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From 17 to 22 July 2021, a series of disastrous rainstorms appeared within Henan Province and its surroundings, which rendered 398 dead/missing and a direct economic loss of up to ∼114 billion Yuan. This event was named as the “21.7” Henan torrential rainfall event (TRE), and it could be divided roughly into three stages according to the precipitation features and dominant weather systems. This study mainly focused on the development and maintenance mechanisms of a long-lived (72 h) quasi-stationary mesoscale vortex that governed the earlier stage of the “21.7” TRE. Main results are as follows: 1) the mesoscale vortex formed/maintained in a favorable environment which was characterized by the South-Asia-high associated divergence in the upper troposphere, and the relay transport of relatively cold air by the trough and high-pressure system in the middle troposphere. 2) the vertical stretching due to lower-level convergence and the upward transport of cyclonic vorticity by ascending motions served as the first and second dominant factors for the mesoscale vortex’s rapid development and long-time maintenance, whereas, the import/export transport of anticyclonic/cyclonic vorticity into/from the vortex’s central region and the tilting effects were mainly detrimental for the vortex’s development/maintenance. 3) the air particles that formed the mesoscale vortex mainly came from the levels below 1,500 m, within the regions in lower latitudes. The air particles experienced notable precipitation before the formation of the mesoscale vortex, which contributed to the vortex’s formation through latent heat release.
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1 INTRODUCTION
Torrential rainfall events (TREs) are one of the most severe natural disasters worldwide (IPCC, 2014). Every year, China suffers a series of TREs, which resulted in huge property losses and heavy casualties (Song, 2018). According to statistic, there are three major rainfall regions in China: North China, the middle reaches of the Yangtze River Basin and South China (Tao, 1980). Of these, North China has the smallest warm-season (May–September) accumulated precipitation (Zhao, 2004), whereas, the intensity of torrential rainfall within this region is overall stronger than that of the middle reaches of the Yangtze River Basin, and comparable to that of South China (Sun et al., 2019). As a result, torrential-rainfall-related disasters are serious in North China, for instance, the famous “58.7” (14–19 July 1958; the middle reaches of the Yellow River Basin) TRE, “63.8” TRE (1–9 August 1963; Hebei Province), “75.8” TRE (5–7 August 1975; Henan Province), and “7.21” TRE (21–22 July 2012; Beijing and Hebei Province) all caused catastrophic damages (Luo et al., 2020).
Most recently, a TRE occurred in Henan province, during which a total of 398 people was killed/missing, and a direct economic loss of up to ∼114 billion Yuan was caused (Yin et al., 2022). This event was named as the “21.7” TRE, since it began on 17 July 2021, lasted for 6 days, and ended in 22 July 2021 (Figure 1). During this event, a maximum 6-days accumulated precipitation of 1,122.6 mm appeared in Hebi City (in the northern section of Henan) and a maximum hourly precipitation of 201.9 mm occurred in Zhengzhou City. The “21.7” TRE is worthy of a thorough study as 1) the strongest hourly precipitation in the mainland of China since there are meteorological observations appeared in this event, and 2) the largest accumulated precipitation in North China since 1975 also appeared in this event. For 1), Yin et al. (2022) had supposed a possible formation mechanism: an arc-shaped convergence zone, which was associated with a strong meso-γ-scale convective system, transported precipitation from surrounding regions into Zhengzhou, and thus produced the extreme hourly rainfall. For 2), Nie and Sun (2022) had determined the moisture sources and transport for the “21.7” TRE (during 19–22 July 2021). They found that the typhoon In-Fa made the largest contribution in transporting moisture and the southern China acted as the most important moisture source. As the “21.7” TRE lasted for 6 days (Figure 1B), during which the main systems accounting for rainfall varied with time, therefore, it is necessary to conducted more in-depth analyses on each stage of the event to reach a more comprehensive understanding of the “21.7” TRE.
