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High-resolution numerical simulation data of super typhoon Rammasun simulated by the Weather Research and Forecasting (WRF) Model was used to study the cloud microphysical processes under different hourly rainfall intensities. The grid points in the gale circle were categorized into four types (0–5, 5–20, 20–50, and 50- mm) based on hourly rainfall. The precipitation and microphysical characteristics under different types were investigated by diagnostic and statistical methods. The results showed that on the eve of the first landfall, extremely hourly heavy precipitation (50- mm type) was significantly enhanced compared to other types. The vertical movement was significantly reduced to the middle and lower troposphere which was very conducive to the relative movement and interaction of hydrometeors with the enhancement of the collision processes. The rainfall in the 5–20 and 20–50 mm types both mostly accounted for about 40% of the total rainfall in the gale circle, while that of the 0–5 and 50- mm types were generally smaller than the former two. As the rainfall intensity increased, the absolute conversion rates of all major cloud microphysical processes had shown increasing trends, especially the non-uniformity of Cnd (the condensation of water vapor to cloud water), Pracw (the accretion of cloud water by rain) and Dgacw (the accretion of cloud water by graupel). The relative contribution of Pgmlt (the melting of graupel) increased slightly and then decreased significantly from the 20–50 mm type (36.28%) to the 50- mm type (25.06%), while that of Pracw had significantly increased especially from the 20–50 mm type (41.77%) to the 50- mm type (50.97%), which was related to the upward motion characteristics.
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1 INTRODUCTION
China is one of the countries most severely affected by tropical cyclones in the world. In general, there are about nine tropical cyclones landing in China every year, ranking first in the world (Duan et al., 2014). Tropical cyclones (especially landfalling tropical cyclones) can bring heavy rain, especially extreme hourly rainfall events (Chen and Meng, 2001), constituting a great threat to the lives and properties of people. The China Meteorological Administration (CMA) recently planned to include hourly rainfall intensity into the standard of rainstorm warning signals. Thus, more attention should been paid to understanding the physical mechanisms and processes responsible for hourly heavy rainfall related to tropical cyclone.
A few studies have been conducted to study different aspects of tropical cyclone rainfall. For example, Cheng et al. (2009) pointed out that the melting of graupel and snow played an important role in the growth of rain water in the spiral rain belt, which may not be the dominant factor in the cloud wall. Hua and Liu (2013) also emphasized the importance of graupel in maintaining the precipitation on the surface and in the spiral rain belt of tropical cyclone Krosa (0716). Some studies mainly focused on the sensitivity results of the cloud microphysical parameterization schemes in the model (Chen et al., 2015; Chan and Chan, 2016; Deng et al., 2016). The above studies all paid attention to the microphysical characteristics of tropical cyclone rainfall, but few of them focused on the microphysical processes under different hourly rainfall intensities.
Ren and Cui (2014) discussed the differences of cloud-microphysical processes before and during the precipitation amplification associated with Bilis (0604) and revealed that the ice-phase hydrometeors contributed more to the surface rainfall. Huang et al. (2016) analyzed the cloud microphysical differences with precipitation intensity in a torrential rainfall event based on six-hourly accumulated rainfall. Liu and Cui (2018) founded that the relationship between hourly rainfall intensity and precipitation efficiency was not linear in tropical cyclone Bilis (0604). Guo et al. (2021) investigated the impact of typhoon precipitation intensity on the applicability of wind profiler radar. Overall, the study of the cloud microphysical processes of tropical cyclone with different hourly rainfall intensities is still quite limited (Cui et al., 2014; Zhao et al., 2020). Hence, more detailed studies and more cases are still needed. We are motivated to fill this gap by simulating and analyzing the microphysical processes under different hourly rainfall intensities related to tropical cyclone. For example, how does the hourly rainfall intensity change during the evolution of tropical cyclone? And what are differences of the key cloud microphysical processes and their contribution between different hourly rainfall intensities?
Super typhoon Rammasun is investigated in this study, causing severe damage to southern China. Rammasun quickly intensified into super typhoon before making landfall in China. At 0600 UTC 18 July 2014, the maximum wind speed near the center reached 72 m s−1 and the minimum sea level pressure at the center reached 888 hPa. It landed three times in China, such as Wenchang of Hainan, Xuwen of Guangdong and Fangchenggang of Guangxi (Xue and Cui, 2020). Some studies pointed out that the advantageous conditions for the rapid intensification of Rammasun with extreme hourly rainfall involved many aspects, for instance, the role of large-scale circulation evolution and sea surface temperature and dynamic perspectives (Chen et al., 2014; Zheng et al., 2014; Zhang et al., 2017; Li et al., 2020; Xiao et al., 2020). However, the complex interaction between macroscopic dynamic processes and cloud microphysical processes both contribute to rainstorm (Tang et al., 2019). It is necessary to also examine the microphysical processes under different hourly rainfall intensities in Rammasun.
Based on previous studies, this study focuses on the processes of heavy rainfall during the period when Rammasun rapidly strengthened into super typhoon and landed in China using high-resolution simulation and diagnostic research by the WRF model. Section 2 briefly introduces the data and the model settings. The results are presented in section 3, and a summary is given in section 4.
