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The rainfall in landfalling TC is not always correlated with the storm intensity. Some weak landfalling TCs could bring extremely heavy rainfall during and after landfall. Such extreme events are very challenging to operational forecasts and often lead to disasters in the affected regions. Tropical storm Rumbia (2018) made its landfall in Shanghai with weak intensity but led to long-lasting and increasing rainfall to East China. The asymmetric rainfall evolution of Rumbia during and after its landfall was diagnosed based on the fifth generation European Centre for Medium-Range Weather Forecasting (ECMWF) reanalysis (ERA5) data, the tropical cyclone (TC) best-track data, and rainfall observations from China Meteorological Administration (CMA). Results showed that Rumbia was embedded in an environment with a deep-layer (300–850 hPa) southwesterly vertical wind shear (VWS). The maximum rainfall mostly occurred downshear-left in its inner-core region and downshear-right in the outer-core region. The translation of Rumbia also contributed to the rainfall distribution to some extent, especially prior to and just after its landfall. The strong southwesterly-southeasterly summer monsoon flow transported water vapor from the tropical ocean and the East China Sea to the TC core region, providing moisture and convective instability conditions in the mid-lower troposphere for the sustained rainfall even after Rumbia moved well inland. The results also showed that the low-level convective instability and the deep-layer environmental VWS played an important role in deepening the inflow boundary layer and the redevelopment of the secondary circulation, thus contributing to the heavy rainfall in the northeast quadrant of Rumbia after its landfall. However, further in-depth studies are recommended in regard of the rainfall evolution in the weak TCs. This study further calls for a continuous understanding of the involved physical processes/mechanisms that are responsible for the extreme rainfall induced by landfalling TCs, which can help improve the rainfall forecast skills and support damage mitigation in the future.
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INTRODUCTION
Tropical cyclones (TCs) are synoptic systems that form over the tropical oceans by the energy supply from the underlying warm ocean. They display cyclonic circulations with low central pressure. TCs are one of the most destructive weather systems and often produce storm surge, strong winds, heavy rainfall, and severe flooding, inducing tremendous economic loss and deaths each year during and after landfall (Chen and Ding, 1979). According to Zhang et al. (2009), landfalling TCs in China always brought torrential rainfall to most coastal provinces and imposed great economic losses every year. Zhejiang Province got the most direct economic loss on average at 6960 million RMB Yuans per year, and Guangdong Province had the most significant number of landfalling TCs at 2.9 TCs per year on average. Therefore, it is important for China to accurately forecast rainfall induced by landfalling TCs. However, even though the TC track forecast has been improved continuously in the past decades, the skill in TC precipitation forecast is still low and far behind the track forecast (Yu et al., 2020). Wang et al. (2012) showed that the threat score (TS) of a 24-h forecast for 25 mm-rainfall in landfalling TCs over China was only 0.2. Hence, TC rainfall forecasts remain challenging because precipitation processes associated with landfalling TCs are complicated and involve multi-scale interactions (Yu and Wang 2018).
The regions suffering from TC rainfall are largely determined by the rainfall distribution in the TC circulation. The spatial distribution of rainfall in TCs is particularly important for rainfall forecast (Yu et al., 2015). The rainfall distribution in a TC can be decomposed into a wavenumber-0 component or the axisymmetric component and a series of lower-wavenumber components (Lonfat et al., 2004). Many efforts have been devoted to revealing the mechanisms of the asymmetric rainfall distribution (Rogers et al., 2003; Lonfat et al., 2004; Chen et al., 2006; Lonfat et al., 2007; Wingo and Cecil 2010; Reasor et al., 2013; Jiang and Ramirez 2013). Environmental vertical wind shear (VWS) is widely known as one of the important factors affecting TC rainfall asymmetric distribution, which is defined as the vector difference of the horizontal winds averaged within a radius such as 500 km between 200 and 850 hPa. Results from statistical and composite analyses indicate that heavy rainfall is mainly located downshear-left in the inner-core region and downshear-right in the outer-core region in a TC (Chen et al., 2006; Reasor et al., 2013). The TC translation is another important factor affecting TC rainfall distribution. Chen et al. (2006) found that heavy rainfall often occurs in the front quadrants of the storm center in the low shear environment, and when the direction of VWS is the same as that of TC translation, the TC would have the largest rainfall asymmetry. Previous studies also found that interactions between a TC and its other surrounding environments, such as an upper-level jet, monsoon flow, and a mid-latitude trough, may impose significant impacts on rainfall intensity and distribution in TCs as well (Atallah et al., 2007; Deng and Ritchie, 2020; Meng and Wang 2016a; Meng and Wang 2016b).
