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Abstract

:

A short-time rainstorm exceeding the extreme historical rainfall occurred in the Jinnan District of Tianjin, China, on 3 July 2022. Due to the concentrated time period of precipitation, it caused serious water accumulation in the Jinnan District. The purpose of this paper is to study the weather mechanism of this extreme rainstorm in the Jinan District of Tianjin. By analyzing the fine observation facts, we can obtain the mesoscale weather characteristics and environmental conditions of the process. The results provide a reference for similar weather forecasting and warning in the future. Based on the 1 min interval precipitation observation data, the ERA5 reanalysis data, the CINRAD-SA radar reflectivity data of Tanggu, the cloud-top brightness temperature data of the Fengyun-4A satellite, and the Variational Doppler Radar Analysis System data, we comprehensively analyzed a record-breaking extreme rainfall process in Tianjin on 3 July 2022. The results show that the extreme rainfall process presents prominent mesoscale weather characteristics, with high precipitation intensity in a short-term period. This process is influenced by multi-scale weather systems, including the 500 hPa upper-level trough and the long-distance water vapor transport by Typhoon Chaba. The rainstorm event is caused by the combined actions of cold pool outflow produced by the upstream precipitation, the easterly disturbance in the boundary layer, the mesoscale temperature front, and the ground convergence line. Specifically, the ground convergence line is formed by the northerly wind of the cold pool outflow and the warm and moist southerly airflow from the ocean, and the temperature front is caused by the horizontal thermal difference of the underlying surface. Both the ground convergence line and temperature front contribute considerably to the triggering of mesoscale convection. The mesoscale secondary circulation is formed in the meridional direction by the meso-γ-scale convergence and its interaction with strong velocity in front of the trough, contributing to the development and maintenance of vertical motion in the Jinnan region of Tianjin and thereby leading to the occurrence and development of this extreme heavy rainfall process.
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1. Introduction


Heavy rainfall often causes serious natural disasters such as landslides, debris flows, and flash floods, which seriously affect the safety of people’s lives and property [1] and showed that global rainstorm events have gradually increased in recent years, and rainfall continues to increase as the near-surface temperature rises [2]. Heavy rainfall events have occurred frequently in the central and eastern parts of North China since 2012 [3,4]. For example, an extraordinary rainfall event, i.e., a “7.21” rainstorm, occurred in Beijing on 21 July 2012, with a maximum accumulated rainfall of 460 mm, and an extraordinary rainfall event, namely “7.20” rainstorm, occurred in Hebei on 19–20 July in 2016, with a maximum accumulated rainfall of 783.5 mm [5].



The occurrence of a rainstorm requires three elements: sufficient water vapor supply, favorable dynamic uplift conditions, and a long duration of precipitation [6]. In terms of sufficient water vapor supply, the role of low-level jets cannot be ignored because it establishes a long-distance water vapor channel in the atmosphere to transport sufficient water vapor from the low-latitude ocean to middle and high latitudes, providing indispensable conditions for rainstorms [3,7]. In addition, rainstorms are generally closely related to the changes in meso-α-scale or synoptic-scale systems [8], such as the westward extension and northward jump of the western Pacific subtropical high [9,10], typhoons moving northward [11,12] and the development of synoptic-scale vortices and cyclones [13,14]. Moreover, the development of meso-β-scale or meso-γ-scale convective systems during rainstorms often leads to short-term heavy rainfall [15,16,17]. Therefore, a significant rainstorm is often the result of multi-scale interactions [3,9,18]. In particular, most rainstorms are accompanied by short-term heavy precipitation. Luo et al. showed that North China and South China are the two regions with the most frequent occurrence of short-term heavy precipitation, and there is a type of precipitation without the influence of fronts, typhoons, or other prominent weather systems in these heavy rainfall events [15]. The marine boundary layer jet (BLJ) coupled with a synoptic low-level jet (LLJ) inland played an important role in the formation of an extremely humid environment [18]; the lower-level convergence zone along the coastal region provided favorable dynamic conditions for maintaining convective systems [19]. All these factors resulted in Extreme Warm-Sector Rainfall Event Over Coastal South China.



