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Abstract

:

Extreme rainfall induced by landfalling typhoon (ERLTC) can cause destructive natural disasters throughout China. Cloud properties in ERLTC are not yet well understood and parameterized, which limits the forecast accuracy of ERLTC to some extent. The 99th percentile intensity of daily rainfall associated with LTC is objectively defined as ERLTC and using the CloudSat tropical cyclone (CSTC) dataset from 2006 to 2018, cloud macro- and microphysical characteristics are statistically investigated. Results show that the proportion of single-layer (double-layered) clouds increases (decreases) significantly on the occurrence day of ERLTC. In the TC inner core region, the proportion of deep convective cloud at 2–10 km is the highest, reaching 50%. In the TC envelop region, deep convective cloud at the height of 3–8 km and cirrus at the height of 12–14 km account for the highest proportions. For the TC outer region, cirrus around 13 km has the highest proportion. During the ERLTC period, the ice-water content is mainly distributed in 5–18 km, and is mostly distributed in the TC inner core, followed by the envelop region. A large number of smaller ice particles are gathering in the upper troposphere at 13–18 km, while a small number of larger ones is gathering in the middle levels around 8–10 km. These results are useful for evaluating the ERLTC simulations and are expected to provide new forecasting factors for ERLTC in cloud macro- and microphysical perspectives.






Keywords:


landfalling typhoons; extreme rainfall; cloud; macro- and microphysical properties












1. Introduction


Most of the typhoon lifetime is over the ocean surface, so satellite data is a powerful tool for monitoring and studying typhoons. In the early and mid-1970s, visible and infrared satellite images played an important role in the operational estimation of typhoon location and intensity, which became a milestone in the development of typhoon operational forecasting and research [1]. In recent years, satellite data has been successfully assimilated into numerical models, substantially improving the forecast accuracy of typhoon track and intensity [2,3]. Extreme rainfall induced by landfalling tropical cyclones (ERLTC) can cause catastrophic flooding and severe disasters [4]. Improving the quantitative precipitation estimation and forecasting of ERLTC depends on an in-depth understanding of its multi-scale formation and enhancement mechanism. Therefore, the study of ERLTC is of great scientific significance to the disaster prevention and mitigation.



Factors influencing TC rainfall are summarized by Brennan (2019) [5] as TC movement, storm size, storm track, diurnal cycle, topography, moisture, interaction with other meteorological features (troughs, fronts, jets), and extratropical transition. For the ERLTC, previous studies mainly focused on the basic climatology features and its contribution to the total extreme precipitation [6,7,8], attributions to climate change [9,10], large-scale circulation anomalies [11,12], interaction with other synoptic-scale weather systems [13,14,15,16], the impact of the topography and underlying surface [17], the forward translational speed, and structural changes [18]. Comparatively, there have been few studies on cloud microphysical processes of TC related extreme precipitation so far [19]. With the continuous development of satellite technology, satellite based precipitation products are widely used in detecting extreme precipitation [20] and long-term trends [21]. The cloud profiler radar (CPR) onboard the CloudSat satellite launched in 2006 can not only detect the vertical profile features from thin clouds to deep convective clouds, but also retrieve the macro- and microphysical properties of clouds [22], which is very beneficial to studying the evolution characteristics of the typhoon cloud system [23].



In recent years, much progress has been made in applying CloudSat satellite data on typhoon research. Zhao and Zhou [24] used CloudSat data to analyze the development and evolution of Typhoon Ewiniar (2006) and its choud macro- and micro- structural characteristics. They revealed that the ice water content and ice particle number concentration are helpful to the analysis of typhoon precipitation. Yan et al. [25] further analyzed the cloud, precipitation and thermal structural characteristics of hurricanes in the Atlantic Ocean. Their results showed that the occurrence probability of deep convective cloud kept the largest. By contrast, those of the cumulus and nimbostratus were always the smallest in each radial ring. Han et al. [26] analyzed the tropical cyclones in the eastern Pacific and obtained similar conclusions. Tourville et al. [27] used CloudSat data to analyze the effect of vertical wind shear on the structure, echo pattern, and precipitation distribution of typhoons. Based on multiple typhoon cases, Shi et al. [28] further gave typical thresholds for cloud microphysical parameters of the typhoon eyewall and surrounding spiral cloud belts. Gao and Fang [29] pointed out that typhoon cloud systems with different intensities are dominated by single-layer clouds, and the high value area of ice water content is located below the high value area of ice particle number concentration. It is indicated that small ice particles are carried high by strong convective activity, while large ice particles are concentrated in the lower part of the cloud system. Recently, Wu and Soden [30] and Wu et al. [31] used the CloudSat data in 2006–2015 to show that the ice water content near the typhoon center is closely related to the typhoon intensification rate. Yan et al. [32] used 11 years of CloudSat data to analyze the asymmetric structure of the typhoon cloud system in the Northwest Pacific and its cloud radiative effect (CRE). Wu et al. [33] further pointed out that the CRE plays a vital role in typhoon genesis. Overall, these studies have greatly improved our understanding on clouds in typhoon.



