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Abstract

:

On 16 September 2018, the Yangtze River Delta (YRD) experienced heavy precipitation, with the local daily precipitation exceeding 250 mm. Using ERA5 reanalysis data and satellite observations from the GPM, we review this heavy rain event in terms of its meteorological triggers and water vapor transport. As the high-level water vapor produced by Typhoon Mangkhut continued to be transported northward, the precipitation in the YRD gradually increased, and stratus precipitation played a major role in this event. The high-level water vapor continued to be transported northward to the east of Taiwan Island without falling, so heavy precipitation did not appear to the east of Taiwan Island. In the present study, we suggest that the meteorological trigger of this event was mainly the gradual falling of ice particles moving northward from a high altitude. The high-level ice particles originated from the “water tower” at the center of Typhoon Mangkhut, which pumped low-level water vapor into the high-level water vapor. In general, the appearance of abnormal values of high-level water vapor transport is an important atmospheric disturbance related to heavy precipitation in the downstream areas of high-level wind, and the typhoon water tower can be used as an important forecast signal for long-distance heavy precipitation in China during the active typhoon period.
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1. Introduction


Tropical cyclones are important weather systems that has a significant impact on precipitation and can cause extensive damages to property [1]. In particular, in coastal areas, precipitation caused by typhoons accounts for a large portion of the total annual precipitation [2,3]. There are three types of typhoon precipitation: eye-wall precipitation, spiral rain bands precipitation, and long-distance precipitation [4]. The largest portion of the total precipitation is caused by the typhoon eyewall precipitation that is, the precipitation in the eyewall area [5,6,7], which is usually 30–50 km away from the center of the typhoon [8]. Several studies have shown that discrete spiral rainbands frequently appear in areas far away from the typhoon center [9]; these are usually located asymmetrically within 100–500 km of the center [10]. Therefore, simply studying the precipitation occurring within 500 km of the typhoon center cannot accurately capture the overall precipitation levels of a typhoon [10].



The long-distance precipitation of a typhoon usually refers to precipitation occurring about 1000 km away from the center of the typhoon [11]. Some studies have pointed out that topography plays an important role in such precipitation [12,13]. The specific topography of a region can promote the uplift of warm and humid air, causing adiabatic cooling and condensation and thereby enhancing precipitation, which is mostly short-term heavy precipitation [12,13,14,15,16]. The combination of frontal systems and tropical cyclones can also lead to heavy precipitation over long distances. Tropical cyclones provide water vapor transport, and frontal systems provide lift, with warm and humid air being lifted above dry and cold air. During the uplifting process, the water vapor in the air cools and condenses to cause rainfall, which is mostly continuous low-intensity rainfall, and creates large accumulated amounts of rainfall [17]. Furthermore, the upper-level jet system is also closely related to the long-distance rainfall of tropical cyclones. It can provide a better upper-level divergence for the development of local strong convections, thereby promoting the development of convection and causing local heavy precipitation [18,19]. Large-scale environmental variables, such as SST, vorticity, divergence and zonal winds, regulate the development of tropical cyclones and the priority areas for tropical cyclone occurrences, as well as having an important impact on typhoon-related long-distance heavy rainfall [20].



Regarding the water vapor transport of typhoons, many scholars have pointed out that it is mainly concentrated in the middle and low layers—that is, around 700 hPa [21,22]. In addition, water vapor transport can promote the production of precipitation, and the area where heavy precipitation occurs is often the convergence area of water vapor transport [18,23]. There are a few studies on typhoon upper-level water vapor transport, but a representative study of this phenomenon focuses on the rain belt precipitation occurring outside typhoons in Japan. In this study, the authors showed [24], through sensitivity experiments, that the southerly wind associated with TC enhances precipitation by moistening the middle and upper atmosphere. This study is a case study of Typhoon Melor, and the simulations only changed the amount of water vapor at different altitudes, but not the sports field. Additionally, as this typhoon case is very close to the westerly belt, this study may not be applicable to other typhoons. However, if there is sufficient water vapor in the upper layer, it will enhance the ice phase precipitation process (deposition and riming) [25].