Huang introduced the concept of a “warm-sector rainstorm” according to the previous rainstorms during the flood season in South China [15]. Studies have indicated that this type of rainstorm is characterized by high intensity, relatively concentrated precipitation period, small range, and strong suddenness [20]. For such rainfall types, the baroclinic forcing is not pronounced, and the precipitation is often closely related to the subtropical high and jets, with abundant water vapor transport. Moreover, this rainfall type in the boundary layer has a complex triggering mechanism and is often affected by topography. Heavy precipitation generally occurs in the warm and moist tongue area at 850 hPa, with environmental conditions of high temperature and humidity, considerable convective effective potential energy, low convective inhibition, and strong upper-level divergence. Such a heavy precipitation type is generally associated with the instability of the warm and moist airflow [21,22,23,24]. Although this concept is proposed for precipitation in South China, in fact, there are also warm-sector rainstorms in North China [25,26,27,28,29,30,31,32]. However, studies on the triggering and maintenance mechanisms of rainstorm processes in North China are relatively few.



Tianjin is located in the eastern part of North China, close to the Bohai Sea, and is often influenced by an easterly wind and sea-breeze fronts that result in heavy rainfall [33,34,35,36,37]. Due to the warm and moist airflow transport of easterly wind, the warm-sector rainstorms in the Tianjin region can cause heavy local precipitation and even serious losses. There were not many cases of extreme weather in North China caused by the warm zone in front of the trough, so observation analysis and mechanism research for this type of weather were not common. The “7.3” rainstorm in Tianjin is a warm-sector rainstorm in front of a trough. In this process, the influence of upper-level cold air is not noticeable, the atmospheric baroclinity is weak, and the forecast for it is difficult. The short-term rainfall intensity shows low forecast skills, and the rainstorm process is missed. Tao pointed out that warm-sector rainstorms are dominated by convective precipitation, and the atmospheric baroclinic characteristics are not apparent [38]. It is difficult to capture the influencing weather systems under unforced conditions, and the forecast signal is weak. Therefore, it is necessary to investigate the characteristics and causes of warm-sector rainstorms and summarize the key factors for refined forecasts. We not only analyzed the observed facts of this process based on the minute-level observation data and the high spatial-temporal resolution Vdras data but also studied the weather mechanism of the warm region storm in front of the trough. These research results can provide technical support for weather forecasting in the future.



The remainder of this paper is organized as follows. Section 2 introduces the data used in this study. Section 3 presents the overview of the rainfall event. Section 4 analyzes the circulation situation. Section 5 reveals the occurrence and development of mesoscale convective systems. The main conclusions are shown in Section 6.




2. Data Introduction


The data used in this research include the ERA5 global reanalysis data, ground-based observation data, radar data, the black body temperature (TBB) data of the Fengyun-4A satellite from the National Satellite Meteorological Center of the China Meteorological Administration (0.1° × 0.1° horizontal resolution), and the Variational Doppler Radar Analysis System (VDRAS) data (5 km × 5 km horizontal resolution).



The spatiotemporal resolutions of the ERA5 reanalysis data are 0.25° × 0.25° and 1 h, with 37 layers in the vertical direction [39]. This dataset is available at https://cds.climate.copernicus.eu/cdsapp#!/search?type=dataset&text=ERA5 accessed on 12 December 2022.The meteorological elements of the ground-based observation data used in this study (Figure 1) from automatic stations provided by the Tianjin Meteorological Information Center, which include precipitation, wind velocity, and dew point temperature with a temporal resolution of 1 min. The station data are interpolated into the grid of 0.1° × 0.1° by the inverse distance weight method to draw contour or color maps. The radar data used in this research is the SA-band Doppler radar data of Tanggu (117.72° E, 39.04° N), and the radar location is shown in Figure 1. The TBB data of the Fengyun-4A satellite are the full-disk 4KM-L1 data, which are the product data obtained from the source packet data of the scanning imaging radiometer in the 12th channel after quality checking, geographical positioning, and radiometric calibration processing, with a horizontal resolution of 4 km.