2 DATA AND NUMERICAL SIMULATION
The precipitation data used in this study was from a 0.1°× 0.1° resolution dataset generated through hourly precipitation observations by automatic weather stations in China and merged with CMORPH (Climate Prediction Morphing Technique) satellite data (Pan et al., 2012; Shen et al., 2013). The best track data was from the Shanghai Typhoon Research Institute of the China Meteorological Administration (Ying et al., 2014, https://tcdata.typhoon.org.cn/zjljsjj_zlhq.html). The initial and lateral boundary conditions were interpolated from the six-hourly final analysis data of the National Centers for Environmental Prediction (NCEP FNL) with a 1°× 1° resolution on 26 vertical levels (https://rda.ucar.edu/datasets/ds083.2/). The NCEP real-time global high-resolution daily sea temperature data (RTG_SST_HR) with a 1/12°×1/12° resolution was used (https://polar.ncep.noaa.gov/sst/ophi/verification.shtml).
The simulation was integrated for 72 h, using three nests with horizontal grid spacing of 54, 18, and 3 km, respectively. The initial time of the outermost two layers was 0000 UTC 16 July 2014, while the innermost layer started 6 h later. The Kain–Fritsch cumulus parameterization scheme was only used in the outermost two layers. Other physical parameterizations included the Goddard GCE microphysics scheme, YSU for the planetary boundary layer, the Monin–Obukhov surface-layer scheme, and the Dudhia cloud radiation scheme. As an extension of the conventional output, the numerical simulation also output the intermediate cloud microphysics data. Only the results of the 3 km high-resolution simulation data were used for simulation verification and other details in section 3.
According to previous studies (Xue and Cui, 2020), the water vapor causing heavy rainfall mainly came from the Arabian Sea, the Bay of Bengal, the South China Sea and the Northwest Pacific. Therefore, in order to ensure the performance of the simulation, the outermost area (D01) was expanded as much as possible to basically cover the source of water vapor and the large-scale circulation evolution, while the innermost zone (D03) mainly involved the area where Rammasun moved northwest to China, and landed three times in the observation.
3 RESULTS
3.1 Track and precipitation
Comparing the best track and the simulated one (Figure 1A) showed that the model generally simulated the northwestward movement of Rammasun well. The track deviation was mostly controlled within 60 km, especially within 40 km in the second half of the integration. Moreover, the moment and location of the three landfalls were very close to the observation (Figure 1A). In addition, the observed moving speed (Figure 1B) changed in the range of 4–7 m s−1, while the simulated one was slightly larger. However, the differences between the two (observation-simulation) were within the range of −2 to 1 m s−1.
[image: Figure 1]FIGURE 1 | Observed and simulated (A) tracks, (B) speed (histogram, units: m s−1) and speed deviation (dotted line, units: m s−1), (C) time series of maximum wind speed (observation: crosses, simulation: dashed lines, units: m s−1), and minimum sea level pressure (observation: squares, simulation: solid lines, units: hPa) of Rammasun from 0600 UTC 16 July to 0600 UTC 19 July 2014. The arrow length in (A) represents the speed and the dirction of the arrow represents the direction of movement. The short dashed line in (C) represents the average radius with 17 m s−1 of 10-m wind
From the intensity comparison (Figure 1C), the minimum sea level pressure of Rammasun decreased rapidly at first and then increased both in the observation and simulation. The rapid enhancement process before landing and the weakening process after landfall had been well simulated and reproduced. However, the simulated minimum sea level pressure near the center was mostly higher than the observation, indicating that the simulated tropical cyclone was weaker, and the minimum sea level pressure rose slower than the observation after landfall, indicating the simulated tropical cyclone decayed slower, which may be due to the fact that the maximum horizontal grid spacing of the simulation (3 km) was still relatively coarse. The observed and simulated minimum sea level pressure both reached its minimum value (888 hPa and 910 hPa, respectively) at around 0600 UTC 18 July. Although there were some differences in the simulated and observed intensity of Rammasun, both of them reached the super typhoon level and maintained for a long time.
In addition, in order to analyze the cloud microphysical characteristics of different hourly rainfall intensities, it was necessary to define the study area of the tropical cyclone. There are many ways to select circulation areas of tropical cyclone. Some studies studied rainfall within a circular area with a fixed radius from the center of tropical cyclone (Lau et al., 2008; Wang et al., 2019a; 2019b). Others chose the area surrounded by the closed contour line with zero tangential wind vorticity at 850 hPa (Wu and Lei, 2012), or the radius of 17 m s−1 of 10-m wind (Chan and Chan, 2016). The distribution of radar reflectivity at different altitudes during the oceanic stage had also been regarded as storm circulation (Yang et al., 2011). In this paper, the main circulation and precipitation area of Rammasun was defined similar to Chan and Chan (2016).