Super Typhoon Mangkhut is the most violent typhoon to have hit the coastal areas of southeastern China in recent decades [26]. Typhoon Mangkhut formed a tropical depression over the northwestern Pacific Ocean on 7 September 2018 and moved roughly westward over the subsequent four days. It intensified into a super typhoon on 11 September [27,28]. Although super Typhoon Mangkhut weakened when it first made landfall, it still caused extensive damage to the coastal areas of southeastern China [29,30]. According to statistics, the direct economic loss exceeded USD 2.2 billion. From the 16th to the 18th of September, under the influence of “Typhoon Mangkhut”, the hourly rainfall exceeded 100 mm at many of the nearby stations (31° N, 121° E) [31]. From the GPM IMERG precipitation data (Figure 1a), it can be observed that there were mainly two rainfall centers in this rainstorm process: eyewall precipitation (23° N, 112° E) and long-distance precipitation (31° N, 121° E).



Research has pointed out that long-distance precipitation is related to factors such as water vapor transport in the middle and low layers of typhoons, cold air infiltration, atmospheric circulation, and terrain coordination [12,13,14,15,16]. However, although much research has been conducted in the field of typhoon precipitation, most studies only focus on the typhoon itself, which is usually confused with monsoon precipitation; they also focus on the water vapor transport occurring in the middle and low layers (below 700 hPa) of typhoons, and little attention is paid to high-level water vapor transport. Typhoons can cause air to move strongly upward for a longer period of time, resulting in continuous high-altitude water vapor transport, which makes this a very special type of transport. High-level water vapor transport may produce unique mechanisms that are different from monsoon precipitation; thus, in this paper, we study the long-distance precipitation caused by this unique high-level water vapor transport.



As can be seen from Figure 1a, under the influence of Typhoon Mangkhut, a significant amount of precipitation occurred in area A and area B. The yellow area with a daily precipitation exceeding 100 mm surpassed 50% of the total precipitation area, and the maximum daily precipitation exceeded 400 mm. The precipitation in area A corresponds to typhoon eyewall precipitation, and the precipitation in area B corresponds to typhoon long-distance precipitation, but there are other atmospheric processes involved.



As can be seen from Figure 1b, rain began in area B at around 06:00 on 16 September, and the rainfall intensity reached its first peak at 12:00 on the same day, when the average hourly rainfall in the area was about 10 mm. The second peak was reached from 18:00 to 20:00 on 16 September, when the average hourly rainfall in the area was about 18 mm. After 20:00, it dropped rapidly, and the average hourly rainfall of the area was greater than 12 mm for 6 h.




2. Materials and Methods


We used the GPM IMERG Final Precipitation L3 Half Hourly 0.1° × 0.1° V06 (GPM_3IMERGHH) data for the entire day of 16 September 2018, to provide the rain rate. This database uses the differential precipitation-relevant satellite passive microwave sensors in the GPM constellation and is fused to the rain rate estimated by the geostationary infrared (IR) satellite [32], and contains a total of 48 files. The acquisition time was 8 March 2020 and the acquisition address was https://disc.gsfc.nasa.gov/datasets/GPM_3IMERGHHE_06/summary?keywords=GPM_3IMERGHH_06 (accessed on 29 March 2022). The total amount of precipitation over the entire day was obtained by accumulating the files, and the hourly rainfall was obtained by adding them in pairs.



Based on the validation results compared to other rainfall estimation products, GPM IMERG has some advantages. For example, some studies have pointed out that GPM IMERG has a significant performance advantage over Version-7 post-real-time 3B42 (3B42V7). The gap between the two products is more significant at a sub-daily resolution [33,34]. Additionally, on the basis of the daily timescale of bias in comparison with the ground data, the IMERG product far outperforms the ERA-Interim products [35]. The difference occurs between level 3 and level 1 and 2, which are geophysical parameters that have been spatially and/or temporally resampled from level 1 or level 2 data. Additionally, the L3 product contains the IMERG Early, Late. and Final Run. The main difference between the IMERG Early and Late Run is that the Early product only has forward propagation (which essentially amounts to extrapolation forward in time), while the Late product has both forward and backward propagation (allowing interpolation). The Late Run product is computed about 14 h after the observation time, so sometimes a microwave overpass is not delivered in time for the Late Run product, but is subsequently introduced and can be used in the Final [24]. On the whole, the correlation coefficient (CC) of the IMERG products is 0.51–0.56, and the IMERG-FR has the best probability of detection (POD, 0.88), followed by IMERG-LR (POD, 0.84) and IMERG-ER (POD, 0.81) [36].