In summary, although the research using CloudSat data in typhoons has been carried out, most of them focus on the TC genesis, TC intensity change, the evolution of typhoon structure and the overshooting cloud top [34,35], or focus on some typhoon cases without extreme rainfall. The research on the vertical structure and microphysical characteristics of the cloud system during the ERLTC period based on long time series of CloudSat data has not been carried out yet. Therefore, in this study the vertical structure of the ERLTC, especially the macro- and microphysical characteristics of clouds during the ERLTC are analyzed from the perspectives of different times (before or after the extreme rainfall) and different radial distances to the typhoon center. This study can help to understand the formation mechanisms of ERLTC from the cloud physical perspective and give the key parameters in the cloud microphysical parameterization scheme of typhoon numerical models based on the observations. At the same time, this study is also expected to provide new cloud physical forecasting factors for the operational typhoon precipitation forecast.



The remainder of this paper is organized as follows. Section 2 briefly introduces the data and methods. The evolutions of TC warm core, radar reflectivity, and cloud macro- and microphysical characteristics during the ERLTC period is described in Section 3. Results comparison with previous studies and its implications are discussed in Section 4. Section 5 makes a short summary of this study.




2. Data and Methods


The CloudSat Tropical Cyclone (CSTC) dataset is used to document the signatures of ERLTC, which is derived from CloudSat cloud profiling radar (CPR) intercepts of global TCs passing within 1000 km of their centers [27]. It combines CloudSat observations with A-TRAIN data from MODIS, AMSR-E model data, the auxiliary CloudSat 2B products, and TC best track information. The CloudSat satellite flies in a close sun-synchronous near polar orbit at approximately 705 km above the Earth’s surface, and the CPR onboard it is a 94 GHz radar which can measure the clouds and precipitation particles among the atmospheric column with a 1.4 km across-track and 2.5 km along-track radar footprint. The primary datasets used for this study are CS_2D_TC, ECMWF-AUX,2B-GEOPROF, 2B-CLDCLASS,2B-GEOPROF-LIDAR, and 2B-CWC-RO (Table 1). More detailed description of the CSTC dataset can be found online (http://www.cloudsat.cira.colostate.edu/data-products/level-2b, accessed on 23 June 2022).



The TC precipitation dataset is obtained using the objective synoptic analysis technique (OSAT) developed by Ren et al. (2007) [36]. The basic idea of OSAT is to decompose the daily precipitation into several independent rain bands and individual precipitation at each stations. According to the distances of rain band and single stations relative to the TC center, the TC precipitation is further identified. The 99th percentile of daily precipitation at a single station on typhoon days is defined as the ERLTC threshold of that station following our previous study [37]. For convenience, the area from 0 km to 200 km away from the typhoon center is referred as the TC inner core region, the area from 200 km to 500 km is the TC envelop region, and the area from 500 km to 900 km is the TC outer region. The following text focuses on analyzing the TC structure and cloud evolution characteristics on the two days before the extreme rainfall (−2d), one day before the extreme rainfall (−1d), on the extreme rainfall day (0d), and one day after the extreme rainfall (+1d), which are referred to as the ERLTC period. Pairing the observation time of each profile in the CloudSat Tropical Cyclone (CSTC) dataset with the occurrence time of the ERLTC sample, the CSTC profile data corresponding to −2d, −1d, 0d, and +1d of the ERLTC are obtained. Then, the composited fields from the CSTC dataset in each day were calculated and analyzed. In order to ensure the independence of the statistical samples, the CSTC data with duplicates in these four days are excluded. The location of TC center during the extreme rainfall period (24 hours in total) is obtained by averaging the best track data every 6 hours provided by the Shanghai Typhoon Institute of China Meteorological Administration (CMA-STI).



