Precipitation Cloud Vertical Structure and Seasonal Variation


The vertical structure of clouds has a significant impact on the formation, intensity, and duration of precipitation. Therefore, we selected observational data of precipitation clouds during the study period and analyzed the vertical structural characteristics of precipitation clouds in different seasons. Figure 6 shows the NCFAD diagram of the reflectivity of precipitation clouds in different seasons. The CTH of precipitation clouds can reach above 12 km, and the reflectivity generally decreases with increasing altitude (Figure 5a). The reflectivity decreases gradually from around 40 dBZ to below −20 dBZ as the altitude increases. The higher reflectivity values mainly occur below 4 km. In both the pre-flood and post-flood seasons, the most frequent occurrence of precipitation cloud echoes is in the altitude range below 2 km, with reflectivity between 20–40 dBZ. This may be related to the phenomenon of significant ground echoes caused by rainfall during precipitation. Additionally, there is a high-frequency echo zone around 25 dBZ at altitudes of 4–7 km, indicating favorable temperature and humidity conditions at this altitude for cloud formation and precipitation occurrence. This may also be due to the frequent occurrence of strong convective activities at this altitude. There is a sudden change in reflectivity around an altitude of 4.5 km, possibly related to the bright band phenomenon or variations in the observation mode of the radar at different altitudes, leading to errors and sensitivity changes in the observed reflectivity [44].



There are some differences in the vertical structure of precipitation clouds between the pre-flood and post-flood seasons. In the pre-flood season, there are two high-frequency zones below 2 km, while in the post-flood season, there is only one high-frequency zone between 30 and 40 dBZ below 2 km. The occurrence frequency of echoes in the 4–7 km altitude range during the post-flood season is higher compared to the pre-flood season. Additionally, the frequency of echoes below 20 dBZ in the pre-flood season is higher compared to the post-flood season. Overall, the extension height and reflectivity of cloud echoes in the pre-flood season are generally lower than those in the post-flood season, mainly due to differences in precipitation types between the two seasons [45].




3.2.3. Diurnal Variation in Precipitation Cloud Vertical Structure


The diurnal variation in the vertical structure of precipitation clouds was investigated by statistically analyzing the CVS features at intervals of 6 h. Figure 7 illustrates the diurnal variation in precipitation clouds during the pre-flood season at the GZWO. The vertical structure of precipitation clouds exhibits distinct diurnal variations. From 0000 to 0600 LST, echoes mainly appear in the near-surface layer below 2 km and at altitudes of 4–6 km, with echo intensities ranging from −20 dBZ to 40 dBZ. Between 0700 and 1200 LST, the frequency of echoes above 6 km noticeably increases, while the overall echo intensity below 4 km gradually increases. During 1300–1800 LST, the echo intensity further increases, with echo intensities below 4 km mostly exceeding 20 dBZ, and the frequency of echoes between 4 and 8 km also significantly rises. From 1900 to 2400 LST, the frequency of echoes with intensities exceeding 20 dBZ below 4 km continues to increase, and two high-frequency intervals appear below 2 km. Overall, from early morning to night, both the echo intensity and cloud altitude gradually increase, likely due to the strengthening of convection after sunrise as a result of ground heating by solar radiation and the pulsation of the monsoon.



Figure 8 illustrates the diurnal variation in the vertical structure of precipitation clouds during the post-flood season. The vertical structure of precipitation clouds during the post-flood season exhibits similar diurnal variation characteristics to that observed during the pre-flood season, but there are also some differences. Most of the precipitation cloud echo intensities during the post-flood season are above 0 dBZ, with the majority of echo intensities below 4 km being above 30 dBZ. Unlike the pre-flood season, there is no high-frequency zone between −20 and 10 dBZ below 2 km during 0000–0600 LST, and as time progresses, the frequency of occurrence of echoes in the zone below 10 dBZ decreases, while those above 20 dBZ increase. The echo intensities gradually strengthen overall. During 0700–1200 LST in the post-flood season, there is a high-frequency zone at 8–10 km, with a higher occurrence frequency compared to the period of afternoon to evening. The echo heights during the post-flood season are overall notably higher, with a higher occurrence frequency above 4 km compared to the pre-flood season. This is primarily due to the stronger solar radiation and higher overall atmospheric temperatures during the post-flood season, along with higher convective development heights.