[image: Figure 1]FIGURE 1 | Panel (A) shows the accumulated precipitation (from 1700 UTC to 2300 UTC July 2021) during the “21.7” Henan heavy rainfall event (shading dots, units: mm), where the gray shading is terrain, and the big gray circles outline the main body of the vortex at different stages. Panel (B) shows the averaged (within Henan) hourly precipitation during the “21.7” Henan heavy rainfall event (mm).
A mesoscale vortex (Fu et al., 2020) dominated the earlier stage of the “21.7” TRE (i.e., 0000 UTC 17–0000 UTC 19 July 2021) (Section 3; Yin et al., 2022), which formed in the northeastern section of Henan Province, moved very slowly southward, and dissipated in the southern section of Henan Province. The mesoscale vortex acted as the most important system for the heavy precipitation in this stage, as its quasi-stationary behavior and longevity had maintained favorable conditions for precipitation in/around Henan Province. It has been a long time that the mesoscale vortices are found to act as a crucial condition for heavy rainfall (James and Johnson, 2010; Zhang et al., 2015; Fu et al., 2016; Ni et al., 2017). Through decomposing the vertical motion equation, Nielsen and Schumacher (2018) found that, strong rotation was associated with a negative pressure perturbation. Therefore, the influence of rotation and the induced pressure perturbation denoted the physical mechanism by which rotation could enhance the rainfall. As mentioned above, the primary purpose of this study was to clarify the mechanisms governing the mesoscale vortex’s development and long-time maintenance, which was helpful to deepen the understanding of the “21.7” TRE. The reminder of this study is as follow: Data and methods were shown in Section 2, overview of the “21.7” TRE was presented in Section 3, variation of the vortex and mechanisms governing its formation/maintenance were provided in Sections 4, 5, respectively, and finally a conclusion was reached in Section 6.
2 DATA AND METHODS
2.1 Data
A total of three types of data was used in this study: 1) the hourly, 0.25° × 0.25° ERA5 reanalysis dataset from the European Centre for Medium-Range Weather Forecasts (Hersbach et al., 2020) was utilized for synoptic analyses, budget calculations, and backward trajectory analyses, as this dataset represents the precipitation (the threat score for the precipitation during the earlier stage of the “21.7” TRE was above 0.6) and meteorological fields (e.g., wind, temperature, height, etc.) reasonably; 2) the temperature of black body (TBB) from the Fengyun (FY)-IV satellite (http://satellite.nsmc.org.cn/PortalSite/Data/Satellite.aspx), which had a temporal resolution of hourly and a spatial resolution of 0.05° × 0.05° was employed for analyzing the convective activities during the event; 3) the station observed hourly precipitation from the China Meteorological Administration (CMA) was used to analyze the variation of the rainfall during the “21.7” TRE.
2.2 Vorticity Budget
As previous studies (Zhang, 1992; Fu et al., 2013, 2017; Feng et al., 2019; Zhang et al., 2019) show, vorticity budget is effective to determine the key mechanisms underlying vortices’ variation. In this study, we calculated the area (within the central region of the vortex) averaged vorticity budget, which can represent the variation of the velocity circulation of the vortex (i.e., the vortex’s intensity) effectively according to the Green’s theorem (Fu et al., 2017; Fu et al., 2019). The equation (Kirk, 2003) is as follow:
[image: image]
where [image: image] is the relative vorticity (vorticity; hereinafter the same), t is time, f is the Coriolis parameter, and [image: image] represents the horizontal gradient operator, where the subscript “h” denotes the horizontal component, i and j are the unit vectors in the east and north directions, respectively. [image: image] is the horizontal wind vector, where u and v are the zonal and meridional wind components, respectively. p is pressure, [image: image] denotes the vertical velocity in the pressure coordinate, and [image: image].