Statistic results show that there were 132 typhoons which have brought extreme rainfall to China from 2006 to 2018, with an average of 10.2 ERLTC per year. The track and intensity categories are shown in Figure 1. It can be seen that there is a high frequency area of typhoon activity near Taiwan Island and Hainan Island, corresponding to the northwestward-moving and the westward moving track of typhoon, respectively (Figure 1a). The difference is that the intensity of the typhoons near Taiwan Island is generally stronger than that near Hainan Island. Further analysis of the location of TC centers during the occurrence of extreme rainfall shows that most TC centers are located in the near shore and continental regions of China in 20°N–30°N and 105°E–125°E, few TC centers in the area north of 30°N and east of 125°E, and fewer TC centers can penetrate deep into the inland region (Figure 1a). In terms of the intensity (Figure 1b), TD has the highest percentage (36.6%), followed by the TS (26.9%). The SupTY has the lowest percentage (4.6%). Statistically speaking, this is in line with our common knowledge that TC weakens during the landfalling. It also corresponds well with the climatic state when TC center locates in the near shore and continental regions in China (Figure 1a).




3. Results


3.1. Basic Charaacteristics during the ERLTC Period


3.1.1. The Occurrence Location of Extreme Precipitation


According to the statistics, there are 2039 ERLTC samples affecting China during 2006–2018. Figure 2a shows the geographic location and rainfall amount of each ERLTC event. It can be seen that the ERLTC not only occurs in Taiwan Island, Hainan Island, and coastal areas of China, but also occurs in inland provinces such as Yunnan, Sichuan, Henan, Shanxi, and Inner Mongolia. For the amount of extreme rainfall, on average, there is the largest precipitation in Taiwan Island with more than 500 mm, followed by Hainan Island, South China and the southeast coast, and inland provinces. Particularly, there exist remarkable spatial variations over mainland China. For some inland provinces, such as Henan and Hebei, there also exist ERLTC of more than 250 mm, and the Heilongjiang province in Northeast China can experience an ERLTC of more than 100 mm.



Figure 2b further shows the locations of extreme rainfall relative to the TC centers. The extreme rainfall with a larger magnitude is more concentrated in the typhoon inner core, especially the extreme rainfall exceeding 250 mm, which rarely occurs in the typhoon outer region. The specific analysis shows that 41.5% of the samples appear within 2° distance from the typhoon center, which is the inner core of the typhoon. A total of 36.5% appear in the range of 2°–5° distance from the typhoon center, which is the typhoon envelop region. A total of 19.8% appear in the range of 5°–9° from the typhoon center, which is the typhoon outer region. The remaining 2.2% of the samples occur 9° away from the typhoon center. This is obviously related to the intensity of TC; the closer to the TC center is, the stronger convection and heavier precipitation is in general. The spatial distribution of the samples shows that the extreme rainfall events appear most on the northwest side of the typhoon and least on the southeast side, which is closely related to the northwestward moving and westward-moving track of TCs (Figure 1) and consistent with the summary of Meng et al. (2019) [38]. For a more detailed climatic analysis of ERLTC over China, please refer to our previous study [37]. It is worth noting that the ERLTC samples were limited by the rain gauge data used in this study, which means rainfall data were missing over the ocean. Thus, the unevenly spatial distribution pattern is related to the data used to some extent.




3.1.2. Warm Core Structure


The TC temperature anomalies before and after the extreme rainfall are calculated using the ECMWF-AUX data to show the evolution characteristics of the TC warm core during the ERLTC period. It can be seen from Figure 3 that in the four days before and after the extreme rainfall occurred, there maintain a warm core around the height of 10 km, and a cold anomaly in the typhoon boundary layer close to the underlying surface. This temperature anomalies pattern has also been verified by the global positioning system (GPS) radio occultation (RO) observations [39] and Fengyun-3D (FY-3D) microwave temperature sounder-2 (MWTS-2) observations [40]. The intensity and extent of the warm core and cold anomaly have evolved obviously in the four days.



Two days before the extreme rainfall (Figure 3a), the strongest part of the warm core is located at the height of 7–12 km near the typhoon center. One day before the extreme rainfall (Figure 3b), the warm core near the typhoon center is slightly shrank in the vertical direction but it stretches substantially in the horizontal direction. At the same time, the intensity of the warm core is obviously strengthened. On the occurrence day of extreme rainfall (Figure 3c), the intensity and extent of the TC warm core decrease significantly, but the intensity and extent of the cold anomaly below 2 km in the TC inner core increase. It is suggested that the intensity of typhoons is weakened on the extreme rainfall occurrence day. Moreover, it can be found that one day after the extreme rainfall (Figure 3d), the TC warm core is enhanced again, which may be related to the release of strong latent heat accompanying the extreme rainfall occurred as we have revealed in a case study [41].