Most of the previous studies mentioned above have mainly focused on TC rainfall distribution over open oceans. The complex underlying surface forcing and interactions, such as inland water surface, terrain, and mesoscale convective activities, may play significant roles in shaping rainfall distribution in a landfalling TC (Yu J. et al., 2010; Yu et al., 2017). The asymmetric rainfall distribution in landfalling TC is closely related to the asymmetric convergence and vertical motion associated with the surface friction, forcing due to environmental VWS, and the asymmetric distribution and transport of environmental water vapor, or the embedded convective system (Shapiro 1983; Chen and Yau 2001; Yu et al., 2015, 2017). For example, Yu et al. (2017) examined the relationship between TC intensity and rainfall distribution in landfalling TCs over China. They found that the rainfall axisymmetry is closely related to the landfalling TC intensity. Stronger TCs have higher rain rates and higher amplitude of axisymmetric rainfall in general, while rapid decaying TCs show the most rapid decrease in total rainfall and axisymmetric rainfall relative to the total rain. Nevertheless, it is not the case for the maximum rain rate. Feng and Shu (2018) reported no significant relationship between TC intensity and rainfall frequency in the outer-core region, and heavy rainfall may also result from weak TCs due to the influence of VWS.
Some studies have been devoted to understanding torrential rainfall processes induced by individual landfalling TCs. For example, Tropical Storm Bilis (2006) made landfall in Zhejiang Province of China, and remained inland for days and produced excessively heavy rainfall, causing at least 843 deaths and a direct economic loss of up to five billion U.S. dollars (Deng et al., 2017). The heavy rainfall commenced after about 7 h after landfall and occurred about 400 km southwest of the circulation center. The southwesterly monsoon flow was the major carrier of water vapor and energy. The cold air intrusion from the northwest in the lower troposphere helped release the potential instability energy, triggered convective activities and substantially enhanced the rainstorm intensity (Kang et al., 2008). Yu Z. et al. (2010) demonstrated that the environmental VWS largely triggered the rainfall asymmetries in Bilis. Jiang et al. (2008) compared the rainfall resulting from Tropical Storm Isidore (2002) and Category-1 Hurricane Lili (2002) based on satellite observations and found that Isidore produced a much larger total volumetric rainfall in the same area both over the open gulf and during landfall. Tropical Storm Swan (2009) is another weak landfalling TC making landfall in Guangdong Province of China and producing extremely heavy rainfall. Huang et al. (2010) claimed that the torrential rainfall associated with Swan was mainly due to strong convergence and water vapor transport from the Bay of Bengal. Tropical Strom Goni (2015) and Super Typhoon Shanshan (2006) shared similar tracks, but Goni brought more than 100 mm rainfall from southern Jiangsu Province to northern Zhejiang Province of China while rainfall from Shanshan was below 30 mm. That was because Goni had a more stable upper-level trough and continuous water vapor supply (Cao et al., 2018).
Rumbia (2018) was another weak TC, which made its landfall in Shanghai, China at 2004 UTC on August 16, 2018. This is a case worthy of being studied because only a very small part of TC cases made their landfalls north of Zhejiang Province, China, in the past 3 decades. Besides, the rainfall kept increasing after landfall while the TC was continuously weakening. After landfall, Rumbia moved inland and induced heavy rainfall and severe flooding along its track in East China. At about 1800 UTC on 18 August, Rumbia tracked northeastward and transited into an extratropical cyclone at about 0000 UTC on 20 August. The rainfall brought by Rumbia kept increasing while Rumbia was weakening. The heavy rainfall in Rumbia was mostly located on the right of its track, causing a great loss of human lives and property.
The primary goal of this study is to reveal the physical process of asymmetric precipitation evolution in Rumbia (2018) during and after its landfall. The study focuses on the rainfall evolution right after Rumbia just made landfall but before it turned to its northeastward movement. The rest of the paper is organized as follows. The data used are described in Data and Methods. Main results are discussed in Results, including an overview of Rumbia’s rainfall and the synoptic evolution and the diagnostic analysis of the related dynamic and thermodynamic processes. Conclusions are summarized in the last section.
DATA AND METHODS
The hourly gauge-radar-satellite merged precipitation data from China Meteorological Administration (CMA) with a spatial resolution of 0.05° × 0.05° were used to give an overview of observed rainfall evolution of Rumbia. The three-hourly TC best-track data, which include the intensity and central location (longitude and latitude) of the TC, were obtained from the Shanghai Typhoon Institute of CMA (STI/CMA).
The fifth generation European Centre for Medium-range Weather Forecasting (ECMWF) global reanalysis (ERA5, 0.25°, 1-hourly, Hersbach et al., 2020) dataset. ERA5 is based on the Integrated Forecasting System (IFS) Cy41r2 (which was operational in 2016) and benefits from a decade of developments in model physics, core dynamics and data assimilation. Since this study focuses on the rainfall evolution in Rumbia, we compared the precipitation from ERA5 with observations. Results showed that although ERA5 shows considerable discrepancies in precipitation over ocean prior to landfall of Rumbia, it captures well the temporal evolution and spatial distribution of precipitation over land in observations (Figure ignored). This indicates that ERA5 can be used to examine the synoptic evolution associated with the precipitation process in Rumbia after landfall. The ERA5 data used here has the horizontal resolution of 0.25° × 0.25° with 1-h intervals at 23 pressure levels (1,000, 975, 950, 925, 900, 875, 850, 825, 800, 775, 750, 700, 650, 600, 550, 500, 450, 400, 350, 300, 250, 225, and 200 hPa), which includes geopotential height, zonal and meridional components of horizontal winds, vertical motion, temperature, relative humidity, potential vorticity, and boundary layer height.