ERA5 is the fifth generation of the ECMWF atmospheric reanalysis of the global climate and is gradually replacing ERA Interim as the latest climate reanalysis service (Copernicus Climate Change Service (C3S), 2017). This data set is produced using 4DVar data assimilation and is closely associated with the excellence of the forecast products. Compared with the widely used ERA-Interim, ERA5 makes a number of improvements in the assimilation system and input observations (including precipitation) and has higher temporal and spatial resolutions. The product consists of hourly analysis fields on 37 pressure levels, from the surface to 1 hPa. We used the ERA5 data to provide the U-component of wind, V-component of wind, specific humidity, vertical integral of the northward water vapor flux, vertical integral of the eastward water vapor flux, and vertically integrated moisture divergence. The ERA5 data set, which covers data from 1979 to the present, is now available for public use. Detailed documentation and download information can be found at the ECMWF website (https://www.ecmwf.int/) (accessed on 29 March 2022).



Typhoon rainfall occurs in the Pearl River Delta (area A in Figure 1a) and the Yangtze River Delta (area B in Figure 1a). The rectangular area within the ranges 21° N–24° N and 111° E–114° E box corresponds to the A area, and the typhoon body precipitation appears in this area. Typhoon long-distance precipitation mainly occurs in the Yangtze River Delta region, which is delimited in the rectangular area selected within the 30–34° N and 120° E–124° E box corresponding to the B area. The box area shown in Figure 1 as the C area corresponds to the water vapor transport channel of the upper and lower layers and is located to the east of Taiwan Island. The boundary of the C area is obtained based on the distribution of abnormal values of water vapor transport obtained by ERA5 data processing.



According to the decomposition of physical quantities [37], we know that heavy rain is related to synoptic-scale disturbances, and the diurnal variation, seasonal cycle, and periodic variation of various time scales in atmospheric variables are related to climate change, e.g., the atmospheric changes caused by periodic forcings, such as solar radiation. Although these changes in the climate need to be recognized, they need not be forecasted, as what needs forecasting are disturbances relative to these rule changes.



Therefore, we physically decomposed meteorological elements, such as vertically integrated water vapor transport, stratified U and V wind, and stratified specific humidity. Thereby, the weather-scale disturbance was obtained. Taking the decomposition formula of zonal wind speed U as an example, the formula is as follows:



Wind speed U disturbance amount:


  U     λ , φ , t    Y *  = U     λ , φ , t    Y  −     U –  t   φ    −     U   φ , t      Y ′   



(1)






      U –  t   φ    =    ∑   τ = 1  N    U t    λ , φ , τ   / N  



(2)






      U   φ , t      Y ′  =    ∑   λ = 1  P   U     λ , φ , t    Y  / P −    ∑   τ = 1  N      ∑   λ = 1  P    U t    λ , φ , τ   /   N × P    



(3)




where   U     λ , φ , t    Y    refers to the current meteorological observation wind speed U field that changes with the longitude λ and the latitude φ from 1 January to t day in the Y year;       U –  t   φ      refers to the time-averaged spatial grid point wind speed U from the first year to the N year;       U   φ , t      Y ′    refers to the average value of the latitude circle at the current moment of historical observation, minus the daily average climate component of the latitude circle on the t day of the accumulated N years from the 1st year to the N year; and λ is the latitude circle as equidistant grid points from the first point to the last point P.



The vertical integration of the water vapor transport disturbance, the stratified UV wind, and the stratified specific humidity disturbance were processed according to the above method, and the stratified water vapor transport disturbance   Q ′   was obtained using the formula    Q ′  =  H ′  ×     U ′  2  +   V ′  2   2   , where    U ′     and     V ′    are the layered UV wind disturbances and   H ′   is the layered specific humidity disturbances 𝐻′.