3.1.3. Radar Reflectivity


Based on the 2B-GEOPROF data, Figure 4 shows the evolution of the height-radial vertical profile of radar reflectivity before and after the extreme rainfall. On average, the radar reflectivity reaches the strongest one day before the extreme rainfall, and the enhancement is most obvious in the TC inner core (Figure 4b), which is consistent with the variation trend of the TC warm core previously mentioned (Figure 3). This reflects that the convection develops vigorously, and there is a large accumulation of ice particles in the upper troposphere before the ERLTC occurred. Further analysis of the evolution of radar reflectivity at different heights shows that on the extreme rainfall day (Figure 4c), the radar reflectivity above 5 km height significantly decreases compared to the day before extreme rainfall (Figure 4b), indicating a large consumption of the super cooled water droplets and ice crystal particles. However, the radar reflectivity below 5 km increases, especially in the boundary layer below 3 km, which corresponds well with the abundant liquid water substances and the formation of ERLTC.



To explore this issue in depth, Figure 5 shows the occurrence probability of different grades of radar reflectivity at different heights and different regions of the TC during the ERLTC period, which can further validate the conclusion drawn above. For the TC inner core region (Figure 5a–d), compared with the previous day of extreme rainfall, the radar reflectivity above 5 km significantly decreases on the occurrence day of extreme rainfall, while the radar reflectivity at and below 5 km increases. For the TC envelop region (Figure 5e–h), the radar reflectivity of the whole layer on the extreme rainfall day is increased compared with two days before. For the TC outer region (Figure 5i–l), the radar reflectivity of the whole layer on the day of extreme rainfall is decreased compared with that before the extreme rainfall. In general, compared with the radar reflectivity before the occurrence of extreme rainfall, the radar reflectivity in the TC outer region on the extreme rainfall day is decreased, while that of the TC envelop region is increased. The situation in the TC inner core is relatively complex, and the radar reflectivity decreases (increases) above (below) 5 km.





3.2. Cloud Macro-Physical Characteristics


The cloud macro-physical evolution characteristics are analyzed during the ERLTC period from three aspects: number of cloud layers, cloud base height and thickness, and the cloud classification.



3.2.1. Number of Cloud Layers


Using the 2B-GEOPROF-LIDAR product, the distribution of cloud layer numbers which is derived from a hydrometeor mask algorithm described by Marchand et al. (2008) [42] in different TC regions before and after the extreme rainfall is given (Figure 6). Since the occurrence probability of clouds with five or more layers is less than 5%, Figure 6 only shows the cases with 1–4 cloud layers. As can be seen, in the four days during the ERLTC period, on average, single cloud-layer accounts for the largest proportion, followed by double-layer clouds. The sum of the two accounts for more than 80%. The 3-layer clouds account for no more than 20%, and 4-layer clouds less than 10%. The result is consistent with the conclusion of Gao and Fang [29] that the typhoon cloud systems of different intensities in the Northwest Pacific are dominated by single-layer clouds. However, further comparison can find that there are still some differences between this study and their conclusions. Before and after the occurrence of extreme rainfall (Figure 6a,b,d), the average proportion of single-layer clouds does not exceed 50% in this study, and for double-layer clouds it is larger than 40%. In Gao and Fang [29], the average proportion of single-layer clouds is more than 70%, and for double-layer clouds it is about 30%. It can be seen from Figure 6 that the proportion of single-layer (double-layer) clouds increases (decreases) substantially on the extreme rainfall day compared with two days before and one day after the extreme rainfall. This feature is most obvious in the TC envelop region, where single-layer clouds account for up to 70%, while the minimum proportion of double-layer clouds is about 20%. At the same time, the proportions of 3- and 4-layer clouds decrease significantly on the extreme rainfall day.




3.2.2. Cloud Thickness


Based on the 2B-GEOPROF-LIDAR data, the cloud thickness and cloud base height in different TC regions during the ERLTC period are analyzed in Figure 7. The comparison of the cloud thickness among clouds with different layers shows that the single-layer cloud is the thickest. The cloud base can reach the underlying surface, and its vertical extension can reach about 15 km (Figure 7a,b), which suggests thick clouds layers associated with deep convection (Luo et al., 2009) [43]. The thickness of multi-layer clouds is the thinnest with most of the vertical extension not exceeding 5 km. However, the variation of its cloud base height is the largest, ranging from 0 to 18 km (Figure 7g–i). The cloud thickness and cloud base height of the double-layer clouds are relatively medium (Figure 7d–f) in the range.



The comparisons of the cloud thickness and cloud base height in different TC regions show that there are more grounded single-layer clouds with a thickness of 15–17 km (Figure 7a), grounded double-layer clouds with a thickness of 6–8 km (Figure 7d), double-layer clouds with a base height of 12–13 km and a thickness of 2–4 km (Figure 7d), and multi-layer clouds with a base height of 12–13 km and a thickness of less than 2 km (Figure 7g) in the TC inner core. For the TC envelop region, grounded single-layer clouds with a thickness of 15–16 km (Figure 7b), grounded double-layer clouds with a thickness of less than 2 km (Figure 7e), double-layer clouds with a base height of 13–16 km and a thickness of 2–5 km, and multi-layer clouds with base height 0–18 km and a thickness of less than 3 km (Figure 7h) appear mostly. For the TC outer region, shallow thin single- and double-layer clouds (Figure 7c,f) and double-layer clouds with a base height of about 15 km and a thickness of less than 3 km (Figure 7f) often occur.