RESULTS
An Overview of Rumbia (2018)
Rainfall Evolution
Figure 1A shows the observed rainfall distribution of Rumbia accumulated from 0600 UTC 14 to 1800 UTC 20 August in 2018. Rumbia intensified prior to its landfall, with the central pressure reaching the minimum of about 982 hPa and the maximum sustained 10-m wind speed of 25 [image: image] (Figure 1B). Rumbia produced a large amount of precipitation after its landfall at 2000 UTC on 16 August although its intensity just reached strong tropical storm at landfall and soon weakened to a tropical storm after landfall. By about 1800 UTC 18 August, Rumbia turned its motion from northwestward to northeastward and then weakened into a tropical depression. At about 0000 UTC 20 August, Rumbia entered the Bohai Sea and transited into an extratropical cyclone. The rainfall induced by Rumbia was enhanced after landfall, with the heavy rainfall always located to the right of its track and kept increasing as it moved further inland (Figure 1A). In this study, we will mainly focus on the heavy rainfall after landfall when Rumbia moved northwestward but before it turned northeastward.
[image: Figure 1]FIGURE 1 | (A) Observed storm track (solid line) and accumulated total rainfall (shading, mm). (B) Observed evolution of the central pressure (blue polyline, hPa) and maximum 10-m height wind speed (red polyline, m/s) from 0600 UTC 14 (1406, in the form of ddhh on the x-axis) August to 1800 UTC 20 (2018, in the form of ddhh on the x-axis) August 2018.
Figure 2 shows the observed 6-hourly total rainfall evolution during and after landfall of Rumbia. Before Rumbia made landfall in Shanghai, only scattered rainfall appeared over the East China Sea or even near the TC center (Figure 2A). At 2000 UTC on 16 August, when Rumbia made landfall, the rainfall strengthened compared to that 6 h ago but was still distributed discretely (Figure 2B). The rainfall area quickly enlarged from 0200 to 1400 UTC on 17 August (Figures 2C–I). At 0800 UTC on 17 August, the heavy rainfall mainly occurred in the northeast quadrant of Rumbia and kept increasing and became more concentrated afterward. The rainfall showed an obvious wavenumber-1 asymmetric distribution after landfall, particularly from 0800 UTC on 17 August (Figure 2D), which will be the focus of this study. This might be due to the influence of change in the environmental VWS as discussed extensively in many previous studies (e.g., Lonfat et al., 2004; Chen et al., 2006). The detailed analyses will be discussed below.
[image: Figure 2]FIGURE 2 | Evolution of the observed 6-hourly rainfall distribution (mm) at (A) 1,400, (B) 2000 UTC 16 August, (C) 0200, (D) 0800, (E) 1,400, (F) 2000 UTC 17 August, (G) 0200, (H) 0800, (I) 1400 UTC August 18, 2018.
Synoptic Evolution
The rainfall distribution and intensity in a TC is often largely affected by the large-scale environment the TC is embedded. Therefore, to understand the mechanism behind the heavy rainfall in Rumbia, we briefly discuss the synoptic evolution based on the ERA5 reanalysis. Figures 3A–F illustrate the evolutions of the 200-hPa geopotential height and wind fields after landfall of Rumbia. It can be seen that an upper-level jet appeared near 45°N to the north of Rumbia at 2000 UTC 16 August, which was far away from Rumbia, and thus its influence on the rainfall of Rumbia should be very limited. There was a weak divergent anticyclonic circulation at 200 hPa over Rumbia, which strengthened as the rainfall increased after the landfall of Rumbia.
[image: Figure 3]FIGURE 3 | Geopotential height (shading, 10 geopotential meters) and wind vectors (m s−1) at 200 hPa: (A) 2000 UTC 16 August, (B) 0200, (C) 0800, (D) 1,400, (E) 2000 UTC 17 August, (F) 0200 UTC August 18, 2018, and at 500 hPa: (G) 2000 UTC 16 August, (H) 0200, (I) 0800, (J) 1,400, (K) 2000 UTC 17 August, (L) 0200 UTC August 18, 2018.
An outflow jet to the northeast of Rumbia showed a strengthening after 0800 UTC on August 17. This outflow jet may reflect the enhanced convective heating related to the enhanced rainfall on one hand and increased the upper-level divergence and thus favorable for the rainfall enhancement on the other hand. Besides, a cyclonic circulation occurred near 30°N to the west of the outflow of Rumbia. The southwesterly flow to the southeast of the cyclonic circulation, together with the northeasterly outflow jet to the northeast of Rumbia in the upper troposphere, contributed to the establishment of a large-scale moderate southwesterly VWS over Rumbia. As we will discuss in the next subsection. And it was this VWS that was largely responsible for the observed rainfall asymmetry in Rumbia after its landfall.
Figures 3G–L display the evolution of the 500-hPa geopotential height and wind fields. On 2000 UTC 16 August, there was a weak western North Pacific subtropical high (WNPSH) to the north of Rumbia (Figure 3G). Rumbia moved northwestward inland along the southwestern edge of the WNPSH from 2000 UTC 16 to 0200 UTC 18 August. As a result of the existence of the WNPSH, the winds in the northeast quadrant of Rumbia were much larger than in the southwest quadrant, leading to a wavenumber-1 asymmetric structure in the wind fields in the mid-lower troposphere. Note that there was a new TC formed far away to the southeast over the western North Pacific, which seemed not to play any role in affecting the rainfall of Rumbia. As we mentioned earlier, the upper-level westerly jet in the midlatitude might not interact directly with Rumbia and thus should not affect the rainfall distribution of Rumbia. This is mainly because the jet seemed to be far away from the outflow of Rumbia (Figures 3A–F).