The VDRAS is a rapid-updating four-dimensional variational analysis system focusing on convective-scale numerical simulation for nowcasting convective storms, which has been preliminarily set up and debugged. This system is based on rapid-updating four-dimensional variational assimilation (RR4DVar) techniques for Doppler radar observations, a three-dimensional cloud-scale numerical model with simplified microphysics parameterization schemes (including rainwater evaporation, cooling, and precipitation processes), and an adjoint model. The RR4DVar scheme is used to assimilate the reflectivity and radial velocity observations from six CINRAD Doppler radars in the Beijing–Tianjin–Hebei region in order to quickly obtain the low-level three-dimensional analysis fields (including convective-scale dynamics, thermal dynamics, and microphysical structures) with an update cycle of 12–18 min. Additionally, this scheme also integrates the 5 min observations from regional automatic weather stations and the forecast results from a mesoscale numerical model. VDRAS data have a horizontal resolution of 5 km and 15 layers in the vertical direction.




3. Overview of the Rainfall Event


A heavy rainstorm exceeding the historical record value occurred in the Jinnan District of Tianjin on 3 July 2022. Figure 2 presents the accumulated rainfall from 20:00 BJT (Beijing time, the same as below) on 2 July to 20:00 BJT on 3 July 2022. This rainfall process is characterized by short duration and strong intensity. The rain in the Jinnan District lasted from 04:00 on 3 July 2022, to 11:00 on 3 July 2022. In Tianjin, there are 68 stations with accumulated rainfall of more than 50 mm and 12 stations with accumulated rainfall of more than 100 mm. Two heavy rainfall centers appear in the heavy rainstorm area, namely Jinnan District in the south of Tianjin and Baodi District in the north of Tianjin. Specifically, the rainfall intensity in Jinnan District is larger, and the maximum rainfall appears at Jinnan–Yuanqu station (YQ). At this station on 3 July, the 6 h accumulated rainfall is 165.1 mm from 04:00 to 10:00, the 3 h accumulated rainfall is 145.1 mm from 04:00 to 07:00, and the maximum hourly rainfall intensity is 76.6 mm (Figure 3a). Meanwhile, at Jinnan national weather station (JN), the 6 h accumulated rainfall is 139.1 mm, the 3 h accumulated rainfall is 125 mm, and the maximum hourly rainfall intensity is 96.3 mm h−1 (Figure 3a). The hourly rainfall intensity and 3 h rainfall of JN station all exceed the historical records since the station was established. The second and third hourly rainfall was 65.6 mm at 15:00 on 2 July 2013, and 65.4 mm at 09:00 on 15 July 2012. The second record of 3 h rainfall of JN was 124.1 mm at 14:00–17:00 on 3 July 2011, and the third record was 118.2 mm at 08:00–10:00 on 26 July 2012. The 6 h rainfall of JN station ranked second in this rainfall process, and the maximum 6 h rainfall was 184.1 mm that occurred from 07:00 to 13:00 on 26 July 2012. Figure 3b shows the 1 min rainfall series of JN and YQ stations during 04:00–08:00 on 3 July 2022. It can be found that the main concentrated rainfall period during this precipitation process is between 04:30 and 07:30. According to the changes in the rainfall period of the two representative stations, this heavy precipitation process can be divided into two main stages. The first stage is from 04:30 to 05:15 on 3 July. The 10 min accumulated rainfall from 05:04 to 05:13 is 30.7 mm at this stage in YQ station. The second stage is from 05:15 to 05:35 on 3 July, and the rainfall mainly occurs in JN station. The 10 min accumulated rainfall reaches 32.6 mm from 05:24 to 05:33. The 1 min rainfall intensity at JN station is 3.9 mm (min)−1, 4.6 mm (min)−1, and 4.6 mm (min)−1 at 05:26, 05:27, and 05:28, respectively. The 1 min precipitation efficiency is close to 4.7 mm (min)−1 of the rare “7.20” rainstorm in Zhengzhou in 2021 [40].




4. Analysis of Circulation Situation


From early to middle July, the western Pacific subtropical high starts to extend westward and northward, and North China gradually enters the rainy season [8]. At 500 hPa, the rainstorm center is affected by the warm and moist air in front of the westerly trough, located in the western part of Shanxi (38° N–45° N) Below 700 hPa, it is controlled by southerly airflow. Due to the influence of southeasterly wind, the 2 m dew point temperature in the southeastern plain of Tianjin ranges from 27 °C to 28 °C, and the daily highest temperature in Tianjin is 31–32 °C, which indicates a remarkable high-temperature and high-humidity environment. At 20:00 on 2 July, Tianjin is located on the right side of the entrance region of the 200 hPa upper-level jet. With the eastward movement of the 500 hPa upper-level trough (Figure 4a), the low-level jet at 850 hPa (Figure 4c) and 925 hPa (Figure 4d) establishes and strengthens. In addition, southerly airflows both at 850 hPa and 925 hPa are accompanied by southeasterly airflow from the northeastern side of Typhoon Chaba, which provides a favorable water vapor condition and the warm and humid environment for the rainstorm in Tianjin. The surface pressure shows a pattern of high in the east and low in the west (Figure 4b).