In general, on the ERLTC day, the single-layer clouds are relatively thick (15–17 km) and mostly distributed in TC inner core and envelop region. There are two dominant distribution intervals for the double-layer clouds (grounded clouds with a thickness of 0–10 km and clouds with a height of 12–17 km and a thickness of 1–5 km), which are distributed in all regions of TC. The base height of a multi-layer cloud has a large variation range of 0–17 km, and the thickness is relatively thin (0–4 km). The multi-layer clouds are mostly distributed in the envelop and outer regions of TCs.




3.2.3. Cloud Classification


In order to obtain the distribution characteristics of various types of clouds in ERLTC, the 2B-CLDCLASS is used to calculate the proportions of different cloud types (cirrus, altostratus, altocumulus, stratus, stratocumulus, cumulus, nimbostratus, and deep convective cloud) in the different TC regions (Figure 8). As can be seen, the deep convective cloud has the highest proportion in the inner core and envelop region, which is conducive to the occurrence of extreme rainfall. This is consistent with the results of Yan et al. [25] on Atlantic hurricanes and Han et al. [26] on eastern Pacific typhoons. Meanwhile, it also corresponds to the result that the larger the magnitude of the ERLTC is, the more concentrated it is near the typhoon center.



The analysis shows that in the TC outer region (Figure 8a–d), the cirrus around 13 km height has the highest proportion, followed by altocumulus at the height of 7–12 km, corresponding well with the weak radar reflectivity (0-5 dbz) at that height (Figure 4). In the envelop region (Figure 8e–h), deep convective cloud at 3–8 km and cirrus at 12–14 km account for the highest proportions, followed by altocumulus at 6–13 km, which further reveals the exact cloud type with a 5-15 dbz radar reflectivity in this region (Figure 4). In the TC inner core (Figure 8i–l), the proportion of deep convective cloud at 2–10 km is the highest (followed by cirrus at 12–14 km), reaching 50%, which is also the cloud with the highest frequency in the typhoons with extreme rainfall, corresponding to the strongest radar echo (10–30 dbz in Figure 4).



The evolution characteristics of various types of clouds during the ERLTC period show that on the day before the extreme rainfall (Figure 8j), the proportions of deep convective cloud, altostratus and nimbostratus in the TC inner core increase significantly, while those of stratocumulus and cumulus decrease. On the occurrence day of extreme rainfall (Figure 8k), the proportions of deep convective cloud and altostratus in the TC inner core decrease significantly compared with the day before the extreme rainfall, while that of nimbus increases remarkably. Similarly, on the occurrence day of extreme rainfall, the proportions of deep convective cloud and high altitude clouds in the envelop region also decrease (Figure 8g). These features further explain the evolution of radar reflectivity (Figure 4 and Figure 5) during the ERLTC period from a perspective of cloud type.



In general, before and after the occurrence of extreme rainfall, the proportions of various types of clouds in the TC outer region do not change much, while there are certain changes in the envelop region, and the largest change is in the inner core. It should be made aware that although the names of the clouds are the same in the 2B-CLDCLASS data and conventional surface observation, the cloud classification methods are not exactly the same.





3.3. Cloud Microphysical Characteristics


A large number of studies have shown that mixed phase clouds play an important role in the extreme rainfall [4,44,45]. Combined with the above analysis, the evolution of the cloud microphysical characteristics during the ERLTC period are analyzed in terms of the ice water content, ice particle number concentration, and ice particle effective radius.



3.3.1. Ice Water Content


It can be seen from Figure 9 that in the four days during the ERLTC period, the ice water content is mainly distributed between 5–18 km, and is mostly distributed in the TC inner core, followed by the envelop region and the outer region. The evolution trend of the ice water content is basically consistent with that of the radar reflectivity above the height of 5 km (Figure 4), and the ice water content in the inner core reaches the largest one day before the extreme rainfall. On the occurrence day of the extreme rainfall (Figure 9c), the ice water content decrease substantially in 8–18 km in the TC inner core and in 8–12 km in the TC envelop region. In addition, before the occurrence of extreme rainfall (Figure 9a,b), some deep convective columns can be found in the TC envelop region. Especially in 12–18 km, there are some areas with high ice water content. On the day of extreme rainfall (Figure 9c), these deep convective columns and the high ice water content in the upper level significantly weakens. Therefore, the decrease of ice water content in the TC inner core and the upper level of TC outer region is a typical feature of ERLTC.