Term [image: image] represents the local time derivative (LTD); term [image: image] is the horizontal advection of vorticity (HAV); term [image: image] denotes the advection of planetary vorticity (APV); term [image: image] is the vertical advection of vorticity (VAV); term [image: image] represents the stretching effect (STR); and term [image: image] denotes the tilting effect (TIL). The total effect of all terms on the right-hand side of Eq. 1 are defined as the total term (TOT): TOT = HAV + APV + VAV + STR + TIL. The difference between LTD and TOT is mainly due to the friction, subgrid process, and calculation error (Fu et al., 2015; Fu et al., 2019).
2.3 Backward Trajectory Analysis
In this study, we used the HYSPLIT model (Stein et al., 2015) to track the air particles that formed the mesoscale vortex during the earlier stage of the “21.7” TRE. A total of 529 air particles at 850 hPa (the mesoscale vortex was at 850 hPa) was used in the backward tracking. These particles were distributed evenly within the central region of the mesoscale vortex (with a 0.25° × 0.25° spatial resolution). The backward tracking was initiated at 0200 UTC 16 July 2021 when the mesoscale vortex formed, and was ended at 0000 UTC 15 July 2021 (i.e., 26 h before the vortex’s formation). It should be noted that: 1) we regarded a closed counterclockwise circulation in the stream field coupled with a cyclonic vorticity center ≥10−5 s−1 as a vortex structure in this study (Fu et al., 2016; Fu et al., 2020); 2) the central region of the mesoscale vortex was determined by the mean size of the vortex during its whole life span (i.e., 5.5° × 5.5° for the mesoscale vortex in this study); 3) the selection of the central region was representative, as the features (including vorticity budget) averaged within it were insensitive to relatively small changes (i.e., increased/decreased each boundary line of the central region by ±0.25o).
3 OVERVIEW OF THE “21.7” TORRENTIAL RAINFALL EVENT
3.1 Features of Precipitation
The “21.7” TRE maintained from 0000 UTC 17 July 2021 to 2300 UTC 22 July 2021 (i.e., ∼6 days). Its heavy precipitation area (i.e., 6-days accumulated precipitation ≥250 mm) mainly appeared in the central and northern section of Henan Province and the southern section of Hebei Province (Figure 1A). The heavy precipitation area was mainly orientated in the South-North direction, with two rainfall centers of above 600 mm embedded in it. Temporal variation of the area (within Henan Province) averaged hourly precipitation (Figure 1B) showed that, the “21.7” TRE could be divided into three stages roughly: 1) the earlier stage (0000 UTC 17–0000 UTC 19 July 2021), 2) the second stage (0000 UTC 19–0000 UTC 21 July 2021), and 3) the last stage (0000 UTC 21–2300 UTC 22 July 2021). Yin et al. (2022) had investigated the rainfall during the second and last stages, and thus the present study mainly focused on the earlier stage.
During the earlier stage of the “21.7” TRE, rainfall within Henan Province changed notably in intensity (Figure 1B), with an hourly precipitation of ∼70 mm appeared in 0600 UTC 17 July (Supplementary Figure S1A) and an hourly precipitation of ∼75 mm appeared in 1100 UTC 18 July (Supplementary Figure S1B). As the gray circles in Figure 1A show, the mesoscale vortex was closely related to the heavy precipitation in Henan Province. According to CMA, the rainfall with an intensity of no less than 20 mm h−1 is referred to as the short-duration heavy precipitation. Regarding this criterion, even if we used the area averaged hourly precipitation within Henan, a total of 14 h during the earlier stage (∼29.2% in proportion) was found to satisfy the standard of short-duration heavy precipitation. This means the rainfall was intense within the whole Henan Province in this stage.