In order to better highlight the extreme nature of this process, the ratio n of the disturbance quantity    Q ′      of stratified water vapor transport to the N year mean value of the stratified water vapor transport   Q ¯   was calculated as   n =  Q ′  /  Q ¯   .




3. Results


3.1. Circulation Background


This type of long-distance rainfall is the result of the interaction of typhoons and summer monsoons. From the 500 hPa circulation background (Figure 2), it can be observed that the summer monsoon retreated, but, under the influence of the typhoon, the southerly airflow was strengthened. There was a strong pressure gradient between the subtropical high pressure and the center of the typhoon’s low pressure, which caused strong wind speeds. Additionally, as the typhoon gradually moved to the northwest, the subtropical high pressure gradually retreated to the northeast. This caused the water vapor conveyor belt to rise north.



From the 850 hPa circulation background (Figure 3), it can be seen that there was a strong wind speed more than 12 h before the precipitation event, and the high wind speed also transported water vapor from the South China Sea and other places to the periphery of the Yangtze River Delta [38].




3.2. Water Vapor Transport


The water vapor transport parameter has a positive value in the case of moisture that spreads out or diverges, and a negative value in the opposite case—that is, for moisture that concentrates or converges (convergence). High negative values of this parameter may be related to the intensification of precipitation and floods [32]. We can see that there were high negative values in the Yangtze River Delta (Figure 4). Figure 4 shows that there was a strong convergence of water vapor in that area, resulting in heavy precipitation.



We suggest that the precipitation in area B is the result of the combined action of typhoons and other atmospheric processes. This can be explained by the background circulation. The water vapor transport of typhoons, the topographic uplift of the Yangtze River Delta, and the increase in the condensation nuclei caused by the increase in aerosols all had an impact on precipitation, indicating that other atmospheric processes also affect this precipitation process.



From 0:00 on 15 September to 12:00 on 16 September, Typhoon Mangkhut moved in the west–north direction under the influence of the air flow guided by the southwest side of the subtropical high pressure [30]. The center of the typhoon moved from 18.1° N, 120.7° E to 22° N, 111.6° E. From Figure 5, we can see the change in the whole-layer water vapor transport disturbance during the typhoon movement. At 0:00 on 15 September, the center of the typhoon was located in the eastern part of the Bashi Channel. Due to the topography of the Central Mountains in Taiwan Island, the southeast airflow of the Bashi Channel reached Taiwan Island and was blocked by the mountains, forming a southeast jet with the maritime subtropical high pressure, heading toward East China and transporting water vapor to the area [18]. Precipitation occurred on the southeastern side of the Taiwan Island Mountains, and the water vapor was blocked. The water vapor transport value of the whole layer decreased in the central part of Taiwan Island, forming two high value areas in the south and north (Figure 5a). At 12:00 on 15 September, as the typhoon continued to move northwestward, a sub-maximum water vapor transport area was formed in northern Taiwan Island, with a maximum value exceeding 800 kg/m/s (Figure 5b).



At 0:00 on 16 September, Typhoon Mangkhut was close to making landfall in the Pearl River Delta. The central circulation of the typhoon continued to move away from Taiwan Island, beginning to move eastward, and the second maximum value of water vapor transport remained above 400 kg/m/s (Figure 5c). At 12:00 on 16 September, Typhoon Mangkhut landed in Guangdong Province. The water vapor transport high-value area on the northeastern side of Taiwan Island was completely separated from the typhoon body, and continued to move northward, with the shape becoming more slender. At this time, the maximum value dropped to 200–400, but the area was further expanded, exceeding 36,000 km2 (Figure 5d).



The water vapor transport disturbance of 800–1600 kg/m/s far exceeds the seasonal average (monsoon factor) water vapor transport, which is usually 200–400 kg/m/s [39,40,41]. Common typhoons are often 400–800 kg/m/s, and rarely exceed 1000 kg/m/s [40,42]. Therefore, the high-value area of water vapor transport on the north side separated by the topography continued to move northward, bringing the water vapor amount close to the direct landing of an ordinary typhoon to the B area.