3.2.4. Cloud Vertical Structure (CVS) under Different Precipitation Intensities


The intensity of precipitation is closely related to CVS; intense precipitation often accompanies the dramatic vertical development of clouds. To better understand the relationship between precipitation intensity and CVS, we classified precipitation clouds into three categories based on hourly rainfall intensity [44,46]. Figure 9 shows the vertical profiles of cloud reflectivity under different rainfall intensities, where several profiles represent the 25th to 95th percentiles of reflectivity at different heights. Vertical profiles of clouds under different rainfall intensities exhibit similar trends. Above 5 km, the reflectivity decreases gradually, while between 4 and 5 km, the reflectivity rapidly increases with decreasing altitude, indicating strong collision and coalescence growth of cloud droplets. Between 2 and 4 km, the reflectivity reaches a peak and remains relatively constant, suggesting that cloud droplets have grown to a sufficient size, and precipitation begins to form as raindrops start to fall. This may also be related to factors such as the terminal velocity of raindrops and upward air currents [40]. Although the overall trend is consistent, there are significant differences in the vertical profiles among different rainfall intensities, particularly below 4 km. For precipitation clouds with hourly rainfall intensity between 0.1–9.9 mm h−1, one-quarter of the reflectivity values are below 0 dBZ. As the rainfall intensity gradually increases to 10–19.9 mm h−1 and 20–30 mm h−1, the corresponding values gradually increase to 5 and 15 dBZ, respectively. Overall, as the rainfall intensity increases, the reflectivity below 4 km tends to increase, which is consistent with previous studies on precipitation clouds [47]. However, there is no significant difference in the maximum reflectivity among different rainfall intensities; the 95th percentile of maximum reflectivity under all three rainfall intensities is approximately 40 dBZ. This may be because raindrops in the lower atmosphere have already formed into large raindrops, which are more likely to attenuate radar microwave signals, thereby maintaining the detected reflectivity signal strength.



In addition to reflectivity, IWC/LWC is also an important indicator of precipitation potential within cloud clusters. Regions with higher IWC/LWC often indicate sufficient moisture, which is conducive to the condensation of raindrops and the precipitation process. Based on previous research, the altitude at which the temperature reaches zero degrees Celsius in the atmosphere varies between 4 and 5 km. Therefore, the region below 4 km is typically associated with LWC, while that above 5 km is characterized by a mixture of liquid and ice, with ice dominating above 11 km [37,48,49]. Figure 10 presents the profiles of IWC/LWC under different precipitation intensities. The vertical distribution of IWC/LWC exhibits a general pattern of higher values in the lower layers and decreasing values at higher altitudes. IWC/LWC values are larger below 4 km and decrease rapidly with increasing altitude between 4 and 5 km of height. This phenomenon can be attributed to the melting layer, where ice crystals begin to melt into liquid droplets. This melting process can lead to changes in the particle size distribution and phase state, consequently causing significant changes in radar reflectivity and other parameters at this altitude. Therefore, noticeable gradients are observed at the 4–5 km altitude; a similar phenomenon can be found in Figure 6, Figure 7, Figure 8 and Figure 9. For precipitation clouds with rainfall intensities ranging from 0.1 to 9.9 mm h−1, approximately half of the LWC values are below 10 g m−3; as the rainfall intensity increases to 10–19.9 mm h−1 and 20–30 mm h−1, around half of the LWC values are greater than 50 or 60 g m−3. Additionally, unlike the situation in which the maximum reflectivity values remain almost the same under different precipitation intensities, as seen in Figure 8, the maximum LWC values corresponding to different precipitation intensities exhibit some differences. The 95th-percentile LWC values for precipitation intensities ranging from 0.1 to 9.9, 10 to 19.9, and 20 to 30 mm h−1 are 210, 230, and 245 g m−3, respectively. This indicates that, in terms of precipitation extremes, LWC may be more indicative than reflectivity intensity.






4. Conclusions


Based on the millimeter-wave cloud radar (MMCR) and ground automatic weather station precipitation observation data from May 2019 to August 2021, we conducted an analysis of the seasonal and diurnal variations in cloud occurrence frequency in the Guangzhou area of South China, as well as the vertical structure characteristics of clouds under different seasons and precipitation intensities. The main research findings are as follows.