3.2 Synoptical Analysis
From Figure 2, in the earlier stage of the “21.7” TRE, at 200 hPa, Henan Province was mainly located East of the South Asia high, where was dominated by divergence. The upper-level divergence was conducive to ascending motions, which favored the occurrence and maintenance of heavy rainfall. During this stage, East of Henan Province, there was a strong extratropical cyclone. As the cyclone moved northwestward with time, it began to directly affect Henan Province from 0000 UTC 17 July 2021 on (Figure 2C). Strong northerly wind in the western section of the cyclone steered relatively cold air from regions of higher latitudes to the upper troposphere over Henan Province, which increased the instability of the atmosphere. This was another favorable condition for the heavy rainfall within/around Henan Province. In addition, during the earlier stage, the upper-level jet mainly appeared in the regions North and northeast of Henan Province, which exerted slight effects on the heavy rainfall within this region.
[image: Figure 2]FIGURE 2 | Divergence (shading, units: 10−6 s−1), geopotential height (black solid lines, units: gpm), temperature (red lines, units: °C), and strong winds (above 30 m s−1; a full bar represents 10 m s−1) at 200 hPa, where the small purple box marks the location of Zhengzhou. SAH, South Asia high.
As Figure 3 shows, in the zonal band of 35–50ʺN, a shortwave trough moved eastward with time and enhanced in intensity. Southwest of this trough, there was a high-pressure system, which first increased in size from 0000 UTC 16 to 0000 UTC 17 July 2021, and then kept a large range in the reminder of the earlier stage. A relay transport of relatively cold air (from the higher latitudes to lower latitudes) by the northwesterly wind in the western section of the trough and the southerly wind in the eastern section of the high-pressure system was favorable for the heavy rainfall in Henan Province. A low-pressure center with warm advection controlled Henan Province from 0000 UTC 16 to 0000 UTC 18 July 2021, which provided favorable dynamical (the low-pressure center favored ascending motions) and thermodynamical conditions (warm advection contributed to pressure lowering in the lower troposphere) for heavy rainfall. Corresponding to the 200-hPa northwestward moving cyclone (Figure 2), a 500-hPa closed low center East of Henan Province also moved northwestward (Figures 3A–D). It contributed to moisture transport to Henan Province (not shown), which acted as another favorable condition for precipitation within this region.
[image: Figure 3]FIGURE 3 | Temperature advection (shading, units: 10−5 K s−1), geopotential height (black solid lines, units: gpm), temperature (red lines, units: °C), and strong winds (above 10 m s−1; a full bar represents 10 m s−1) at 500 hPa, where the small purple box marks the location of Zhengzhou, “L” means low-pressure center, and the thick dashed line represents the trough line.
4 VARIATIONS OF THE MESOSCALE VORTEX
As Figure 4A shows, a mesoscale vortex formed around the northeastern section of Henan Province at 0200 UTC 16 July 2021, with a strong positive vorticity (≥10−4 s−1) center appeared in its central region, and strong winds (≥8 m s−1) appeared in the areas South and East of it. At this time, rainfall within Henan was relatively weak, with intense convective activities mainly occurred in the regions South and southeast of the vortex (Figure 5A). After formation, the mesoscale vortex kept a quasi-stationary behavior and intensified rapidly from 0200 UTC 16 to 0000 UTC 17 July 2021 (Figures 4A–E). This period was defined as the developing period (DVP) of the vortex, during which strong convective activities associated with the mesoscale vortex mainly appeared in its southeastern section and the regions South/East of the vortex (Figures 5A–D). During the DVP, rainfall was heavy in Hubei Province, Jiangsu Province and Anhui Province (Supplementary Figure S2).
[image: Figure 4]FIGURE 4 | Stream field (black lines with arrows), relative vorticity (shading, 10−5 s−1), and wind with speed above 8 m s−1 (a full bar represents 4 m s−1), where gray shading shows terrain above 1,500 m, green map shows the Henan Province, small green box marks the location of Zhengzhou, and the box green boxes outline the main body of the vortex.
[image: Figure 5]FIGURE 5 | TBB (shading, units: °C) during typical stages of the vortex, where the gray shading represents terrain and the black boxes outline the main body of the vortex.