The possible interaction between a TC and the midlatitude system is often examined by the potential vorticity (PV) distribution (e.g., Wang et al., 2009; Meng and Wang 2016a,b). Here we also checked the evolution of the meridional and vertical cross-section of PV through the center of Rumbia corresponding to the synoptic evolution with the results shown in Figure 4. We can see that Rumbia was characterized by a high PV column up to 200–300 hPa from the lower troposphere. The downward dip contours of potential temperature in the high PV column indicates the warm core structure of Rumbia. This seems to suggest that although Rumbia was a strong tropical storm at landfall and weakened to a tropical storm in the study period, it showed the feature of a typical TC. The high PV in the upper troposphere far to the north was associated with the mid-latitude westerly trough, which was well isolated from the high PV of Rumbia, further suggesting that the mid-latitude interaction might be secondary to the heavy rainfall of Rumbia at least before August 18. At the same time, from Figures 4G–L, we can prove that the high PV was also far from the TC center and did not have a noticeable contribution to the storm’s heavy rainfall.
[image: Figure 4]FIGURE 4 | South-north (A–F) and west-east (G–L) vertical cross-sections of potential vorticity (shading, PVU) and potential temperature (contours, K) across the center of Rumbia: (A, G) 2000 UTC 16 August, (B, H) 0200, (C, I) 0800, (D, J) 1,400, (E, K) 2000 UTC 17 August, (F, L) 0200 UTC August 18, 2018.
Effects of Vertical Wind Shear and Storm Motion
As mentioned earlier, rainfall in Rumbia after landfall shows an asymmetric distribution, which was dominated by the wavenumber-1 structure. Similar wavenumber-1 rainfall distribution in landfalling TCs over China has been extensively studied in previous studies (Yu J. et al., 2010; Yu et al., 2015; Meng and Wang 2016a). Several factors responsible for the observed rainfall asymmetries have been identified, including the land-sea contrast, translation of the TC, and environmental VWS. In the Rumbia case, the rainfall near the landfall did not show a systematic rainfall asymmetric distribution. This seems to suggest that the land-sea contrast is secondary to the observed rainfall asymmetric distribution in Rumbia, in particularly after its core moved inland. Therefore, we will focus on the analysis of the effects of environmental VWS and the translation on the rainfall asymmetry in Rumbia first.
Figure 5 shows the hourly environmental VWS evolution in three different vertical layers, that is 200–850 hPa, 300–850 hPa, and 500–950 hPa VWSs. The environmental VWS was defined as the difference of wind vectors averaged within a radius of 500 km from the TC center between two given levels (e.g., 300—850 hPa VWS is defined as the difference of wind vectors averaged within a radius of 500 km from the TC center between 300 hPa and 850 hPa). In previous studies, 200–850 hPa VWS is always used to diagnose rainfall distribution, and heavy rainfall often occurs downshear-left in the inner-core region and downshear-right in the outer-core region (e.g., Chen et al., 2006). Because Rumbia was a relatively weak TC with shallower convection than an intense TC, 300–850 hPa VWS is given here as well as 200–850 hPa VWS. In addition, a weak TC is often shallower with a weaker and lower warm core, and the lower-layer shear (e.g., 1.3–5.8 km) might be more likely to affect the TC intensity (Finocchio et al., 2016; Fu et al., 2019). Therefore, we also examined the lower-level VWS between 500–950 hPa.
[image: Figure 5]FIGURE 5 | Time evolution of environmental VWS magnitude (A) and direction (B) in different vertical layers over Rumbia. Here the VWS is defined as the difference between the horizontal mean wind vector averaged within a radius of 500 km from the storm center at two given pressure levels.
We can find in Figure 5A that after 0600 UTC 17 August, the 500–950 hPa VWS was relatively stable while the rainfall distribution varies greatly, suggesting that the lower-level VWS had very limited influence on the rainfall evolution in Rumbia. The 300–850 hPa and 200–850 hPa VWS shared a similar tendency, and the deeper VWS was 3 m s−1 larger at most. As we can see from Figure 5B, although the shear magnitude varied with time during the study period, the shear direction was very stable. The deep-layer environmental VWS was northeasterly between 300–850 hPa and 200–850 hPa. Since the rainfall in Rumbia was scattered in the early stage after landfall and then concentrated in the northeast quadrant in the inner-core region, the southwesterly VWS must have contributed the most to the rainfall distribution, consistent with the conclusion of Chen et al. (2006).