The box-and-whisker plot of the distance between the grid point with 17 m s−1 of 10-m wind and the center of Rammasun simulated in D03 showed that the distribution of the distance was relatively concentrated, indicating that Rammasun had a relatively symmetrical structural feature. Meanwhile, the average at each moment was similar to the median. Therefore, this paper selected the average of the distance as the radius of the gale circle. The circular area surrounded by the tropical cyclone center and the above-mentioned gale circle, was defined as the main circulation and precipitation area of ​​Rammasun. The radius of the gale circle was generally unimodal (Figure 1C), increasing from the beginning of the simulation. When the main circulation of Rammasun began to touch the land (around 2000 UTC 17 July, see Figure 3), the radius began to decrease and the main circulation began to shrink, indicating that the radius of the gale circle reached its peak earlier than the tropical cyclone intensity. Rammasun became weakening and slowing down after entering the Beibu Gulf, but the decreasing trend of the radius of the gale circle almost stopped, which may be related to the changes of the underlying surface. During the entire integration period, the radius of the gale circle varied between 120 and 269 km. Although the gale circle radius and the maximum wind speed near the ground had similar changes over time, the peaks of the two were different, showing that the relationship between the intensity and scale of tropical cyclone were complex, which was consistent with the conclusions of Guo and Tan (2017).
From the observed cumulative rainfall from 1800 UTC 16 July to 0600 UTC 19 July 2014 (Figure 2A), ​​heavy rainfall was brought to the South China Sea and the south coast of China along with the northwestward movement of Rammasun. The precipitation area was mainly distributed on the left side of the track. The simulated cumulative rainfall (Figure 2B) also reproduced the above characteristics, but the precipitation intensity was relatively strong. By comparing the 12-h interval observed (Figure 2C) and simulated (Figure 2D) rainfall in the gale circle, it can be more clearly seen that the model simulated the distribution and evolution characteristics of the hourly precipitation of Rammasun well. At 1800UTC 17 July, the precipitation strengthened near the center of the circulation, which were reflected in the simulation results. Rammasun became strongest before landing in China at 0600 UTC 18 July. The center of the observed and simulated heavy precipitation was both located on the east side of Hainan Island and the model also gave a good simulation of rainfall near the southwestern border of Guangxi.
[image: Figure 2]FIGURE 2 | Spatial distribution of observed (A,C) and simulated (B,D) D03 cumulative rainfall (units: mm) of Rammasun in the gale circle from 1800 UTC 16 July to 0600 UTC 19 July 2014. The black lines in the (A,B) represent the observed and simulated track, respectively. (C,D) are for 12-h interval precipitation.
It should be pointed out that the intensity of the simulated precipitation (Figure 2D) was mostly obviously stronger than the observation (Figure 2C), especially on the sea, which may be due to the observed precipitation data used in this paper. The hourly precipitation data of automatic weather stations was integrated with precipitation products retrieved by the CMORPH satellite, especially on the sea, which was more reasonable to describe the overall spatial distribution and evolution characteristics of tropical cyclone precipitation, but the precipitation intensity was significantly underestimated (Sapiano and Arkin, 2009; Pan et al., 2011), especially for heavy rainfall (Yu et al., 2009). Therefore, in general, the model simulated and reproduced the overall distribution characteristics and evolution of precipitation in the gale circle of Rammasun, while the precipitation intensity was stronger than the observation, which may be due to the inherent shortcomings of the precipitation products retrieved by satellites.
Based on the comparison verification of the aforementioned track, moving speed, intensity and precipitation, the model had a good simulation of the development, landfalling process and precipitation characteristics of Rammasun. The high-resolution simulation data could be further analyzed for cloud microphysical characteristics.
3.2 The characteristics of different hourly rainfall intensities in the gale circle
3.2.1 Precipitation and vertical ascending motion
In order to further understand the characteristics of different hourly rainfall intensities, the grid points in the 3 km simulation area were categorized into four types (0–5, 5–20, 20–50, 50- mm) based on the hourly rainfall. There was no clear classification for hourly rainfall until now. The four rainfall types was based on the definition of short-duration heavy rainfall events in China (Zhang and Zhai, 2011; Li et al., 2017) and the precipitation grading standards for 3-h heavy rainfall used by CMA. The 0- mm type was the sum of the four types.
The total rainfall and the corresponding numbers of grid points for each type had similar changes over time (Figure 3), while different evolution occurred between different types. From around 0400 UTC 17 July, the radius of the gale circle (Figure 1C), the total rainfall and numbers of grid points (0- mm, Figure 3) in the gale circle began to increase rapidly along with the rapid intensification of Rammasun (Figure 1C).
[image: Figure 3]FIGURE 3 | Time series of (A) total rainfall (unit: mm) and (B) numbers of grid points of different hourly rainfall intensities in the gale circle. The first vertical dotted line represents the moment when the gale circle began to touch the land. The other three vertical dotted lines correspond to the moments when Rammasun landed in China three times.