The mesoscale vortex maintained a strong intensity and moved southwestward slowly (Figures 4E–J) in the period from 0000 UTC 17 to 1200 UTC 18 July 2021. This period was defined as the maintaining period (MTP) of the vortex, during which convective activities (Figures 5E–H) and precipitation (Figure 6) enhanced gradually within Henan Province. In the MTP, the most intense hourly precipitation (above 50 mm h−1) occurred at 1100 UTC 18 July 2021 (Figure 6L), which appeared in the spiral rainband North of the mesoscale vortex. The strong southeasterly wind around the northeastern section of the mesoscale vortex (Figures 4J,K) acted as a key factor for the strong hourly precipitation, as it produced strong lower-level convergence (Supplementary Figure S3) when it approached the mountain northwest of Henan Province (Figure 6L).
[image: Figure 6]FIGURE 6 | Hourly precipitation (shading dots; mm) within/around Henan during the early stage of the “21.7” TRE, where shading is terrain and the small purple boxes mark the mesoscale vortex’s center.
The period from 1200 UTC 18 to 0200 UTC 19 July was defined as the weakening period (WKP) of the mesoscale vortex, as the intensity of the vortex weakened with time (Figures 4K–L) and finally dissipated. During the WKP, the vortex maintained a quasi-stationary behavior. Convective activities associated with the vortex weakened (Figures 5H,I), with relatively strong convection mainly appeared in its central region. Precipitation in Henan Province also weakened (Figures 6N,O), with strong precipitation mainly occurred in its northern section. In the WKP, strong southeasterly wind associated with the mesoscale vortex controlled the northern section of Henan Province (Figures 4K–L), which produced intense lower-level convergence as it approached the mountain. This was a favorable condition for the maintenance of rainfall.
5 MECHANISMS GOVERNING THE VARIATION OF THE MESOSCALE VORTEX
In order to explore the mechanisms governing the rapid development and long-time maintenance of the mesoscale vortex, Eq. 1 was first calculated by using the hourly 0.25° × 0.25° ERA5 reanalysis data, and then averaged within the central region of the vortex (i.e., the 5.5° × 5.5° green box shown in Figure 4). The results are shown in Figure 7. Before detailed analysis, we first compared term TOT with term LTD (Figures 7A,B). It is shown that, the two terms show notably similar features in intensity, temporal variation, and vertical distribution. This means that, after neglecting the friction, the balance of the vorticity budget equation was generally good, and thus the budget results can be used for further analyses.
[image: Figure 7]FIGURE 7 | Area-averaged (within the main body of the vortex) vorticity budget terms: TOT (A), LTD (B), HAV (C), VAV (D), TIL (E), STR (F), VAV + TIL (G), and HAV + STR (H), where the purple dashed lines outline the central level of the vortex and the thick gray contour is the zero contour of term TOT. LTD, local time derivative.
5.1 Mechanisms Governing the Vortex’s Development
During the DVP (from 0200 UTC 16 to 0000 UTC 17 July 2021), the mesoscale vortex intensified rapidly, which can be reflected by the increasing cyclonic vorticity within its central region (Figure 8A). The rapid enhancement can also be confirmed by the notable positive TOT in this period (Figure 7A). The comparison among all five budget terms of Eq. 1 shows that, term STR was the dominant term for the vortex’s rapid development (Figure 7F). This was mainly due to the strong convergence around 850 hPa (Figure 8B), which produced cyclonic vorticity through vertical stretching (Fu et al., 2017). Term VAV acted as the second dominant factor (Figure 7D), particularly for the upper layer of the vortex. As cyclonic vorticity (Figure 8A) and ascending motions (Figure 8C) controlled the central region of the mesoscale vortex, positive VAV means that upward transport of cyclonic vorticity.
[image: Figure 8]FIGURE 8 | Area-averaged (within the main body of the vortex) vorticity (A), divergence (B), and vertical velocity (C), where the black dashed lines outline the central level of the vortex and its formation and dissipation time.