To further examine the relationship between the TC rainfall and the environmental VWS, we analyzed the hourly rainfall distribution, storm motion vector, and 300–850 hPa VWS. Figure 6 gives the hourly rainfall evolution from 1400 UTC 16 to 0100 UTC 17 August. As we can see, the environmental VWS was small (less than 5 m s−1), and the TC translational speed showed an apparent acceleration as Rumbia was approaching the coast. By 1900 UTC 16 August, the rainfall occurred mainly to the north of Rumbia along the coastline, and scattered over the sea, suggesting that the land-sea contrast dominated the rainfall distribution when Rumbia moved toward the land. Many previous studies indicate that some intense outer convective spiral bands may form ahead of the TC center when it approaches the land (e.g., Parrish et al., 1982). When interacting with the inner core, such enhanced convective bands may interact with the inner core and accelerate the TC motion (Willoughby 1992). In the Rumbia case, we can find that as Rumbia moved across the coastline, the translational speed increased to reach 11.8 m s−1 at 2100 UTC 16 August after landfall. This is consistent with the finding in Chen and Yau (2001) and Willoughby (1992).
[image: Figure 6]FIGURE 6 | Hourly rainfall evolution (shading, mm) at (A) 1,400, (B) 1,500, (C) 1,600, (D) 1700, (E) 1800, (F) 1900, (G) 2000, (H) 2,100, (I) 2,200, (J) 2300 UTC 16 August, (K) 0000 (L) 0100 UTC 17 August. Grey dashed concentric circles are 150, 300, and 500 km from the storm center. Black arrows and numbers denote the storm motion vectors and speeds (m s−1). Blue arrows and numbers refer to the directions and magnitudes (m s−1) of the deep layer VWS between 300 and 850 hPa. The cyclone symbol indicates the storm center at the given time.
Figure 7 shows the temporal evolution of the variables mentioned above from 0200 to 0700 UTC 17 August. The environmental VWS increased during this period while the TC translational speed decreased to some extent. By 0400 UTC 17 August, rainfall occurred not only downshear-left, but also downshear right in the inner-core region, and rainfall even occurred in the upshear-left quadrant in the outer-core region. From 0500 UTC on 17 August, the downshear-right rainfall in the inner-core region gradually weakened and eventually disappeared. The rainfall distribution began to display an obvious wavenumber-1 asymmetric structure in the inner-core region, with the heavy rainfall occurring downshear-left in the inner-core region while downshear-right in the outer-core region in terms of the deep-layer environmental VWS. This seems to suggest that from 0500 UTC on 17 August, the 300–850 hPa VWS dominated the rainfall asymmetric distribution in Rumbia after its landfall (Figure 5), consistent with many previous studies as mentioned earlier.
[image: Figure 7]FIGURE 7 | Same as Figure 6, but at (A) 0200, (B) 0300, (C) 0400, (D) 0500, (E) 0600, (F) 0700, (G) 0800, (H) 0900, (I) 1,000, (J) 1,100, (K) 1,200, (L) 1300 UTC 17 August.
During the 6 h period from 0900 to 1,400 August 17 (Figures 7H, 8A), a rainband developed in the southeast quadrant in the outer-core region and spiraled cyclonically inward and connected to the heavy rainfall in the inner core. The rainband possessed a quite stable pattern and intensified and elongated further outward in the upwind section. The stable evolution of the rainband was consistent with the quasi-steady evolution of the environmental VWS. The spiral rainband featured the quasi-stationary primary rainband in a TC embedded in a sheared environment, as discussed in Willoughby et al. (1984) and Li et al. (2017). Note that the TC translational speed was relatively large at 0800 UTC on 17 August, but decreased and almost remained unchanged at the speed of about 5.6–6.2 m s−1 during this period. This suggests that although the translation of the storm might also contribute to the rainfall asymmetry, the environmental VWS dominantly controlled the asymmetric rainfall distribution, in particular the development of the quasi-steady primary rainband in the Rumbia case.
[image: Figure 8]FIGURE 8 | Same as Figure 6, but at (A) 1,400, (B) 1,500, (C) 1,600, (D) 1700, (E) 1800, (F) 1900, (G) 2000, (H) 2,100, (I) 2,200, (J) 2300 UTC 17 August, (K) 0000, (L) 0100 UTC August 18.
The deep-layer environmental VWS experienced a considerable weakening from 1,400 to 1900 UTC on 17 August, although the low-level shear showed little change (Figure 5A). As the deep-layer VWS was gradually weakening, the spiral rainband outside of 300 km radius from the storm center also experienced a drastic weakening and faded away quickly in an hour or so (Figures 8A–F). The rainfall mainly occurred to the north of the storm center and was still located to the right of the storm track and downshear-left of the environmental VWS. Note that the rainfall was distributed in an arc-shaped band mainly between radii of 150–300 km. In the meantime, some rainfall appeared near the storm center but became less organized after 1,600 August 17.
From 2100 UTC 17 August to 0100 UTC 18 August, the deep-layer VWS showed a slight increase with time, and the rainfall extended a little bit more northeastward with several rainband segments developed in parallel (Figures 8H–L). With the increasing deep-layer VWS and the slowing down of the storm motion, relatively strong rainfall appeared in the inner-core region downshear-left again, indicating that the deep-layer VWS played a critical role in shaping the rainfall pattern during this period. The persistent downshear-left rainfall pattern with heavy rainfall further away from the storm center resulted in the accumulated heavy rainfall region some distance from the storm track, as we can see from Figure 1A. After the storm further slowed down and turned northeastward, strong rainfall remained to the northeast quadrant, or downshear-left and right-front of the storm motion (Figure 1A).