Although the radius of the gale circle began to decrease when the main circulation of Rammasun began to touch the land (around 2000 UTC 17 July), the total (0- mm type) numbers of grid points in the gale circle were more than 24,000 from 1700 UTC 17 July to 0000 UTC 18 July, which peaked at 25,711 at 1900 UTC 17 July (Figure 3). Meanwhile, the total (0- mm type) hourly rainfall exceeded 170,000 mm from 1800 UTC 17 July to 0200 UTC 18 July, which peaked at 191,697 mm at 0000 UTC 18 July, indicating that the radius of the gale circle, the overall rainfall and numbers of grid points reached their peak earlier than the intensity of Rammasun (0600 UTC 18 July).
During the first and second landfall, Rammasun continued to weaken. The radius of the gale circle (Figure 1C) and the numbers of grid points (0- mm type) gradually decreased, but the overall rainfall (0- mm type) had no obvious changes, which may be related to the enhancement and maintenance of the precipitation in the 5–20 and 20–50 mm types (Figure 3). In addition, the enhanced intensity of the precipitation over land in the gale circle may also make contribution at some extent.
When Rammasun entered the Beibu Gulf, its weakening trend became slow and the radius of the gale circle did not change much (Figure 1C). The rainfall of the 0–5 and 5–20 mm types remained relatively unchanged, but the one of the 20–50 and 50- mm types showed a decreasing trend, resulting in an overall decrease in the total rainfall (0- mm type) in the gale circle.
It was also worth noting that the peak moments of the rainfall for different types were different. The rainfall of the 50- mm type reached its peak 1 h before the first landfall, while the one of the 5–20 and 20–50 mm types peaked when the gale circle began to touch the land.
In order to make a detailed comparison of different types, Figure 4 showed the percentage of the rainfall and numbers of grid points from different hourly rainfall intensities to the total ones in the gale circle respectively. Generally, the percentage of grid points of the 0–5 mm type was largest and decreased over time, followed by the 5–20 mm type which surpassed the former after the third landfall. The proportions of grid points in the 20–50 mm and 50- mm types mostly showed a increasing trend, but the maximum value of the former was only about 20%. Meanwhile, the 50- mm type had the smallest percentage.
[image: Figure 4]FIGURE 4 | It is similar to Figure 3, but for the percentage (unit: %) of the rainfall (A) and numbers of grid points (B) of different hourly rainfall intensities to total rainfall and numbers of grid points in the gale circle respectively
The changes of the proportion of rainfall were significantly different from the one of grid points. The rainfall proportions of the 5–20 and 20–50 mm types accounted for a relatively large part, which fluctuated around 40% mostly, moreover the changes of them were obviously reverse in the latter integration period. The proportions of the 0–5 mm and 50- mm types were generally smaller than the former two types. When Rammasun was located at sea, the proportion of the 0–5 mm type was generally larger than that of the 50- mm type, but the latter began to increase significantly when the main circulation contacted with land and reached its peak before the first landfall (close to 30%), which was equivalent to the 5–20 and 20–50 mm types at that time. This showed that although the rainfall in the gale circle was weaker than the rapid reinforcement phase before the first landfall (Figure 3A), the extremely heavy hourly rainfall (50- mm type) had enhanced significantly compared with other types. This feature was also evident in the evolution of hourly rainfall intensity (Figure 5).
[image: Figure 5]FIGURE 5 | It is similar to Figure 3, but for the hourly rainfall intensity (units: mm h−1).
The average hourly rainfall intensity (0- mm) in the gale circle showed a gradual increase trend during the rapid intensification stage of Rammasun and peaked 12.40 mm h−1 at 2100 UTC 18 July when Rammasun was located at the Beibu Gulf. After the three landfalls, Rammasun significantly weakened and the overall hourly rainfall intensity also weakened slightly while that of the 0–5 mm type reached its peak. The changes of the 5–20 mm (9–12 mm h−1) and 20–50 mm type (27–33 mm h−1) were not as significant as the 50- mm type (50–80 mm h−1), whose intensity changed drastically in the early period on the sea and reached the peak (close to 80 mm h−1) before the first landfall.
The rainfall intensity was closely related to the vertical upward movement. Figure 6 showed the height-time evolution of the average vertical velocity of different hourly rainfall intensities in the gale circle. The center of the ascending movement was located in the middle and upper troposphere on the sea (0- mm type). As Rammasun had rapidly enhanced on the coast, the range of vertical ascending motion gradually expanded downward and the intensity gradually increased, but the height of the center of ascending motion still maintained. During the first two landfalls, the ascending movement center became strongest. The strong vertical ascending movement (above 0.4 m s−1) was mainly located above 9 km altitude, and the lower boundary of the vertical ascending movement (above 0.2 m s−1) extended to near 3 km altitude (0- mm type), indicating that the vertical ascending movement in the main circulation of the tropical cyclone was vigorously developed, which corresponded to the increase and peak of the hourly rainfall intensity during this period (Figure 5).
[image: Figure 6]FIGURE 6 | The height-time changes of the average vertical velocity (unit: m s−1) of different hourly rainfall intensities in the gale circle. The meanings of the vertical dotted lines are as same as Figure 3.