Figure 10 quantitatively shows the average profiles of ice water content in three different regions (the inner core, the envelop region and the outer region) of TC. It can be seen that the maximum value of ice water content around 8 km in the inner core which decreases from 350 kg m−3 before the extreme rainfall to about 300 kg m−3 on the occurrence day of extreme rainfall. At the same time, the maximum value of ice water content at the same height in the envelop region decreases from 260 kg m−3 before extreme rainfall to about 210 kg m−3 on the occurrence day of extreme rainfall. The average ice water content in the TC outer region does not change much. Figure 10 indicates that compared with two days before the extreme rainfall, on the occurrence day of extreme rainfall there are more obvious changes in the vertical distribution of average ice water content in the inner core above 12 km. Before the extreme rainfall, the average ice water content above 12 km decreases with height, while on the occurrence day of extreme rainfall it increases with height.




3.3.2. Ice Particle Number Concentration


The analysis of the vertical distributions of average ice particle number concentration during the ERLTC period (Figure 11) shows that a large number of ice particles are gathering in the upper troposphere at 13–18 km in each region defined here. This is because the ice particles can be advected radially outward to the TC outer region before its melting and falling as stratiform precipitation [45]. Compared with two days before the extreme rainfall, on the occurrence day of extreme rainfall the ice particle number concentration in the inner core above 12 km increases significantly, while that in the envelop region at this height decreases.



Overall, before and after the extreme rainfall, the ice particle number concentration changed significantly in the upper level, while the change is less in the middle level. It is notable that after the extreme rainfall (Figure 11d) occurred, the ice particle number concentration in each region of TC increases again, which is related to the stage of the typhoon precipitation process. In general, the typhoon precipitation period will not stop immediately after the ERLTC occurred but continue with non-extreme rainfall.




3.3.3. Effective Radius of Ice Particle


Figure 12 shows the vertical distributions of the radial averaged ice particle effective radius during the period of ERLTC. In the four days, the general distribution pattern of the ice particle effective radius is similar, that is, it decreases with height in the vertical direction and decreases with radial distance from the TC center in the horizontal direction. At the same time, the gradient in the vertical direction is much larger than that in the horizontal (radial) direction. Therefore, the ice particle effective radius near the height of 5 km in the TC inner core is the largest.



Further analysis of the evolution characteristics of ice particle size and distribution before and after the extreme rainfall shows that compared with two days before the extreme rainfall (Figure 12a,b), the ice particle effective radius in the mid-lower levels at the height of 5–8 km in the TC inner core decreases significantly from 110–130 μm to 90–100 μm. Similarly, the ice particle effective radius at the height of 5–6 km in the envelop region is also significantly reduced from the original 100–120 μm to 90–100 μm. Changes of the ice particle effective radius in the outer region are relatively small. On the occurrence day of extreme rainfall, the ice particle effective radius gets smaller compared with that before the extreme rainfall in the vertical direction. For example, in two days before the extreme rainfall (Figure 12a,b), the 70 μm ice particles are generally distributed above 10 km, while on the occurrence day of extreme rainfall they are all distributed below 10 km (Figure 12c).



Figure 13 further quantitatively presents the vertical distributions of averaged ice particle effective radius in the inner core, envelop, and outer regions of TC. It can be seen that above the height of 5 km, the ice particle effective radii in the three regions of TC all increase with height. The ice particle effective radius in the TC inner core is the largest, followed by the envelop region and the outer region. At the same time, the differences of the ice particle effective radius in these three regions decrease with the height. As shown in Figure 13b, on the previous day of the extreme rainfall, the average ice particle effective radius at the height of 6 km (15 km) in the inner core, envelop region, and outer region of the TC are 114 μm, 105 μm, and 94 μm (48 μm, 46 μm, and 45 μm), respectively.






4. Discussions


Regarding the results of Gao and Fang [29] as a climatic mean state of typhoon clouds in the Northwest Pacific, then our results reveal that the cloud macro- and microphysical characteristics and its evolution have many distinct features during the ERLTC period. Specifically, before the ERLTC occurred, the proportion of single-layer (double-layer) clouds are less (more) than the climatology [29], respectively. In terms of the cloud type, deep convective cloud has the highest frequency in typhoons with extreme rainfall, followed by cirrus at 12–14 km. This is close to the results reported by Han et al. [26] and Yan et al. [25]. Furthermore, we highlight that the proportions of the CloudSat measured pure ice clouds [46] of deep convective cloud, altostratus, and nimbostratus in the TC inner core increase obviously before the extreme rainfall occurred, corresponding to the strongest radar echo. On this basis, the increase of deep convective cloud, altostratus, and nimbostratus in the TC inner core region might be used as new forecasting factors for ERLTC in the future.