Term TIL exerted an overall negative effect that decelerated the mesoscale-vortex’s development during the DVP (Figure 7E), although it acted as a favorable factor for the development before 1400 UTC 16 July. The change of the TIL’s effect was mainly due to the notable changes in convection activities (which can reflect vertical motions; Figures 5A–D), as the horizontal vorticity vector (which can be reflected by vertical shear) changed slowly during this period (not show). Term HAV, which denotes the effect of horizontal transport of vorticity, was the most detrimental factor for the mesoscale-vortex’s development. As Figure 7C shows, except for the short period of 2200 UTC 16–0000 UTC 17 July, this term kept a strong negative value around 850 hPa. This was mainly due to the export transport of cyclonic vorticity from the central region of the mesoscale vortex and the import transport of anticyclonic vorticity into the central region. The former was mainly accomplished by the northeasterly wind in the northwestern section of the vortex and the southwesterly wind in the southeastern section (Figure 9A), and the latter was mainly due to the northwesterly wind around the southwestern section.
[image: Figure 9]FIGURE 9 | Term HAV (shading, units: 10−10 s−2) and wind field at 850 hPa (a full bar represents 4 m s−1), where the red box outlines the main body of the vortex, and the big open green vector mark the key transport of vorticity that resulted in a negative HAV.
The sum of terms VAV and TIL represents the total effect of vertical factors, and the sum of terms HAV and STR denotes the overall effect of horizontal factors. Comparison between VAV + TIL and HAV + STR shows that, during the DVP, the vertical factors mainly exerted a neutral effect on the mesoscale-vortex’s development (Figure 7G), whereas the horizontal factors acted as a dominant factor for the development. In contrast, for the levels above 800 hPa (over the mesoscale vortex), the vertical factors mainly showed a positive effect for enhancing cyclonic vorticity, whereas the horizontal factors mainly acted in an opposite way.
5.2 Mechanisms Governing the Vortex’s Maintenance
During the MTP (from 0000 UTC 17 to 1200 UTC 18 July 2021), the mesoscale vortex moved slowly southwestward (Figures 4E–K), and weakened gradually in intensity (Figure 8A). From Figure 7A, around 850 hPa, positive and negative TOT alternatively dominated the central region of the mesoscale vortex, with the negative TOT showing a stronger intensity (this explained the vortex’s slow weakening). Term STR was a dominant factor for maintaining the mesoscale-vortex’s intensity (Figure 7F), as convergence was overall notable around 850 hPa (Figure 8B), which produced cyclonic vorticity through vertical stretching. Term VAV was another dominant factor for sustaining the vortex, as ascending motions (Figure 8C) consistently transported cyclonic vorticity upward to the layer of the vortex (i.e., 900–850 hPa). Terms HAV and TIL exerted negative effects (of similar intensity) on the maintenance of the mesoscale vortex (Figures 7C,E). The former was mainly due to the export transport of cyclonic vorticity across the western section of the northern boundary line of the central region (Figure 9B), and import transport of anticyclonic vorticity across the southern section of the western boundary line, the eastern section of the southern boundary line and the northern section of the eastern boundary line. The latter was mainly due to the tilting from horizontal vorticity vector to anticyclonic vorticity (Figure 7E).
Overall, during the MTS, the vertical factors were detrimental for the mesoscale-vortex’s sustainment from 0000 UTC 17 to 0000 UTC 18 July (Figure 7G), and then they acted in an opposite manner. This change was mainly due to the changes in ascending motions (not shown), which both affects the vertical transport and tilting effect. The horizontal factors changed their effects alternatively during the MTS, which resulted in a net negative effect (Figure 7H). Compared to those in the DVP, the vertical factors changed little in intensity, whereas the horizontal factors weakened notably in intensity. This corresponded to the slow weakening of the vortex.