Water Vapor Supply
One of the necessary conditions for heavy rainfall induced by landfalling TCs (and also any other weather systems) is the water vapor supply. Therefore, it is important to examine the water vapor transport following the storm. Here, we analyzed the moisture conditions first and then the water vapor flux and water vapor flux divergence in the Rumbia case. This may help identify the water vapor sourses of heavy rainfall induced by Rumbia. Figures 9A–F show the relative humidity and horizontal wind fields, both averaged in the lower troposphere between 700 and 1,000 hPa. The lower tropospheric relative humidity in the inner-core region of Rumbia was very high, mostly over 95% or even nearly saturated near the storm center, in particular in the region with heavy rainfall. An interesting feature is the strong southwesterly-southeasterly monsoon flow with relatively high relative humidity to the southeast and northeast of the storm center, which can be traced upstream to the tropical western Pacific and South China Sea. This indicates that moisture transport by the monsoon flow is key to the water vapor supply to the rainfall of Rumbia.
[image: Figure 9]FIGURE 9 | The evolution of the lower tropospheric relative humidity (shading, %) and wind vectors (m s−1), both averaged between 700 and 1,000 hPa: (A) 2000 UTC 16 August, (B) 0200, (C) 0800, (D) 1,400, (E) 2000 UTC 17 August, (F) 0200 UTC August 18, 2018. The lower tropospheric water vapor flux (arrows, m−1 Pa−1 s−1) and vapor flux divergence (shading, m −2Pa−1), both averaged between 700 and 1,000 hPa: (G) 2000 UTC 16 August, (H) 0200, (I) 0800, (J) 1,400, (K) 2000 UTC 17 August, (L) 0200 UTC August 18, 2018. The cyclone symbol indicates the storm center at the given time.
To illustrate the water vapor transport more explicitly, we show the water vapor flux and vapor flux divergence, both were averaged between 700 and 1,000 hPa in Figures 9G–L. Consistent with the evolution of the layer averaged relative humidity and wind distributions in the lower troposphere, the water vapor flux and the vapor flux divergence fields show the major water vapor transport channel toward the storm’s inner-core region with vapor flux convergence in the areas with high relative humidity. Particularly, the large vapor flux convergence is consistent with the large rainfall to the northeast quadrant of the storm or downshear-left (Figures 7, 8). Note that as the storm moved inland, the main water vapor transport channel was always strong in the southeast and northeast quadrants of the storm. In addition, a narrow vapor flux convergence zone corresponds to the primary spiral rainband discussed earlier in the 6 h from 0800 UTC August 17 (Figures 9I,J). In addition to the effect of the environmental VWS, the formation of the rainband seemed also to substantially contributed by the topographic effect since the spiral rainband was close to the terrain along the southeastern coastal region of China. After Rumbia moved further inland, the water vapor supply to the rainband was cut off and the rainband weakened (Figure 9J). Nevertheless, the result suggests that the transport of water vapor by the southwesterly and southeasterly monsoon flow provided the necessary moisture conditions not only to the heavy rainfall downshear-left but also to the rainfall in the primary spiral rainband associated with Rumbia. The latter was obviously forced by not only the environmental VWS but also the orographic effect in Southeast China.
Convective Instability
Convective instability is key to convection and convective rainfall. Several measures are often used to imply the convective instability, including the convective available potential energy (CAPE), minimum in equivalent potential temperature in the mid-troposphere. We first examined the evolution of CAPE distribution in Figure 10. In general, high CAPE was located over the tropical ocean and in the coastal region along Southeast China. Although the CAPE was not high in the inner-core region of Rumbia, the CAPE was relatively high to the southeast of the storm center, namely upstream of the rainfall region or in the downshear-right quadrant. This strongly suggests that high CAPE air with high moisture content was transported to the rainfall region, where the CAPE was quickly consumed by deep convection. Figure 11 gives the vertical cross-section of equivalent potential temperature averaged in an annulus between the radii of 150 and 300 km from the storm center. This annulus mean was chosen to illustrate the difference in the vertical structure of convective stability in different quadrants of the storm. At the time of landfall and shortly after landfall of Rumbia, the equivalent potential temperature was relatively low in the lower troposphere in both the northwest and southwest quadrants while relatively high in both the southeast and northeast quadrants (Figures 11A–D). As Rumbia moved further inland, the equivalent potential temperature became much lower to the west of the storm, mainly because of the dry air intrusion from the north (Figures 11E,F). To the northeast-east of the storm center, the lower troposphere in which the equivalent potential temperature decreased with increasing height shows weak convective instability (Figures 11D–F). The evolution of equivalent potential temperature is generally consistent with the horizontal distribution in CAPE shown in Figure 10.
[image: Figure 10]FIGURE 10 | Convective Available Potential Energy (CAPE, shading, J kg−1) with the deep layer VWS vectors given at the storm center (red arrows): (A) 2000 UTC 16 August, (B) 0200, (C) 0800, (D) 1,400, (E) 2000 UTC 17 August, (F) 0200 UTC August 18, 2018. The cyclone symbol indicates the storm center at the given time. The red arrows and numbers show the 300–850 hPa VWS directions and magnitudes (m s−1).