In general, the stronger the precipitation intensity, the stronger the vertical upward movement. The vertical upward movement of the 0–5 mm type was the weakest, but the concentration and the range of the strong upward movement during the landfall were both significantly larger than that during the oceanic stage. The distribution of the strongest vertical ascending movement (above 0.2 m s−1) in the 5–20 mm type was similar compared to the 0–5 mm type, which corresponded to the changes of the average rainfall intensity (Figure 5). The 20–50 mm type was different from the former two. The average ascending motion was significantly enhanced, and the strongest center was located in the first half of the oceanic stage and on the eve of the first landfall. There was a attenuation thereafter, which was consistent with changes of the corresponding average hourly rainfall intensity (Figure 5).
In contrast to the above three types, the average vertical upward movement of the 50- mm type was significantly enhanced, which the strongest was more than 4 m s−1. During the sea period, the range of 2 m s−1 was distributed from the top of the boundary layer to the upper troposphere, and the changes were also the most dramatic, reflecting the strong vertical movement and violent changes in the extreme rainfall. Compared with the oceanic stage, the vertical extension of the 50- mm type during the landfall period was significantly reduced to the middle and lower troposphere, and the extreme center was located at 5 km altitude, which was the biggest difference from the other three types. The average hourly rainfall intensity peak of the 50- mm type appeared before the first landfall, close to 80 mm h−1, even higher than that during the sea period (close to 77 mm h−1).
Therefore, not only the intensity of vertical ascending movement but also the vertical extension range of strong ascending movement was closely related to the rainfall intensity. The physical reasons were very worthy of detailed exploration, and the investigation required the analysis on different macroscopic and microscopic processes.
The cloud microphysical parameterization scheme used in this paper was the Goddard single-parameter scheme (Tao and Simpson, 1993; Tao et al., 2003; Tao et al., 2014). The main cloud microphysical transformation processes were shown in Tao et al. (2003). The scheme considered seven water substances, namely water vapor (Qv), cloud ice (Qi), snow (Qs), graupel (Qg) or hail (Qh), cloud water (Qc) and rain water (Qr). An option switch was set to select graupel or hail as the third class of ice substances. Graupel was mainly used for precipitation in tropical systems and was selected in this paper.
Water vapor was mainly concentrated in the middle and lower troposphere (Figure 7A). The distribution of water vapor in different types was generally similar, and the differences were mainly located in the near-surface layer. From further analysis in the lower troposphere (Figure 8), water vapor (above 21 g kg−1) was mainly distributed between 0600 UTC 17 July and 0600 UTC 18 July in the 0- mm type, corresponding with the rapid strengthening period of Rammasun (Figure 1C). Water vapor converged significantly toward the circulation center, and the cloud system developed significantly (Figure 1C).
[image: Figure 7]FIGURE 7 |  It is similar to Figure 6, but for the mixing ratio of (A) water vapor, (B) cloud ice, (C) snow, (D) graupel, (E) cloud water, and (F) rain water (unit: g Kg−1).
[image: Figure 8]FIGURE 8 | It is similar to Figure 7A, but the ordinate is adjusted to 0-3.5 km (lower tropospher, unit: g Kg−1)
Although the vertical distribution of water vapor in each type was similar to the 0- mm type, there were obvious differences in details. The range of water vapor above 18 g kg−1 was gradually expanded vertically from the 0–5 mm type to the 50- mm type, and the maximum value near the ground gradually increased, reflecting significant changes from weak stratified precipitation to extreme convective heavy precipitation. In addition, in the two types (20–50 mm and 50- mm), except for the enhancement period, the center of the second maximum appeared when Rammasun was located on the Beibu Gulf. The weakening of the attenuation trend of Rammasun (Figure 1C), the relatively stable and small change in the size of the gale circle (Figure 1C), the enhancement of sea surface evaporation and the convergence and concentration of water vapor were conducive to the increase of water vapor content (Figure 7A) and the enhancement of the hourly rainfall intensity (Figure 5) in the Beibu Gulf.
Cloud ice (Figure 7B) was mainly distributed in the upper and middle troposphere above 6 km altitude. The vertical distribution of snow (Figure 7C) was slightly lower than that of cloud ice (Figure 7B). The distribution and evolution of the center corresponded well to the center of average vertical ascending motion (Figure 6). However, it was slightly delayed in terms of time, which may be related to the complicated cloud microphysical transformation processes related to snow.
Graupel (Figure 7D) had a wider range of vertical distribution than cloud ice and snow, and its lower boundary of the vertical distribution was lower than the latter (Figure 7C). The content of graupel in weaker precipitation (0–5 and 5–20 mm types) was significantly less than in stronger precipitation (20–50 and 50- mm types). Before the first landfall, along with the significant vertical contraction of the average vertical ascending motion (Figure 6), the distribution of graupel (Figure 7D) also shrinked significantly, which may be related to the fact that the mixing ratio of graupel was relatively large and more sensitive to changes of vertical ascending motion.
Cloud water (Figure 7E) was mainly distributed in the middle and low troposphere, and the lower boundary was close to the ground. Its generation was mainly directly related to the condensation process of water vapor, and had an obvious relationship with the vertical upward movement. The stronger the upward movement (Figure 6), the more cloud water were pushed above the zero-degree layer, forming supercooled water (Figure 7E), and participating in the corresponding mixed-phase microphysical transformation process.