There was no local sounding station in Tianjin, but the convective available potential energy (CAPE) at upstream Beijing station (54511) was as high as 1565 J (kg)−1 at 14:00 on 2 July, and the convective inhibition was low (Figure 4e). Under the influence of low-level jets, the CAPE at Beijing station increased, and the free convective height decreased before the heavy rainfall. At 20:00 on 2 July, the CAPE was 1949 J (kg)−1, providing convective conditions for short-term heavy precipitation. The above circulation situation indicates that the baroclinic forcing was not noticeable in the warm sector in front of the upper-level trough, and the low-level jet increased in the environment with notably high temperature, humidity, and energy. These conditions resulted in heavy rainfall with high precipitation efficiency in Tianjin from the night of 2 July to the morning of 3 July.




5. Occurrence and Development of Mesoscale Convective Systems


The warm-sector mesoscale convection in the south of Tianjin has two development stages. The first stage (04:00–05:00 on 3 July) is characterized by the establishment of convection in Jinghai District and the influence of cloud clusters of local heavy rainfall. The second stage (05:00–06:00 on 3 July) shows a “train effect” in the Jinnan District, and the outflow from the cold pool causes convection to strengthen and move at this stage. Further analysis of the evolution of the echoes above 45 dBz indicates that it presents a process of merge-northeastward moving development (Figure 5).



5.1. Occurrence and Development of Local Heavy Rainfall Clusters


At 03:48 on 3 July, convective cell 1 (Figure 6a) is first triggered at the junction of Jinghai and Xiqing Districts, and subsequently, there are several local nascent convective systems on the southeastern side of this convective cell (Figure 6b). The largest cell is meso-γ-scale convective cell 2. Around 04:12, convective cells 1 and 2 merge into convective cell 3 (Figure 6c), and new convective cells are continuously generated on its southwestern side. It is worth paying special attention that new cells continuously appear on the rear side of the convective system in the junction area of Xiqing and Jinghai in the southwest of Tianjin with the continuous development of the convective cell 3. Guided by the middle-level southwesterly wind, the new convective system moves northeastward and merges into convective cell 3, resulting in an expansion in the size of cell 3. Moreover, the convective system is stable and rarely moves, which indicates the backward propagation of thunderstorms and the “train effect” (Figure 6d,f). The strong echo above 50 dBz is below the height of 10 km (Figure 7a), but the precipitation efficiency is high (Figure 3b). From 04:00 to 05:00 on 3 July, the rainfall clusters in the southwest of Tianjin resulted in short-term heavy rainfall at two stations (Figure 8a).



Due to the continuous development of the convective system, its organization is continuously strengthened, and the heavy rainfall is more concentrated in location and localized. At the first development stage of convection, YQ and JN stations are successively affected by about nine convective cells (Figure 6g,h and Figure 7b), which results in short-term heavy rainfall lasting for a total of 3–4 h (Figure 3), with the maximum rainfall of greater than 30 mm within 10 min. Under the influence of the convective system, the rainfall clusters in the south of Tianjin cause heavy rainfall of more than 50 mm in a certain range from 05:00 to 06:00 on 3 July (Figure 8b). The large rainfall intensity and the certain rainfall duration led to heavy rainfall appearing at eight stations, including JN and YQ stations (Figure 3a).