[image: Figure 11]FIGURE 11 | The vertical cross-section of equivalent potential temperature (shading, K) averaged in an annulus between the radii of 150 and 300 km from the storm center: (A) 2000 UTC 16 August, (B) 0200, (C) 0800, (D) 1,400, (E) 2000 UTC 17 August, (F) 0200 UTC August 18, 2018.
Since the convective instability occurred mainly in the northeast quadrant of the storm, it is our interest to see the radial variation of convective instability in the northeast quadrant. Figure 12 shows the evolutions of the quandrant-mean equivalent potential temperature and its vertical gradient ([image: image]). We can see that the region within about 200 km from the storm center shows a convectively stable layer near 950 hPa while the region outside the radius of 200 km was convectively unstable below 600 hPa in the mid-lower troposphere at the time of and shortly after the landfall of Rumbia (Figures 12A–C). Although the convective instability weakened somehow in the 6-h period from 08 UTC to 14 UTC 17 August, it strengthened again afterwards (Figures 12E,F) and could contribute to the enhancement of rainfall in the northeast quadrant as shown in Figure 8. The maintenance of convective instability in the northeast quadrant could be attributed to the warm and moist air transported from the warm tropical ocean as discussed in the last subsection.
[image: Figure 12]FIGURE 12 | Vertical-radius cross section of equivalent potential temperature (contours, K) and its vertical gradient (∂ϑe/∂z) (shading, K/m). Both averaged in the northeast quadrant of the storm: (A) 2000 UTC 16 August, (B) 0200, (C) 0800, (D) 1,400, (E) 2000 UTC 17 August, (F) 0200 UTC August 18, 2018.
The Secondary Circulation
The secondary circulation is key to both the intensity and heavy rainfall in a TC. Although being main driven by both boundary layer dynamics and diabatic heating in the eyewall for a well-developed TC, the secondary circulation in a weak and landfalling TC often does not develop well (e.g., Yu Z. et al., 2010). We have already discussed the evolution of environmental VWS and convective instability during and after the landfall of Rumbia above. We found that the northeast quadrant was convectively unstable in the mid-lower troposphere and Rumbia was mostly embedded in a deep-layer southwesterly VWS after its landfall. It is our interest to further examine the evolution of the secondary circulation in the northeast quadrant and its connection to the rainfall. Note that the resolution of the reanalysis data was not high enough to fully resolve the secondary circulation in a TC. However, Rumbia did not develop a compact inner-core structure and kept a tropical storm intensity at its landfall. Therefore, we examined the secondary circulation in the northeast quadrant of Rumbia based on the ERA5 reanalysis.
Figure 13 shows the radial wind and vertical motion averaged in the northeast quadrant, where the heavy rainfall occurred after Rumbia made landfall over East China. At the time of landfall, the secondary circulation in the northeast quadrant of Rumbia shows a deep inflow layer through the troposphere, but the upward motion was broad and quite weak. The maximum inflow occurred in the boundary layer between 200 and 300 km radii from the storm center with the maximum upward motion in the upper troposphere (Figure 13A). Note that the deep-layer environmental VWS between 300 and 850 hPa was quite weak at the time when Rumba made its landfall but substantially increased thereafter as it moved inland shortly after landfall (Figure 5). The secondary circulation in the northeast quadrant shows an inward shift of the maximum inflow in the boundary layer with substantially enhanced upward motion (Figures 13B–D). This suggests that the environmental VWS played a critical role in forcing the secondary circulation in the downshear quadrant of Rumbia during this time period when environmental VWS increased. Note that although the rainfall distribution shows two separate rainfall regions: one near the storm center and one near the radius of 200 km from the storm center in the northeast quadrant (Figure 8A), the secondary circulation based on the coarse resolution reanalysis data could not reflect the separate vertical motion center associated with the two separate rainfall regions (Figures 13C,D).
[image: Figure 13]FIGURE 13 | Northeast quadrant mean radial wind (shading, m s−1) and vertical motion (contours, m s−1): (A) 2000 UTC 16 August, (B) 0200, (C) 0800, (D) 1,400, (E) 2000 UTC 17 August, (F) 0200 UTC August 18, 2018.
From 1400 UTC 17 August, the secondary circulation in the northeast quadrant shows some weakening with the maximum inflow and upward motion shifting radially outward compared with the previous 12 h. The inflow layer also became shallower compared with that of the previous 6 h (Figures 13E,F). This change is roughly consistent with the weakening of rainfall near the storm center and the slightly outward shift of the rainband near the radius of 200 km mentioned above (Figure 8). During this time period, the deep-layer environmental VWS experienced some weakening (Figure 5) but remained still relatively strong, indicating that the environmental VWS still dominantly controlled the asymmetric structure of vertical motion and rainfall of Rumbia.