The lower bound of rain water (Figure 7F) was the lowest (to the ground), and the upper bound was mainly located below 6 km altitude. It corresponded well to the vertical upward movement over time (Figure 6). The center of maximum value (above 2.5 g kg−1) of the 50- mm type was mainly located during the first landfall period. The range of vertical movement was significantly reduced to the middle and lower troposphere, and the maximum value of vertical ascending movement (above 2 m s−1) was also slightly lower than that during the sea period (Figure 6). It was an interesting phenomenon worthy of attention. The reason needed to be revealed through detailed analysis of the cloud microphysical transformation processes.
3.2.2 Cloud microphysical conversion characteristics
In order to further understand the differences in the cloud microphysical characteristics of different hourly rainfall intensities in the main circulation of ​​Rammasun, this paper selected the relevant simulated physical quantities from 1800 UTC 16 July to 0600 UTC 19 July 2014 to carry out statistical analysis (Figure 9). The total rainfall in the gale circle during this period reached more than 7.61×106 mm, and the average hourly rainfall intensity was 7.52 mm h−1. In terms of different types, grid points in the 0–5 mm type were the most, but its total rainfall was the least. Although grid points of the 50- mm type were significantly less than that of the 0–5 mm type, its total rainfall was slightly larger and its average hourly rainfall intensity was as high as 66.55 mm h−1. The 5–20 mm type had the largest total precipitation, which was about 3 times that of the 50- mm type (about 2.98×106 mm), but the average hourly rainfall intensity (10.55 mm h−1) was significantly lower than the former. The total precipitation of the 20–50 mm type was similar to the 5–20 mm type, while the grid points were about one-third of the latter. The average hourly rainfall intensity (29.79 mm h−1) was also significantly greater than the 5–20 mm type.
[image: Figure 9]FIGURE 9 | The accumulation of total rainfall (histogram, unit: mm), numbers of grid points (solid lines) and the average hourly rainfall intensity (dotted lines, unit: mm h−1) of different hourly rainfall intensities in the gale circle from 1800 UTC 16 July to 0600 UTC 19 July 2014.
The above-mentioned differences in different types were directly related to the differences in the cloud microphysical processes and budget of hydrometeors (Figure 10A-E). The vertical distribution of hydrometeors in different types were generally similar, but the mixing ratios were significantly different (Figure 10B-E). In general, as the rainfall intensity increased, the mixing ratios of snow, graupel, cloud ice, rain water and cloud water all increased, but not by the same amount.
[image: Figure 10]FIGURE 10 | The time-averaged (from 1800 UTC 16 July to 0600 UTC 19 July 2014) hydrometeor mixing ratio of different rainfall intensities in the gale circle (A-E) unit: g Kg−1, 10 g Kg−1 for water vapor and (F) the vertical profile of the average vertical velocity (unit: m s−1). The horizontal dashed lines in (A-E) represent the average zero-degree height of grid points in different rainfall types. The horizontal dashed line in (F) is as same as (A)
Specifically, the water vapor content was relatively larger in the 20–50 and 50- mm types. Snow was mainly distributed above the zero-degree layer. As the precipitation intensity increased, the height of the mixing ratio maximum increased slightly related to the continuous increase of vertical ascending motion (Figure 10F). The vertical mixing ratio maximum increased from the 0–5 to 50- mm type by nearly 5 times. Graupel was also mainly distributed above the zero-degree layer, but it was more obvious under the zero-degree layer than snow. Its mixing ratio varied the most among different types and the maximum increased by about 23 times from the 0–5 to 50- mm type, and the peak height was slightly higher in the 20–50 and 50- mm types (especially the latter). Graupel may play an important role in the formation of rain water and the enhancement of precipitation.
The mixing ratio of rain water varied significantly between different types. The maximum value increased by nearly 17 times from the 0–5 to 50- mm type. The variation ranges of the mixing ratio of cloud water and cloud ice were equivalent to snow, and the maximum value only increased by 5.5 times and 2.5 times, respectively. Although the variation of cloud water between different types was relatively small, previous studies (Cui et al., 2014) pointed out that cloud water played an extremely important role in forming precipitation and may have relations with consumption in the formation process of rain water.
The vertical ascending motion of different heights in the troposphere of each type (Figure 10F) had enhanced significantly with the increase of hourly rainfall intensity corresponding to the mixing ratio with hydrometeors (Figure 10B-E). However, it was worth noting that the peak height gradually decreased. The ascending motion peaks of the 0–5, 5–20 and 20–50 mm types were all concentrated in the upper troposphere, while the 50- mm type was significantly different from them. In this type, the ascending motion of each layer in the troposphere was significantly enhanced, but the increase in the middle and lower troposphere was more obvious, exceeding the growth rate of the upper troposphere. The maximum value of this type was formed in the middle and lower troposphere (near 5–6 km altitude). Dynamic conditions would cause more hydrometeors to be uplifted, contributing to the formation of more supercooled water resulting of the significant uplift of cloud water and small rain water (Figure 10E). This was very conducive to the relative movement and interaction of hydrometeors with the enhancement of the collision process. The cloud microphysical processes became more active, and the precipitation intensity increased significantly (Figure 9). These significant changes in the vertical distribution of the average upward velocity of the 50- mm type were consistent with the analysis in Figure 6.