5.3 Backward Trajectory Analysis
As described in Section 2.3, a backward trajectory analysis was conducted to explore key features during the formation of the mesoscale vortex. A total of 529 air particles (at 850 hPa) within the central region of the vortex was used in the backward tracking, which was initiated at 0200 UTC 16 July 2021 when the mesoscale vortex formed, and was ended at 0000 UTC 15 July 2021. From Figure 10A, it is clear that, all the air particles that formed the mesoscale vortex came from the height below 3,000 m. This means that the processes in the lower troposphere were of great importance for the vortex’s formation. We calculated the proportion of the air particles that sourced from the levels below 1,500 m (i.e., the mean height of 850 hPa), and found that these air particles accounted for ∼81.5%. The reminding ∼18.5% of the air particles came from levels above 1,500 m. As shown in Figure 10B, most of the air particles that formed the mesoscale vortex came from the regions South of its central region (∼63.7%). The air particles sourced from the central region accounted for the smallest proportion (∼14.9%) and those came from the regions North of the central region ranked second (21.4%). This means that the processes in the lower latitudes were of great importance for the vortex’s formation.
[image: Figure 10]FIGURE 10 | Panel (A) shows the three-dimensional backward trajectories associated with the 529 dots within the main body of the vortex. Panel (B) shows the height variations along the 529 backward trajectories, where the percentage represents the proportion of the air particles sourced from the regions South of, within and North of the vortex’s main body. Panel (C) shows the variations of specific humidity along the 529 backward trajectories, where blue means the initial specific humidity was below 10 g kg−1, green means the initial value was between 10 and 15 g kg−1, and red means the initial value was above 15 g kg−1, with corresponding colored values showing its contribution. The thick black line shows the mean of all 529 trajectories. Panel (D) shows the variations of potential temperature along the 529 backward trajectories, where blue means the initial potential temperature was below 305 K, green means the initial value was between 305 and 310 K, and red means the initial value was above 310 K, with corresponding colored values showing its contribution. The thick black line shows the mean of all 529 trajectories.
According to the value of specific humidity at 0000 UTC 15 July 2021, we divided the air particles into three groups: the dry group (initial specific humidity was below 10 g kg−1), the moderate group (initial specific humidity was between 10 and 15 g kg−1), and the moist group (initial specific humidity was above 15 g kg−1). For the dry group (∼3.1% in proportion), it mainly gained moisture (as specific humidity increased) from −26 to −5 h (Figure 10C), and then its specific humidity reduced rapidly from −5 to −4 h due to rainfall. After that, its specific humidity increased gradually due to evaporation of precipitation. For the moderate group (∼53.6% in proportion), it first increased in specific humidity from −26 to −17 h (Figure 10C), and then from −17 to −16 h it decreased in specific humidity rapidly due to precipitation. From −16 to −5 h, its specific humidity changed little, then from −5 to −4 h rainfall appeared again which reduced the specific humidity rapidly, and after that, specific humidity changed little from −4 to 0 h. For the moist group (∼43.3% in proportion), it experienced similar changes to those of the moderate group from −26 to −4 h (Figure 10C), whereas, during the period from −4 to 0 h, it mainly decreased in specific humidity. Overall, the dry group mainly experienced one heavy rainfall event (i.e., from −5 to −4 h), whereas the other two groups experienced two heavy rainfall events (i.e., from −17 to −16 h and from −5 to −4 h). The sum of all three groups of air particles mainly gained moisture (due to evaporation) from −26 to −8 h (black thick line in Figure 10C), and lose moisture (due to precipitation) from −8 to 0 h. The precipitation from −8 to 0 h was conducive to the formation of the mesoscale vortex, as the associated latent heat release enhanced the lower-level convergence and ascending motions, which increased the cyclonic vorticity within the central region through vertical stretching and vertical transport.