5.2. Evolution Characteristics of the Meso-γ-Scale Convective System


Hourly TBB evolution can directly reflect the occurrence and development process of mesoscale convection and its characteristics at each stage (Figure 9). From 00:00 to 03:00 on 3 July (figure omitted), the rainfall cloud clusters are mainly located near the junction of Beijing and Tianjin and the southwest of Tianjin. Among them, convective cloud cluster A in Beijing shows the characteristics of small scale and long duration. Convective cloud cluster B in the north of Tianjin is continuously strengthened and stable with little movement, while the weak cloud cluster in the southwest of Tianjin develops slowly during northeastward movement. At 04:34 on 3 July (Figure 9a), smaller convective cloud cluster C is generated at the junction of Jinnan and Xiqing and develops after merging with the weak convective cloud at the southwestern border of Tianjin (Figure 9b), which promotes cloud cluster C to strengthen and develop rapidly. The cold cloud area expands eastward, the intensity and range of cold clouds with TBB ≤ −32 °C gradually increase, and cold clouds with TBB ≤ −47 °C appear. Accordingly, the rainfall intensity at JN station strengthens (61 mm h−1 at 05:00). At 05:30 on 3 July (Figure 9c), the western end of cloud cluster C is highly convective and gradually develops into a mesoscale convective system. Jinnan is located in the cold cloud area with TBB ≤ −52 °C, and the cold cloud area is quasi-circular with the maximum rainfall intensity. With the slow eastward movement of cloud cluster C, Jinnan is located in the area with a large TBB gradient on the western side of the cloud cluster, and the rainfall intensity reaches the maximum (96.3 mm h−1 during 05:00–06:00). At 08:00 on 3 July (figure omitted), the cold cloud center of cloud cluster C continues to move eastward and gradually moves away from Jinnan, and the heavy rainfall ends in this region. Overall, the heavy precipitation at JN station is triggered due to quasi-circular mesoscale cloud clusters, which are generated by the development of new convection. The development of cloud clusters is caused by the nascent and merging of convective clouds. With reference to the location of JN station, the convective cloud cluster is quasi-stationary (Figure 9d), resulting in long duration and large accumulated rainfall of heavy precipitation.




5.3. Development Mechanisms of the Convective System


At 03:00 on 3 July, the convective system in the southwest of Beijing is dramatically strengthened, and the height of the strong echo center above 50 dBz extends to the height above 0 °C layer (figure omitted), showing the echo pattern of “continental” strong convection with a high echo center. At 03:30, the convective system in Beijing moves eastward, and a cold pool is generated near the surface. The cold pool outflow appears in front of the convective system (Figure 10a), and it merges with the southeasterly airflow to generate two convective convergence centers in Jinghai and Xiqing. Among them, the convective convergence in Jinghai is more pronounced, and thus, convective cell 1 is first triggered (Figure 6a). At 03:42, the cold pool outflow maintains in the southwest of Beijing (Figure 10b), and the convective system in the Xiqing region also has some outflow effects after the occurrence of precipitation. The two westerly airflows cause the convective system in Xiqing to move eastward and gradually enter the Jinnan District. At the same time, the convective system in the Jinghai region continues to move northeastward, guided by the southwesterly airflow at 200 m height, and evolves into a convergence line; the cold pool outflow results in two convective systems moving closer together. At 04:00 (Figure 10c), the convective system moving eastward and the convergence line moving northeastward merge into convective cell 3 in the south of Jinnan (Figure 6c). The cold pool outflow from the boundary layer and the southeasterly airflow from the Bohai Sea jointly cause the convective system to be stable and less moving, thereby resulting in heavy hourly rainfall of more than 70 mm at many stations.



The mesoscale temperature front is conducive to triggering the convective system. Around 04:00 on 3 July, northerly airflows converge into the Jinghai area (Figure 11c), and the velocity fluctuation of easterly wind appears in the east of Jinghai. The near-surface northerly wind and the southerly wind from the Bohai Sea converge obviously in the Jinghai area. This situation leads to Jinghai developing into a mesoscale convergence area, and the convergence is further strengthened. Simultaneously, with the strengthening of the low-level jet, the lower-level warm center is maintained, and airflow accumulates near the Jinghai–Xiqing–Jinnan area. In addition, the surface temperature is above 27 °C, and there is a temperature gradient near the mesoscale convergence line (Figure 11a). The convergence of wind velocity results in strong uplifting motion, and the mesoscale temperature gradient is favorable for strengthening the ascending motion of warm air and the descending motion of cold air, thus enhancing the ascending motion in the high-temperature gradient region. Under these conditions, convection in the Jinghai area is prone to trigger, resulting in heavy local precipitation. At 04:50, the precipitation near Jinghai causes a sudden drop in temperature, and the 50 min temperature decrease reaches 4 °C, forming a mesoscale temperature gradient area of cold in the west and warm in the east. The temperature gradient in this temperature gradient area continues to strengthen, with a horizontal gradient reaching 0.42 °C (km)−1 (Figure 11b).