The microphysical flowchart and conversion processes of hydrometeors for the gale circle were shown in Figure 11. The microphysical conversion rates were averaged regionally and vertically in the gale circle under different hourly precipitation intensities. Total water vapor loss rate (WVL) was calculated using the sink terms of water vapor. Most of water vapor (V) was transformed into cloud water (C) through the condensation process (Cnd, 67.31%). Cloud water was mainly consumed by two microphysical transformation methods by Dgacw (accretion of cloud water by graupel) and Pracw (accretion of cloud water by rain water). Among them, the latter (Pracw = 1.88×10–6 kg kg−1 s−1) was more active than the former (Dgacw = 1.05×10–6 kg kg−1 s−1) and its relative contribution and absolute magnitude were close to twice the former. There were two main microphysical pathways (Cnd→Pracw and Cnd→Dgacw→Pgmlt) for the formation of rain water. A large amount of water vapor condensed into cloud water (Cnd). Some cloud water was touched by rain water and collected and directly converted into rain water (Pracw), and others were collided with and collected by graupel and converted into graupel (Dgacw), and then converted into rain water through the melting of graupel (Pgmlt), which was consistent with the conclusions of Cui et al. (2014) and Huang and Cui (2015). In addition, the microphysical process of condensation into cloud ice (Dep) was also significant. From the perspective of the final conversion rate of all hydrometeors, most of the water vapor was converted into rain water (2.84×10–6 kg kg−1 s−1), but a small part was converted into graupel (0.41×10–6 kg kg−1 s−1) and snow (0.33×10–6 kg kg−1 s−1). Cloud water (−0.15×10–6 kg kg−1 s−1) and cloud ice (-0.06×10–6 kg kg−1 s−1) were relatively small (Figure 11). However, the effect of cloud water was very large and should not be ignored.
[image: Figure 11]FIGURE 11 | Microphysical flowchart for the gale circle in the period of 1800 UTC 16 July to 0600 UTC 19 July 2014. On the right-hand side of each microphysical conversion process notation, the values outside the bracket are the ratio of the vertically cumulative conversion rate to total water vapor loss rate (WVL) (thick solid arrows show ratios greater than 20%, dotted arrows show ratios between 1% and 20%, and values less than 1% are omitted), while the values inside the brackets are the microphysical conversion rates (units: 10-6 Kg Kg−1 s−1). The sum of all the microphysical process tendencies for each species is given by V (water vapor), C (cloud water), R (rain water), I (cloud ice), S (snow), and G (graupel) (due to the small order of magnitude, hail is omitted).
With the increase of hourly rainfall intensity, WVL gradually increased, indicating that the water vapor consumption rate was gradually increasing, and the absolute conversion rate (net formation rate) of rain water (R) also increased significantly (Figure 12). Graupel (G) was only slightly consumed in the 0–5 mm type (−0.03×10−6 kg kg−1 s−1), while increased in other three types. The absolute conversion rate in the 20–50 mm type (2.41×10−6 kg kg−1 s−1) was nearly 10 times larger than that in the 5–20 mm type (0.23×10−6 kg kg−1 s−1), furthermore, in the 50- mm type (9.40×10−6 kg kg−1 s−1) increased nearly 4 times compared with the 20–50 mm type. The absolute conversion rates of cloud water (C), snow (S) and cloud ice (I) also varied with rainfall intensity, which did not change as much as graupel. The net consumption rate of water vapor and the net growth rate of rain water and graupel gradually increased, which together contributed to the formation of heavy rainfall.
[image: Figure 12]FIGURE 12 | It is similar to Figure 11, but for different types (A): 0-5 mm, (B): 5-20 mm, (C): 20-50 mm, and (D): 50- mm).
In addition, it was worth noting that there were obvious differences in the main cloud microphysical transformation processes and relative contributions in different rainfall types. The 0–5, 5–20, 20–50, and 50- mm types had 7, 5, 5 and 4 main (solid arrows) conversion processes respectively. Compared with other types, in the 0–5 mm type, Dgacw was not the main process, and there were several other main transformation processes. As the rainfall intensity increased, the main transformation processes became more concentrated, and the absolute values gradually increased, which was in good agreement with Huang et al. (2016). Cnd, Dgacw, Pracw and Pgmlt increased most significantly, becoming the most important microphysical processes in heavy rainfall, which were most directly related to the formation of rain water, in particular the latter two. As the relative contribution, the ratios of Cnd, Pracw and Dgacw had gradually increased, especially the first two, but the ratios of Pgmlt, Dep, Prevp, Psaci, and Pssub had gradually decreased, especially the first one, which can be seen more clearly from Figure 13. The relative contribution of Pgmlt increased slightly and then decreased significantly from the 20–50 mm type (36.28%) to the 50- mm type (25.06%), while that of Pracw had significantly increased especially from the 20–50 mm type (41.77%) to the 50- mm type (50.97%). The ratios of Prevp, Psaci and Pssub had been lower than 20% from the 5–20 mm type, and Dep had also fallen below 20% in the 50- mm type.