The sub-maximum water vapor transport area (200 kg/m/s) was completely separated from the typhoon body water vapor transport maximum value area (200 kg/m/s) at 05:00 on 16 September, and then moved to the north in isolation. At this time, the water vapor had been supplied by the typhoon on the east side of Taiwan Island for over 12 h, and sufficient water vapor had been transported from the south to the north through the C area. Thus, we chose this time period for analysis.



First of all, it can be seen that there is a high-value area between 150 and 200 hPa on the north side of Taiwan Island (Figure 6). This area represents the water vapor carried by the typhoon’s high-level divergent airflow, which can provide sufficient water vapor for the growth of ice crystals by vapor deposition [43].



Additionally, there was an obvious horizontal propagation in this high-value area, extending from 25° N to 28° N, and there was a significant decrease around 28° N, from over 150 hPa to around 200 hPa. At the same time, it can be seen that, at 25° N, there was more than two times the amount of water vapor transport at 150–200 hPa, and, at 26° N, the water vapor transport area was more than six times larger at the height of 500 hPa. This height was near the 0-degree layer, which may provide suitable conditions for the growth of graupel [44,45]. It may also promote multiplication, which is the dominant mechanism for the increase in the concentration of ice-phase particles [44,46]. From 25° N to 30° N, the maximum magnification height of water vapor transport decreased from 500 to 700 hPa, indicating that there was an obvious falling process when water vapor was transported from the east side of Taiwan Island to the north. The abnormal value of water vapor transport below 700 hPa decreased rapidly, because the height below 700 hPa corresponds to the traditional water vapor transport height, and the average value of water vapor transport at this height was very large. Even if the typhoon has a high wind speed, the magnification of the typhoon will not be extremely large. The water vapor conditions in the lower layers were similar, indicating that the collision and merging of the lower layers may be similar to the monsoon precipitation [47,48].



Figure 7 shows the change in water vapor transport over time at 25–30° N. It can be seen that the two graphs for 25° N and 26° N are similar. There was an abnormally large area of water vapor transport around 500 hPa and 200 hPa. The height of the high-rise high-value area gradually decreased with time, and merged with the high-value area of the middle and low layers around 0:00 on the 16 September. At 27° N and 28° N, there were also two-layer high-value areas, but they were obviously much weaker, which was caused by the attenuation of water vapor in the process of transportation to the north. In the last two pictures, the high-level high-value area had almost disappeared, while the low-level high-value area still existed, indicating that the high-level high-value area gradually weakened and fell during the northward transportation. The farthest drop occurred around 29° N, which happens to be the southern boundary of the precipitation area.



The height layers with the largest magnification in Figure 7a,b were around 500 hPa. The height layers with the largest magnification in Figure 7c,d were around 700 hPa. The height layers with the largest magnification in Figure 7e,f were less than 700 hPa. This shows that, with the continuous transportation of water vapor to the north, there was an obvious falling process in the height layer with abnormal water vapor transportation: from 0:00 on the 15 September in Figure 7a (the abnormally high-value area of water vapor transport near 500 hPa), to 6:00 on the 15 September in Figure 7b, then to 12:00 on 15 September in Figure 7d, then, finally, at 0:00 on 16 September in Figure 7f. This shows that there is a time difference in the water vapor transportation from the south to the north. Additionally, as Typhoon Mangkhut gradually moved away, the water vapor transport in each layer gradually weakened after 0:00 on the 16 September.





4. Discussion


Combining the information of Figure 5, Figure 6 and Figure 7, before the first precipitation maximum that occurred at 12:00 on 16 September, we can observe that there was water vapor transport from the south to the north and, in the water vapor transport channel (that is, the south side of the rainfall area), there was no significant precipitation, indicating that there is a certain trigger mechanism that leads to the occurrence of rainfall after the water vapor transport reaches the rainfall area, but this mechanism does not exist in the water vapor transport channel. Figure 5 shows the differences between the southern boundary of the rainfall area and the water vapor transport channel. It can be observed that the abnormally high-value area of water vapor transport near 200 hPa is very small close to 29° N, which is the southern boundary of the precipitation area, and almost non-existent at 30° N. At the same time, the high-value area of 200 hPa also follows the principle of propagating gradually northward with time. Based on the analysis of the above figure, we drew a conceptual map as shown in the figure below.