Zhang et al. (2013) found that the boundary layer is higher in the downshear side for a TC embedded in deep-layer environmental VWS. Ren et al. (2019) pointed out a front-rear asymmetric distribution of the TC boundary layer height. Since the depth of the inflow layer varied greatly in Rumbia after landfall (Figure 13), partially due to the variation of environmental VWS, we also looked at the evolution of the boundary layer height during the same time period. Figure 14 presents the distribution and evolution of the boundary layer height. At the time of landfall, the deep-layer environmental VWS was very weak while the storm moved northwestward, and the boundary layer was high to the right of the storm track, mainly over the ocean (Figure 14A). With the rainfall increasing, the boundary layer showed to the right front of the storm motion, now mainly over the land (Figure 14B). As the deep-layer VWS increased and the storm turned to the west-southwest, the area with a relatively high boundary layer increased and appeared still to the right of the storm track and also to the downshear and downshear left (Figure 14C). Finally, as the storm moved further inland and the decrease in the deep-layer VWS, the boundary layer became shallower to the right of the storm track and downshear-left while some increases appeared to the front and front-left of the storm motion (Figures 14E,F). The shallowing of the boundary layer seems to be consistent with the shallowing of the inflow boundary layer in the northeast quadrant as shown in Figures 13E,F. The above results are consistent with the finding of Reasor et al. (2013), who found that the boundary layer depth is higher where strong convection occurs. Therefore, it seems that the asymmetric distribution of the boundary layer height could be associated with the asymmetric distribution of convection.
[image: Figure 14]FIGURE 14 | Boundary layer height (shading, m): (A) 2000 UTC 16 August, (B) 0200, (C) 0800, (D) 1,400, (E) 2000 UTC 17 August, (F) 0200 UTC 18 August. Black arrows and numbers denote the storm motion vectors and speeds. Blue arrows and numbers refer to the directions and magnitudes of the deep layer VWS between 300 and 850 hPa.
DISCUSSION
Tropical Storm Rumbia (2018) resulted in long-lasting, heavy rainfall to East China after its landfall in Shanghai on August 16, 2018, although it had a weak intensity at its landfall. In this study, the ERA5 reanalysis data, the best-track TC data of STI/CMA, and rainfall observations from CMA were used to examine the rainfall evolution of Rumbia after its landfall. The ERA5 reanalysis was chosen because it captures the observed hourly rainfall evolution over land.
This study mainly analyzed the rainfall induced by Rumbia qualitatively. As illustrated in a schematic Figure 15, Rumbia was embedded in an environment with a deep-layer (300–850 hPa) southwesterly vertical wind shear. The translation of Rumbia also contributed to the inner-core rainfall distribution to some extent. The strong southwesterly-southeasterly summer monsoon flow (Figures 10–12) provided moisture, convective instability conditions, and some dynamical effect partially by modifying the VWS. The low-level convective instability and the deep-layer environmental VWS were important to the asymmetric rainfall evolution after landfall.
[image: Figure 15]FIGURE 15 | Schematic illustration of asymmetric rainfall evolution in Rumbia. The purple arrows indicate the 300–850 hPa VWS and 500–950 hPa VWS. The white arrow shows the TC translation direction. The black and red streamlines represent the 500 hPa environmental flow and the 850 hPa monsoon flow, respectively. The yellow area indicates the high energy air mass transported into the heavy rainfall region from the South China Sea and the western North Pacific by the low-level monsoon flow.
The use of relatively coarse resolution reanalysis data did not allow for a detailed quantitative budget analysis to understand the relative importance of various processes in controlling the observed rainfall distribution and evolution. In a future study, high-resolution numerical experiments can be conducted to simulate the rainfall of Rumbia and help quantify contributions of various physical and dynamical processes to the asymmetric rainfall distribution and understand the involved dynamical mechanisms. In particular, the short-lived primary rainband in the observation is another topic that could be further investigated. It is unclear whether the orographic effect or the land-sea contrast played any important roles in initiating and shaping the rainband. Also, we have only analyzed the possible rainfall processes before Rumbia turned northeastward. Observations showed that another period of heavy rainfall occurred after Rumbia turned northeastward. Therefore, future studies may also extend the analysis to the second rainfall period because the heavy rainfall also induced great economic loss in China.
CONCLUSION
Rumbia was embedded in an environment with a substantially increasing deep-layer southwesterly VWS during landfall. Compared to the VWSs in the layers of 200–850 hPa and 500–950 hPa, heavy rainfall occurred mostly downshear-left in its inner-core region and downshear-right in the outer-core region, relative to the 300–850 hPa VWS. In the study period, the heavy rainfall in the inner-core region was also located mainly to the right of the storm track, suggesting that the storm motion might also have contributed partly to the asymmetric rainfall distribution in Rumbia, especially when the VWS was very weak (<5 m/s) before its landfall.
The strong southwesterly-southeasterly summer monsoon flow over the western North Pacific transported warm and moist air from the tropical ocean and the East China Sea to the core region of Rumbia, providing moisture and convective instability conditions for the sustained rainfall even after Rumbia moved well inland. This low-level moist monsoon flow also caused VWS change and thus imposed an impact on TC precipitation, in addition to increasing convection instability in the TC rain area. Both the convective instability in the mid-lower troposphere and the deep-layer environmental VWS played important roles in deepening the inflow boundary layer and the development of the secondary circulation and the heavy rainfall in the northeast quadrant of Rumbia.
Such extreme events as in this study are very challenging to operational forecasts and often lead to disasters in the affected regions. Further in-depth studies are recommended in regard of the rainfall evolution in the weak TCs. This study further calls for an understanding of the involved physical processes/mechanisms that are responsible for the extreme rainfall induced by landfalling TCs, which can help improve the rainfall forecast skills and support damage mitigation in the future.
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