Combined with the analysis of surface dew point (Figure 11c,d), a high-value belt of dew point in the south-northwest trend was formed in the south of Jinghai–Xiqing–Jinnan at 04:00 (Figure 11c), and the easterly wind continuously transported the air of high temperature and humidity to the border of Jinghai–Xiqing–Jinnan, providing favorable environmental conditions for the convective system to enter this area and strengthen its development after moving eastward. At 05:00, the dew point temperature center reached 28.2 °C (Figure 11d). Although the precipitation in the Jinnan region had already started, the southeast wind still transported hot and humid water vapor to the region, which maintained the mesoscale convective system. In the warm sector of the mesoscale temperature frontal zone, there is convergence due to the influence of wind velocity fluctuation near the surface (Figure 11d), which is conducive to ascending motion. Therefore, the development of convection is vigorous at JN station in the warm sector around 04:50. The triggering mechanism of convective initiation is summarized as follows. Southeasterly or southerly airflow from the ocean, passing through the warm region, turns into a warm southerly airflow and converges with the cold airflow from the southwest of Beijing to form a horizontal wind field convergence zone in the Jinghai–Xiqing–Jinnan area. The convergence of the wind field and the horizontal temperature gradient jointly trigger the convection.



At 04:00, two convective systems are located at the junction of Xiqing, Jinghai, and southern Jinnan (Figure 12a), and the easterly wind begins to appear in the lower layers on the eastern side of JN station (Figure 12b). At this time, updrafts are weak. At 04:36, the convective system gradually develops, and the westerly airflow in the west of Jinnan is strengthened, which further promotes the development of the convective system. Two convective cells merge and strengthen (Figure 12c). The westerly airflow in the west of Jinnan is strengthened, which further promotes the development of the convective system. The easterly airflow is strengthened, with a thickness of 500 m (between 200 m and 700 m height). The westerly and easterly airflows produce ascending motion in the east of Jinnan. This updraft flows out of clouds at the height of 1700 m and forms clockwise vertical circulation C1 along the direction of the convective cell. The horizontal scale of this circulation is 20 km, and the circulation center is located at 400–800 m height. The middle-level inflow on the front side enters clouds, which are divided into outflows on the front and rear sides at upper levels. The outflow on the front side and the warm and moist easterly airflow forms strong convergence in front of the convective system. There is obvious vertical ascending velocity over Jinnan, with a value of about 0.2 Pa s−1. The rainfall at YQ station (west of JN station) increases, with hourly rainfall intensity reaching 76.6 mm h−1. At 05:06, vertical circulation C1 on the eastern side of the convective system (Figure 12e) rises and moves eastward (Figure 12f) with increased thickness and intensity. The outflows from the eastern and western sides cause a strengthening of ascending motion in eastern Jinnan. In the vertical direction, the two updrafts in front of the convective system merge, and the cold pool outflow on the western side and the inflow on the front side converge below 1200 m. This situation results in a more intense ascending motion at the height of 800–2700 m, and the intensity of the ascending motion reaches 0.4 Pa s−1. At 05:42, the convective system gradually moves eastward (Figure 12g) and promotes the vertical circulation to move eastward and rise (Figure 12h). At this time, the intensity of the ascending motion in the Jinnan District reaches the maximum (−64 × 10−5 s−1), which provides favorable conditions for continuous heavy precipitation.