Figure 8 shows the movement path of the typhoon, the updraft from the center of the typhoon, the divergent airflow at the upper level of the typhoon, the rainfall cloud clusters in the Yangtze River Delta region, and the water vapor transport of the different layers. It shows that the strong water vapor transport caused by the typhoon eventually triggered the heavy precipitation in the Yangtze River Delta region. Note that this figure does not depict the abnormally high-value area of water vapor transport near 200 hPa, but this does not mean that the abnormal water vapor transport near 200 hPa does not take place during this heavy rain. The abnormal value of water vapor transport has a large magnification near 500 hPa and 200 hPa, and as the height increases, the absolute value of water vapor transport decreases. Although a large magnification appeared near 200 hPa, this abnormal magnification did not exceed eight times. The abnormal magnification near 500 hPa exceeded eight times and lasts longer, indicating that the continuous northward water vapor transport is stronger at 500 hPa. Therefore, we only showed 500 hPa, conveying height, in the figure and did not depict 200 hPa, also conveying height. The reason for the former is its high absolute value, and for the latter is the value of the abnormal magnification being lower than 500 hPa.



First, during this precipitation process, Typhoon Mangkhut provided a large amount of water vapor to the Yangtze River Delta region. Moreover, it can be seen from the vertically integrated moisture divergence that the Yangtze River Delta had a strong water vapor convergence (Figure 4). Second, it is influenced by changes in the underlying surface and surface heating [32]. The airflow was uplifted by the topography after reaching the Yangtze River Delta. Finally, some studies have pointed out that the emission of anthropogenic aerosols in the Yangtze River Delta can provide more condensation nuclei, thereby enhancing precipitation [49]. These points explain why the heavy rainfall anomaly occurs in the Yangtze River Delta rather than in other places.



Studies have confirmed that a typhoon’s updraft and the horizontal advection strength of the middle and upper layers are proportional to the strength and radius of the typhoon [8]. Typhoon Mangkhut is recognized as a large and strong typhoon. It reached a super typhoon intensity in the ocean east of the Philippines. After entering the South China Sea, the diameter of the Category 7 wind circle exceeded 1000 km. Therefore, it had a strong updraft and horizontal advection in the middle and upper layers, which is consistent with our research. This shows that there was a strong uplift in the center, and as well as a strong radial airflow that was able to remove the water vapor in the upper layer and thus spread outward. This increase in water vapor is conducive to the formation of ice crystals [44,50].



Figure 6 and Figure 7 show that the typhoon water tower has two water vapor heights, 150–200 hPa and 500–700 hPa. Water vapor at a transport height of 150–200 hPa promotes the nucleation and deposition of ice particles. The water vapor at the height of 500–700 hPa promotes the riming or ice multiplication of ice crystals near the frozen layer with the cooperation of the rising movement of the land. The transport in the upper layer is responsible for the generation of precipitation particles, and the transport in the middle layer is responsible for their rapid development [51]. This is very different from the increase in the coalescence of droplets promoted by the traditional monsoon lower-level water vapor transport [52,53].



Atlas et al. [9,51] describe how high-level ice particles are generated and eventually fall, leading to precipitation. Considering the movement of the mid-to-high cloud system and the transport of water vapor in the lower layers, the precipitation enhancement method of this event is similar to the “seeder-feeder” mechanism [9]. Typhoons provide high-level ice crystals and low-level water vapor transport. Although this theory, based on the research of Houze et al. [50], is usually used to explain the flow of air up a hill, we speculate that typhoons can form a strong water vapor conveyor belt in the upper layer, promote the nucleation and deposition of ice crystals, and release latent heat to lift the ice crystals. When the water vapor transport is sufficiently far from the typhoon, the water vapor transport weakens, the particles no longer grow, and the latent heat is not released; consequently, the upward movement of the upper layer is weakened and the particles gradually fall.