The seasonal variation in cloud occurrence frequency is significant, ranging from 40% to 80%. There is a bimodal distribution throughout the year, with peaks in March to June and October, reaching the highest occurrence frequency of about 80% in May and the lowest occurrence frequency of about 40% from December to February of the following year. Additionally, cloud occurrence frequency also exhibits distinct diurnal variations, with the lowest occurrence frequency around 0005 LST, rapidly increasing after 0006 LST, and peaking in the afternoon to evening. The peak occurrence frequency during the flood season is mainly around 0020 LST, while during the non-flood season, it is around 0017 LST.



Cloud top heights (CTHs) show a bimodal distribution during both the pre-flood and post-flood seasons. The high-frequency distribution intervals for cloud top heights are below 3 km and around 11–14 km. During the pre-flood season, the most frequent cloud top height interval is below 3 km, accounting for approximately 43%, with a slow increase in frequency above 7 km and reaching a secondary peak around 12–14 km. In contrast, during the post-flood season, the highest frequency interval for cloud top heights is around 11–14 km, accounting for approximately 37%, while the frequency of the secondary peak below 3 km is about 16%.



Precipitation clouds can reach heights exceeding 12 km, with the reflectivity intensity gradually decreasing from above 40 dBZ to below −20 dBZ as the altitude increases. High-frequency occurrences are observed below 2 km and between 4 and 7 km altitude levels. The vertical structure of precipitation clouds exhibits distinct diurnal variations, with the reflectivity intensity gradually increasing and heights rising from early morning to nighttime. During the period from 0000 to 0600 LST, echoes mainly appear at altitudes below 2 km and between 4 and 6 km, with the reflectivity intensity ranging from −20 dBZ to 40 dBZ. Subsequently, cloud layers develop above 6 km, while the reflectivity intensity below 4 km intensifies. In the afternoon to nighttime, the reflectivity intensity below 4 km reaches its peak (mostly above 20 dBZ), while the frequency and intensity increase noticeably between 4 and 12 km altitudes. Regarding seasonal variations, the vertical extent and intensity of precipitation cloud echoes during the post-flood season are generally higher compared to the pre-flood season.



Under different precipitation intensities, the profiles of cloud reflectivity and cloud ice/liquid water content (IWC/LWC) exhibit roughly similar trends. Above 5 km altitude, they show a gradual decrease. However, between 4 and 5 km altitude, they rapidly increase as the altitude decreases. At 2–4 km altitude, the reflectivity intensity reaches a maximum and then remains relatively constant. The differences in profiles among different precipitation intensities primarily lie below 4 km altitude, where both reflectivity intensity and LWC increase overall with increasing precipitation intensity. For clouds with precipitation intensities ranging from 0.1 to 9.9 mm h−1, 10 to 19.9 mm h−1, and 20 to 30 mm h−1, the corresponding 95th percentile values of IWC/LWC are 210 g m−3, 230 g m−3, and 245 g m−3, respectively. Meanwhile, the 95th percentile values of maximum reflectivity intensity are consistently around 40 dBZ.



This study analyzed cloud characteristics in the Guangzhou region based on data from MMCR spanning over two years. The findings are expected to provide a more comprehensive understanding of cloud features in South China and to serve as a scientific basis for accurate forecasting and warning of meteorological disasters. However, due to the limited duration of cloud radar data used in this study and the analysis, which was based only on reflectivity and LWC, future research could explore clouds’ microphysical characteristics based on additional physical quantities, such as particle radius and particle number concentration. Moreover, investigations involving dynamic process analysis related to vertical velocity could further explore the characteristics of clouds in the South China region.
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Figure 1. Experimental location of the Guangzhou Weather Observatory (GZWO; 113°19′12″ E, 23°0′36″ N, 42 m above sea level). 
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Figure 2. The time-height cross section of MMCR-observed radar reflectivity before (a) and after (b) quality control at GZWO on 20 May 2020. 
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Figure 3. Cloud occurrence frequency in each month, as observed by MMCR in GZWO during the observation period. 
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Figure 4. Diurnal variation of cloud occurrence frequency in different seasons. 
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Figure 5. Histogram of CTHs as observed by MMCR installed at GZWO for the period of 2019 to 2021 for (a) pre-flood season and (b) post-flood season. 
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Figure 6. Normalized contoured frequency by altitude diagram (NCFAD) for precipitating clouds in (a) pre-flood season and (b) post-flood season. 






Figure 6. Normalized contoured frequency by altitude diagram (NCFAD) for