During the ERLTC period, the ice water content is mainly distributed in 5–18 km, and is mostly distributed in the TC inner core, followed by the envelop region. On the other hand, a large number of ice particles are gathering in the upper troposphere (13–18 km) in each region defined here, which reveals that the ice particles can be transported radially outward far from the TC center before its melting and falling [45]. Combined with the distribution pattern of the ice particle effective radius, we can conclude that a large number of smaller ice particles are gathering in the upper troposphere at 13–18 km, while a small number of larger ones is gathering in the middle levels around 8–10 km. These characteristics are useful for validating and improving the cloud microphysical parameterization scheme for ERLTC simulations.



Moreover, the liquid water content and the liquid particle number concentration were also analyzed (Figures omitted) during the ERLTC period. In general, the distribution pattern of the liquid water is less variable in the four days before and after the occurrence of extreme precipitation, maintaining an abundance of liquid water in the lower troposphere. This might be related with the limited detection capability of CloudSat CPR for heavy precipitation. Due to the limitation of the length of this manuscript, we plan to further improve this aspect of the study in conjunction with precipitation radar in our future work.



The CSTC dataset is also limited by its narrow resolution along the satellite orbit and lacks continuous monitoring of ERLTC, therefore, it is necessary to conduct more in-depth research on ERLTC in combination with the geostationary satellite datasets and reanalysis precipitation products [20,21]. This study only focuses on the direct extreme precipitation induced by landfalling typhoons, and does not include the typhoon remote extreme precipitation, such as the extreme rainfall and devastating floods event from 19 to 21 July 2021 in Henan province [47,48]. Therefore, more ERLTC case studies and high-resolution numerical simulations are needed to further elucidate the detailed microphysical processes during the ERLTC period.




5. Conclusions


Based on our 13-yr CSTC data statistics, we focus on the thermal structure, convection evolution of the TCs which have brought extreme rainfall to China. In particular, the cloud macro- and microphysical characteristics and its evolution during the ERLTC period are investigated. From a statistical perspective, the main conclusions are summarized as follows:




	-

	
One day before the extreme rainfall occurred, the TC warm core shows the strongest which implies that the TC intensified, thus favors to the water vapor convergence, convection aggregation, and extreme rainfall occurrence [5,26]. On the occurrence day of the ERLTC, the intensity and extent of TC warm core are reduced significantly, which indicates that the intensity of TC is weakened.




	-

	
The proportion of single-layer (double-layered) clouds increases (decreases) significantly on the occurrence day of the ERLTC. Moreover, the single-layer clouds are relatively thick (15–17 km) and mostly distributed in the inner core and envelop region. There are two dominant distribution intervals for the double-layer clouds, and they are distributed in all regions of TC. The height of multi-layer cloud base has a large variation range of 0–17 km and a relatively thin thickness of 0–4 km. The multi-layer clouds are mostly distributed in the envelop region and outer region of TC.




	-

	
In the TC inner core, the proportion of deep convective cloud can reach 50%. In the envelop region, deep convective cloud at the height of 3–8 km and cirrus at the height of 12–14 km account for the highest proportions. In the TC outer region, cirrus around 13 km has the highest proportion. On the day of extreme rainfall, the proportions of deep convective cloud and altostratus in the TC inner core decrease significantly compared with the day before the extreme rainfall, while that of nimbus increases remarkably.




	-

	
The ice water contents in the upper level in the inner core and envelop region decrease significantly on the occurrence day of the ERLTC. The ice particle number concentration in the inner core above the height of 12 km in the upper-level increases obviously, while that in the envelop region at this height decreases. The ice particle effective radii in the mid-lower levels at 5–8 km in the TC inner core and at 5–6 km in the envelop region decrease remarkably.