5.4. Water Vapor Characteristics


During this heavy precipitation event, the maximum specific humidity at 975 hPa, 925 hPa, and 850 hPa at Jinnan station reaches 19 g (kg)−1, 16 g (kg)−1, and 14 g (kg)−1, respectively. The water vapor originates from Bohai Bay and is transported by the near-surface easterly airflow and the southerly low-level jet in front of the upper-level trough. From the water vapor transport flux and wind field profile at 04:00 on 3 July (Figure 13a), JN station is located on the western side of the large-value area of water vapor transport flux, and the water vapor transport is mainly distributed below 900 hPa in the boundary layer. There is a large-value center of water vapor transport flux in the eastern part of Jinnan, where water vapor is transported to the Jinnan District through the weak easterly wind at lower layers, with a water vapor transport flux of 6 g s−1 (hPa)−1 (cm)−1. Meanwhile, at the station, the specific humidity below 850 hPa is greater than 12 g (kg)−1. The specific humidity is transported upward from lower layers, and the maximum value of vertically transported specific humidity is located near 850 hPa. Thus, the water vapor in lower layers is supplemented and accumulated upward. At 05:00 on 3 July, the easterly wind slightly strengthened, leading to a certain increase in the water vapor transport flux at JN station (Figure 13c). The specific humidity below 900 hPa is greater than 13 g (kg)−1 (Figure 13d), and the maximum upward transport of specific humidity can be found near 900 hPa. Moreover, the diagnostic analysis indicates that the water vapor transport above 850 hPa is not remarkable, while it has an essential contribution to the occurrence of extreme rainstorms, especially in 975–1000 hPa (Figure 13a,b). The water vapor transport flux field at 975 hPa at 05:00 on 3 July (Figure 14a) shows that the southeasterly airflow continuously transports water vapor from the Bohai Sea to the heavy rainfall area, and Jinnan is located at the edge of the high gradient of water vapor transport flux. Further analysis of the water vapor convergence (Figure 14b) suggests that the water vapor convergence center in the eastern part of Jinnan is particularly pronounced. JN station is located in the convergence zone of water vapor transport at 975 hPa, where the specific humidity is greater than 19 g (kg)−1 and water vapor is abundant. Such a humid environment provides sufficient water vapor for the local hourly rainfall.





6. Conclusions


A heavy rainstorm exceeding the historical record value occurred in the Jinnan District of Tianjin on 3 July 2022. We analyzed the occurrence and development mechanism of this process, and the main conclusions are as follows.



This extreme rainfall process shows obvious mesoscale weather characteristics, such as high short-term rainfall intensity, short life history, and strong locality. The precipitation process is influenced by multi-scale weather systems such as the 500 hPa upper-level trough and the long-distance water vapor transport by Typhoon Chaba. The southwesterly airflow in front of the low-level trough and the southwesterly airflow on the northern side of Typhoon Chaba control the Tianjin area, and the easterly wind from the Bohai Sea supplies abundant water vapor to the Tianjin area.



The 2 m temperature and the dew point temperature in the southeast of the heavy rainfall area were higher than 27 °C; the easterly flow transported air with higher temperature and humidity to the heavy rainfall area. The rainstorm process is caused by the cold pool outflow produced by the upstream precipitation, the easterly disturbance in the boundary layer, the mesoscale temperature front, and the ground convergence line. The mesoscale secondary circulation is formed in the meridional direction by the mesoscale convergence and its interaction with the strong velocity in front of the trough, leading to the development and maintenance of the vertical motion in the Jinnan region and thereby resulting in the occurrence and development of this extreme rainfall process.