[image: Figure 13]FIGURE 13 | Vertically averaged cloud microphysical conversion rates (A), units: 10-6 Kg Kg−1 s−1 and the ratio of the conversion rates to WVL (B), unit: % of different rainfall intensities in the period of 1800 UTC 16 July to 0600 UTC 19 July 2014.
As mentioned earlier in this article, as the precipitation intensity increased, the upward movement of each height gradually increased, but the peak height of the vertical upward movement gradually decreased (Figure 10F). In the 50- mm type, the vertical ascending motion in the lower troposphere was significantly enhanced, surpassing that in the upper troposphere, and the peak height was near the zero-degree layer. The vertical distribution of this ascending motion would cause more hydrometeors to be uplifted, which may be to the disadvantage of Pgmlt and the advantage of the mixing ratio of graupel. The significant uplift of cloud water and small rain water was very conducive to the enhancement of the relative movement and interaction of hydrometeors, especially Pracw. From Figure 6, we can see that before the first landfall, the height of the strong ascending motion of the 50-mm type was significantly reduced, which would greatly contribute to the rapid enhancement of Pracw, resulting in the increase of its relative contribution.
4 CONCLUSION AND DISSCUSSION
In this study, microphysical differences under different hourly rainfall intensities in the gale circle of Rammasun were investigated by using high-resolution numerical simulation data from the WRF model. The grid points in the 3 km simulation area were categorized into four types (0–5, 5–20, 20–50, and 50- mm) based on hourly rainfall from 1800 UTC 16 July to 0600 UTC 19 July 2014. The major results can be summarized as follows:
During the entire integration period, the total rainfall and grid points of each type had similar changes over time, but the changes were different between different types, such as the peak moments of hourly rainfall. On the eve of the first landfall, extremely hourly heavy precipitation (50- mm type) was significantly enhanced compared to other types. Meanwhile, the range of the upward movement was significantly reduced to the middle and lower troposphere, and the extreme center was located near 5 km altitude. It maintained ascending movement much stronger than the other three types, corresponding to the strongest average hourly rainfall intensity (close to 80 mm h−1). The rainfall in the 5–20 and 20–50 mm types both mostly accounted for around 40% of the total rainfall in the gale circle, while that of the 0–5 and 50- mm types were generally smaller than the former two.
The difference of precipitation intensity was directly related to the difference of cloud microphysical processes in each type. The vertical distribution of hydrometeors in different types was generally similar, but the mixing ratios were obviously different. Generally, with the increase of hourly rainfall intensity, the mixing ratio of snow, graupel, cloud ice, rain water and cloud water all increased, while the mixing ratio of graupel varied the most among different types, followed by rain water. Cloud water and cloud ice had relatively small changes. Graupel may play an important role in the enhancement of precipitation. In addition, the values of vertical ascending motions at different heights in the troposphere of each type increased significantly as the precipitation intensifies, which corresponded well to the mixing ratio of hydrometeors. However, the peak height gradually decreased. The increase in the middle and lower troposphere was more obvious in the 50- mm type, exceeding the growth rate in the upper troposphere.
Most of water vapor (V) was transformed into cloud water (C) through the condensation process (Cnd, 67.31%). Cloud water was mainly consumed by Dgacw and Pracw. With the increase of hourly rainfall intensity, the absolute conversion rates of all major cloud microphysical processes had shown increasing trends, especially the non-uniformity of Cnd, Pracw and Dgacw. Pgmlt also had a significant increase, but its growth trend slowed down from the 20–50 to 50- mm type. Comparing the ratio of the absolute conversion rate of each cloud microphysical process to the total water vapor loss rate (relative contribution), the ratio of Cnd, Pracw and Dgacw gradually increased (especially the first two), but the ratio of Pgmlt, Dep, Prevp, Psaci and Pssub gradually decreased, which was related to the vertical velocity in each type. The increase of upward motion in the middle and lower troposphere (50- mm type) were very conducive to the enhancement of the relative motion and interaction of the hydrometeors, especially the significant enhancement of the collision process such as Pracw, resulting in the increase of its relative contribution.
Through the observation of dual-polarization radar, it was found that there were differences in the microphysical processes of precipitation in the inner rain belt and outer rain belt of tropical cyclones. The transformation process from cloud water to rain water may be more significant in the inner rain belt, while in the outer rain belt, the role of graupel may be more important. This article selects the gale circle focusing on the main circulation of tropical cyclone, but there are other zoning methods, for example, different quadrants, inner core and outer core areas. In the future, different zoning methods and different microphysical parameterization schemes should also be considered in order to research on regional physical processes, providing a deeper understanding of precipitation mechanism. Furthermore, we will analyze more cases to make the conclusions more robust and statistically significant.
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