5. Conclusions


Through a combined analysis of satellite observation, sounding, and reanalysis data, we investigated the meteorological triggers of the 2018 Yangtze River Delta rainstorm event. We focused on the observation of the abnormal values of water vapor transport of different layers caused by Typhoon Mangkhut, an approach that differs from previous studies on this rainstorm event in terms of low-level water vapor transport, cold air intrusion from the north, and high-level jet enhancement and divergence. The focus of our research is crucial for the forecast of heavy rain. The main conclusions of this work are as follows:




	
The factor triggering this typhoon’s long-distance heavy rain was the high-level water vapor transport on the east side of Taiwan Island caused by Typhoon Mangkhut, which spread northward under the influence of the typhoon’s high-level divergent airflow, and gradually formed this long-distance heavy rainfall. At the same time, the outer wind field of Typhoon Mangkhut produced a low-level jet of 700 hPa, which provided sufficient water vapor and momentum for the formation of heavy precipitation.



	
With the continuous transportation of water vapor from the upper layer to the north, precipitation in the Yangtze River Delta region gradually increased, and the layered precipitation played a major role in this event. Convective precipitation played a secondary role.



	
The upper layer of the typhoon maintained the outward jet for a long time. The strong updraft in the center of the typhoon played a role in this event, and the continued support of the typhoon’s peripheral circulation also played a role. Under their combined action, the high-altitude water vapor maintained horizontal transport for a long time.



	
A typhoon water tower has two conveying heights, 150–200 hPa and 500–700 hPa. The high-level transport is responsible for the generation of precipitation particles, and the middle-level transport is responsible for their rapid development. This is very different from the increase in the coalescence of droplets promoted by traditional monsoon lower-level water vapor transport.








There is still a lot of work that can be conducted in this research field. For example, there has been no in-depth study on the microphysical mechanism of the rainfall itself, and no modeling methods have been used to restore the current rainfall process and simulate future rainfall patterns. With global warming, the temperature of the sea surface is increasing year by year. As heat engines, typhoons may develop to be higher and stronger. This will produce stronger upper-level water vapor transport anomalies, and the increase in upper-level water vapor may cause more local heavy precipitation. Scientists need to carry out more research in this regard.
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Figure 1. The distribution of the daily precipitation on 16 September 2018 and the intensity curve of the average hourly rainfall in area B from 0 to 24 UTC on 16 September 2018. (a) The distribution of the daily precipitation on 16 September 2018. A stands for the Pearl River Delta, B stands for the Yangtze River Delta and C stands for the water vapor transport channel. (b) the intensity curve of the average hourly rainfall in area B from 0 to 24 UTC on 16 September 2018. 
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Figure 2. The 500 hPa geopotential height and wind from 0 to 18 UTC on 16 September 2018. (a) 0000 16 September, (b) 0600 16 September, (c) 1200 16 September and (d) 1800 16 September. A stands for the Pearl River Delta, B stands for the Yangtze River Delta and C stands for the water vapor transport channel. 
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Figure 3. The 850 hPa geopotential height and wind from 0 to 18 UTC on 16 September 2018. (a) 0000 16 September, (b) 0600 16 September, (c) 1200 16 September and (d) 1800 16 September. A stands for the Pearl River Delta, B stands for the Yangtze River Delta and C stands for the water vapor transport channel. 
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Figure 4. Vertically integrated moisture divergence from 0 to 18 UTC on 16 September 2018. (a) 0000 16 September, (b) 0600 16 September, (c) 1200 16 September and (d) 1800 16 September. 
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Figure 5. Distribution of the vertical integral disturbance of water vapor transport from 0:00 on 15 September to 12:00 on 16 September. (a) 0000 15 September, (b) 1200 15 September, (c) 0000 16 September and (d) 1200 16 September. 
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Figure 6. Variation in the abnormal magnification of water vapor transport in the C area with latitude at 05:00 on 16 September (The horizontal axis represents latitude). 
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Figure 7. Variation in the abnormal magnification of water vapor transport in the C area at 25–30° N with time from 0:00 on the 15 September to 0:00 on the 17 September. (a) 25° N, (b) 26° N, (c) 27° N, (d) 28° N, (e) 29° N and (f) 30° N. 
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Figure 8. Conceptual diagram of water vapor transport. 
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