Similar as the above, according to potential temperature at 0000 UTC 15 July 2021, we divided the air particles into three groups: the cold group (initial potential temperature was below 305 K), the middle group (initial potential temperature was between 305 and 310 K), and the warm group (initial potential temperature was above 310 K). From Figure 10D, it is clear that, the three groups of air particles showed notably different changes from −26 to 0 h. Overall, the middle group (51.7% in proportion) changed little in potential temperature, the warm group (19.1% in proportion) decreased in potential temperature, and the cold group (29.2% in proportion) increased in potential temperature. At 0 h, the differences of potential temperature of all three groups of air particles reduced sharply compared to those at the initial time (i.e., −26 h), which means the mesoscale vortex showed a relatively homogeneous thermodynamical structure. As the black thick line in Figure 10D shows, from −26 to −8 h, the sum of all three groups of air particles mainly increased in potential temperature, whereas after that, it decreased in potential temperature slowly.
6 CONCLUSION AND DISCUSSION
From 17 to 22 July 2021, the “21.7” Henan TRE lasted for 6 days and broke a series of historical records, which rendered serious economic losses and heavy casualties. The “21.7” TRE could be roughly divided into three different stages, during which the precipitation features and dominant weather systems were notably different. This study mainly focused on the development and maintenance mechanisms of a long-lived (72 h) quasi-stationary mesoscale vortex that governed the earlier stage of the “21.7” TRE. Synoptic analysis indicates that the mesoscale vortex formed and maintained in a favorable environment: in the upper troposphere, the divergence associated with the South Asia high contributed to ascending motions, and the cold temperature advection due to the northerly wind West of a northwestward moving extratropical cyclone increased the instability of the atmosphere, both of which contributed to the mesoscale-vortex’s formation/sustainment. In the middle troposphere, the relay transport of relatively cold air from the higher latitudes to lower latitudes, as well as the low-pressure center with warm advection over Henan Province provided favorable dynamical and thermodynamical conditions for heavy rainfall, which released notable latent heat that contributed to the mesoscale-vortex’s formation/sustainment. Vorticity budget within the mesoscale-vortex’s central region shows that, term STR was the dominant term for the vortex’s rapid development and long-time maintenance. This was mainly due to the strong lower-level convergence, which produced cyclonic vorticity through vertical stretching. Term VAV acted as the second dominant factor, particularly for the upper layer of the vortex. This was mainly due to the upward transport (from lower to higher levels) of cyclonic vorticity by ascending motions. In contrast, Terms HAV and TIL mainly decelerated the mesoscale-vortex’s development/maintenance through importing/exporting anticyclonic/cyclonic vorticity into/from its central region and tilting effects. Overall, the horizontal factors dominated the mesoscale-vortex’s development/maintenance, whereas, the vertical factors mainly exerted a neutral effect. Backward trajectory analysis denoted that the air particles which formed the mesoscale vortex mainly came from the levels below 1,500 m, within the regions in lower latitudes. The air particles that formed the mesoscale vortex experienced notable precipitation before the vortex’s formation. This was conducive to its formation, as the associated latent heat release enhanced the lower-level convergence and ascending motions, which increased the cyclonic vorticity within the central region through vertical stretching and vertical transport. Moreover, the air particles that formed the mesoscale vortex first showed notable difference in potential temperature, and then this difference reduced sharply when the mesoscale vortex formed, implying that the vortex showed a relatively homogeneous thermodynamical structure.
Mesoscale vortices are one of the most important types of systems that induce TREs not only in China but also in the whole world (Menard and Fritsch, 1989; Neu et al., 2013; Evans et al., 2014; Fu et al., 2020; Fu et al., 2021). Through analyzing the long-lived mesoscale vortex during the earlier stage of the “21.7” TRE, this study had added a typical case to this research field. Although the results had shown some key features of the vortex, the present study did not directly investigate how the vortex interact with the heavy rainfall. Therefore, in order to render a more thorough understanding of the “21.7” TRE, numerical simulations, terrain-related analyses, and latent-heat-related sensitivity experiments should be conducted in a future work.
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