The water vapor transport from the lower troposphere to the surface plays an essential role in the occurrence of the extreme rainstorm process, especially in 975–1000 hPa. The southeasterly airflow continuously transports water vapor from the Bohai Sea to the heavy rainfall area, and the southern part of Tianjin is located at the edge of the high gradient of water vapor transport flux.
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Figure 1. Spatial distribution of automatic weather stations (dots) and Tanggu Doppler Radar (TG; red triangle) in Tianjin. “XQ”, “JN”, and “JH” denote Xiqing, Jinnan, and Jinghai Districts of Tianjin, respectively. “Jinnan” is the main study region in the red circle. 
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Figure 2. Spatial distribution of the accumulated rainfall in Tianjin from 20:00 on 2 July to 20:00 on 3 July 2022. “BD”, “JN”, and “YQ” denote Baodi District, Jinnan national weather station, and Jinnan Yuanqu station. 
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Figure 3. Time series of (a) hourly and (b) 1 min rainfall at JN and YQ stations from 04:00 to 08:00 on 3 July 2022. “JN” and “YQ” denote Jinnan national weather station and Jinnan Yuanqu station. 
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Figure 4. (a) Geopotential height (solid black lines; dagpm), wind field (wind barbs) and temperature field (red dashed lines; °C) at 500 hPa, (b) sea level pressure, (c) geopotential height (solid black lines, dagpm) and wind field (wind barbs) at 850 hPa, (d) geopotential height (black solid lines, dagpm) and wind field (wind barbs) at 925 hPa and (e) T-logp of Beijing at 20:00, on 2 July 2022. The red triangle and the blue typhoon symbol indicate the locations of Jinnan and the typhoon, respectively. The red-shaded part of the T-logp diagram represents the potential energy. 
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Figure 5. Distribution of echo cells above 45 dBz at 04:00 (red), 04:30 (green), 05:00 (dark blue), and 05:30 (light blue) on 3 July 2022. “XQ”, “JN”, and “JH” denote Xiqing, Jinnan, and Jinghai Districts of Tianjin, respectively. The arrow indicates the direction of travel of the echo. 
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Figure 6. Radar composite reflectivity from Tanggu station at (a) 3:48, (b) 4:00, (c) 4:12, (d) 4:24, (e) 4:36, (f) 4:48, (g) 5:00, and (h) 5:12 on 3 July 2022. “XQ”, “JN”, and “JH” denote Xiqing, Jinnan, and Jinghai Districts of Tianjin, respectively. Black lines in (e,h) correspond to the position of the profiles in Figure 7a,b, respectively. The black triangle and the number indicate the locations of Jinnan and the convective cell, respectively. 
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Figure 7. Profiles of the composite radar reflectivity from Tanggu station at (a) 04:36 and (b) 05:12 on 3 July 2022. 






Figure 7. Profiles of the composite radar reflectivity from Tanggu station at (a) 04:36 and (b) 05:12 on 3 July 2022.



[image: Atmosphere 14 00808 g007]







[image: Atmosphere 14 00808 g008 550] 





Figure 8. Hourly rainfall (dots) and 10 m wind field (arrows) at (a) 04:00–05:00 and (b) 05:00–06:00 on 3 July 2022. “XQ”, “JN”, and “JH” denote Xiqing, Jinnan, and Jinghai Districts of Tianjin, respectively. The solid black line indicates the ground convergence line. 
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Figure 9. Spatial distributions of cloud-top brightness temperature (unit: °C) from the Fengyun-4A satellite at (a) 04:34, (b) 04:38, (c) 05:30, and (d) 05:38 on 3 July 2022. “A”, “B”, and “C” represent convective clouds, respectively. 
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Figure 10. The wind velocity (arrows) and disturbance temperature (colored areas; °C) at 200 m from the VDRAS data at (a) 03:30, (b) 03:42, (c) 04:00, and (d) 04:48 on 3 July 2022. “XQ”, “JN”, and “JH” denote Xiqing, Jinnan, and Jinghai Districts of Tianjin, respectively. 
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Figure 11. (a,b) 2-m temperature (shadow, unit: °C), and (c,d) 10 m wind velocity (wind barbs) and 2 m dew point temperature (colored areas; °C) at (a,c) 04:00 and (b,d) 05:00 on 3 July 2022. “XQ”, “JN”, and “JH” denote Xiqing, Jinnan, and Jinghai Districts of Tianjin, respectively. 
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Figure 12. (a,c,e,g) The spatial distributions of the 200 m wind field and radar-composite reflectivity (dBz) and (b,d,f,h) the height–latitude profiles of wind vector (vertical velocity multiplied by 50 times), divergence (shaded areas; ×10−5 s−1), and vertical velocity (contour lines; Pa s−1) along 38.95° N at (a,b) 04:00, (c,d) 04:36, (e,f) 05:06, and (g,h) 05:42 on 3 July 2022. 
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Figure 13. (a,c) Distributions of the wind field (wind barbs) and water vapor flux (contours; g s−1 (hPa)−1 (cm)−1), and (b,d) height–latitude profiles of the specific humidity (contours; g (kg)−1) and vertical-specific humidity transport (q × w, shaded areas) at Jinnan station at (a,b) 04:00 and (c,d) 05:00 on 3 July 2022. 
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Figure 14. (a) Distribution of the water vapor flux (shaded areas; g s−1 (cm)−1 (hPa)−1) and water vapor flux vector, and (b) distribution of the water vapor flux divergence (shaded areas; ×105 g (cm)−2 (hPa)−1 s−1) and 975 hPa specific humidity (contours; g (kg)−1) at 04:00 on 3 July 2022. 
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