This study focuses on the vertical structure and macro- and microphysical properties of the cloud system during the ERLTC period based on 13-year CloudSat data. This is a complement work to our previous study [14,15,16,37] on ERLTC. It can help to understand the formation mechanisms of ERLTC from a cloud physical perspective as well as to validate the key parameters in cloud microphysical parameterization scheme for the simulation of typhoon. This study is also expected to provide new forecasting factors for ERLTC.
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Figure 1. Tracks (a) and frequency of each category (b) of tropical cyclones causing extreme rainfall during the time period 2006–2018. TD, tropical depression; TS, tropical storm; STS, severe tropical storm; TY, typhoon; STY, strong typhoon; SupTY, super typhoon. 
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Figure 2. Spatial distribution of the ERLTC intensity (mm day−1) affecting China 2006–2018 (a) and locations of extreme rainfall relative to the tropical cyclone centers (b). The coordinate origin in (b) represents the average location of the tropical cyclone center during the extreme rainfall. The X direction stands for the longitude (positive represents the east and negative represents the west) and the Y direction stands for the latitude (positive represents the north and negative represents the south). The circles denote the distances of 2°, 5°, and 9° to the tropical cyclone center. 
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Figure 3. Vertical distribution of temperature anomaly (Unit: °C) at radial distance from the center of TC at different stages of two days before (a), one day before (b), on the day (c), and one day after (d) the extreme rainfall occurred. The horizontal coordinate indicates the distance from the TC center and the vertical coordinate is the height. 
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Figure 4. Vertical distribution of radar reflectivity (Unit: dbz) at radial distance from the center of TC at different stages of two days before (a), one day before (b), on the day (c), and one day after (d) the extreme rainfall occurred. The horizontal coordinate indicates the distance from the TC center and the vertical coordinate is the height. 
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Figure 5. Distribution of occurrence probability from radar reflectivity in the TC inner core region (a-d), envelop region (e–h), and outer region (i–l) at different stages of two days before (a,e,i), one day before (b,f,j), on the day (c,g,k), and one day after (d,h,l) the extreme rainfall occurred. (Shaded, Unit: %). 
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Figure 6. Average frequencies (Unit: %)of 1–4-layer clouds at radial distance from the center of typhoon at different stages of two days before (a), one day before (b), on the day (c), and one day after (d) the extreme rainfall occurred. 
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Figure 7. Distribution of the two-dimensional frequency of cloud base height (Unit: km) and thickness (Unit: km) for single layer cloud (a,b,c), two-layer cloud (d,e,f), and multi-layer cloud (g,h,i) in the TC inner core region (a,d,g), envelop region (b,e,h) and outer region (c,f,i) on the day the ERLTC occurred. 
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Figure 8. Occurrence probabilities (Shaded, Unit: %) of different cloud types in the TC outer region (a–d), envelop region (e–h), and inner core region (i–l) at different stages of two days before (a,e,i), one day before (b,f,j), on the day (c,g,k), and one day after (d,h,l) the extreme rainfall occurred. Ci, As, Ac, St, Sc, Cu, Ns, and Deep refer to cirrus, altostratus, altocumulus, stratocumulus, cumulus, nimbostratus, and deep convective clouds, respectively. 
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Figure 9. Vertical distribution of average ice water content (Shaded, Unit: kg m−3) at radial distance from the TC center at different times of two days before (a), one day before (b), on the day (c), and one day after (d) the extreme rainfall occurred. The horizontal coordinate indicates the distance from the TC center and the vertical coordinate is the height. 
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Figure 10. Vertical distribution of averaged ice water content (Line, Unit: kg m−3) at the TC inner core region (red line), envelop region (blue line), and outer region (green line) at different stages of two days before (a), one day before (b), on the day (c), and one day after (d) the extreme rainfall occurred. 
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Figure 11. Vertical distribution of average ice particle number concentration (Shaded, Unit: L−1) at radial distance from the center of TC at different stages of two days before (a), one day before (b), on the day (c), and one day after (d) the extreme rainfall occurred. 
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Figure 12. Vertical distribution of average ice effective radius (Shaded, Unit: μm) at radial distance from the center of TC at different stages of two days before (a), one day before (b), on the day (c), and one day after (d) the extreme rainfall occurred. 
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Figure 13. Vertical distribution of averaged ice effective radius (Line, Unit: μm) at the TC inner core region (red line), envelop region (blue line), and outer region (black line) at different stages of two days before (a), one day before (b), on the day (c), and one day after (d) the extreme rainfall occurred. 
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Table 1. Products description of CSTC dataset used in this study.
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	Products
	Variables Description





	CS_2D_TC
	Storm center position, maximum wind, minimum SLP, shear, the angular distance and azimuth between the TC center and CloudSat overpass



	ECMWF-AUX
	ECMWF along track auxiliary variables, such as pressure, temperature, etc.



	2B-GEOPROF
	Cloud mask and radar reflectivity



	2B-CLDCLASS
	Cloud classification (cirrus, altostratus, altocumulus, stratocumulus, cumulus, nimbostratus, and deep convective clouds)



	2B-GEOPROF-LIDAR
	CloudSat CPR and CALIPSO Lidar cloud mask



	2B-CWC-RO
	Radar-only liquid and ice water content
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