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Abstract

:

From 17 to 22 July 2021, the “21·7” extreme rainfall event (“21·7” ERE) hit Henan Province, breaking the record for mainland China with a maximum hourly rainfall of 201.9 mm at the Zhengzhou station. The long-lived (20 h) mesoscale Huang-Huai vortex (HHV) was an important system that directly affected the major rainfall stage, including the extreme hourly rainfall. This study investigates the formation and development mechanism of the HHV, as well as its association with the simulation of extreme hourly rainfall through numerical simulations. The simulated rainfall and radar composite reflectivity were in good agreement with the observations, thus effectively reproducing the generation and developmental process of the HHV. The analysis results showed that the HHV initially formed at 850 hPa on 19 July at 1800 UTC and eventually developed to 550 hPa. The positive feedback formed by the horizontal convergence and vertical vorticity transport was the main mechanism leading to the generation and deepening of the HHV. The stretching effect (STR) term played an absolutely dominant role in the increase in the vorticity tendency, and it primarily originated from the coupling effect of boundary layer jets (BLJs) and synoptic-weather-system-related low-level jets (SLLJs). The accurate simulation of the HHV allowed the early rainfall to reasonably reproduce the surface cold pool near the Zhengzhou station, and then the cooperation of the SLLJs, the BLJs, and the cold pool made the simulated extreme hourly rainfall exactly close to the Zhengzhou station, but with a weaker intensity, due to the fact that the HHV moved northeastward after its formation, resulting in a narrow range of southerly flow in southern Henan, which is not conducive to convective triggering in the southerly flow.
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1. Introduction


An extreme rainfall event (referred to as the “21·7” ERE) hit Henan Province from 17 to 22 July 2021, during which the 6-day cumulative rainfall in some cities exceeded 700 mm, with the maximum hourly rainfall in Zhengzhou reaching 201.9 mm on July 20, breaking the record in mainland China. Therefore, many works have dissected the “21·7” ERE from different perspectives, such as through diagnostic analyses [1,2,3,4,5], data assimilation [6,7], or numerical simulations [8,9,10].



Previous work noted that the development and movement of the mesoscale vortices in central east China, especially the long-lived ones, are vital triggers for persistent heavy rainfall [11,12,13]. These vortices are meso-α-scale systems with a horizontal radius of approximately 200–500 km, covering the lower and middle troposphere. Su et al. (2012) and Zhang et al. (2013) found that two heavy rainfall processes that occurred in Henan from 16 to 19 July 2010 were caused by such mesoscale vortices [14,15]. The formation and development of mesoscale vortices are influenced by many factors. Sun et al. found that mesoscale vortex formations are dominated by vorticity production due to convergence and vorticity transport [16]. Some studies have suggested that the ambient vertical wind shear, the strength of the system-generated cold pool, and the scale of the convective line segments are factors that affect the intensity and scale of mesoscale vortices [17]. Several studies have reconfirmed that this “21·7” ERE in Henan was directly influenced by the long-lived mesoscale Huang-Huai vortex (HHV) [1,2,3,9]. Fu et al. (2022) analyzed the structure of the long-lived mesoscale convective vortex (MCV) at 475–800 hPa during 19–20 July 2021 using the European Centre for Medium-Range Weather Forecasts (ECMWF) reanalysis version 5 (ERA5) data and found that the MCV’s interaction with its parent mesoscale convective system (MCS) was crucial to producing the extreme rainfall in Zhengzhou [2,18]. Li et al. (2022) also used ERA5 data to study the development and maintenance mechanisms of the HHV [3], but unlike Fu et al. (2022) [2], they focused on an earlier stage. Some other studies have found that the eastward movement of the vortex coupled with a strong low-level southwesterly jet can bring adequate water vapor from the Bay of Bengal and trigger a strong ascending motion in Henan [19]. Low-level jets (LLJs), usually defined as a maximum wind speed exceeding 10 m·s−1 below 700 hPa, can be divided into two types: synoptic-weather-system-related low-level jets (SLLJs) at 1–4 km and boundary-layer jets (BLJs) below 1 km [20]. Studies have found that LLJs provide favorable conditions for the generation and development of mesoscale vortices due to strengthening horizontal convergence [21,22]. ERA5-based studies found that the coupling of the SLLJs at 700–850 hPa and BLJs at ~950 hPa provided strong mid-level divergence and mid- and low-level convergence, leading to a maximum rainfall rate in this “21·7” ERE [1,5].



Due to the extreme nature of this rainfall, the resolution of the ECMWF forecasts tended to underestimate the intensity of the rainfall, and the predicted rainfall center was more westward relative to the observation (Figure A1). In addition, since the temporal resolution of the reanalysis data was hour-by-hour, the possible temporal misalignment may have missed the mesoscale vortex located in the lower troposphere of western Henan, which is evident in the radiosonde data (Figure A1). Numerical simulations are an effective tool to obtain a quantitative understanding of the processes associated with the weather system. Xu et al. (2022) found that high-resolution numerical sensitivity experiments were essential to understanding the close relationship between tropical cyclones and the “21·7” ERE [9]. Yin et al. (2022) emphasized the importance of a quasi-stationary, well-organized meso-γ-scale convective system based on a nested WRF model with a maximum resolution of 1 km, and they concluded that this “21·7” ERE was a joint product of cloud microphysical processes and dynamical processes in the convective system [23]. The effects of the direct assimilation of the Chinese Fengyun (FY)-4A Advanced Geostationary Radiation Imager (AGRI) on the “21·7” ERE were also analyzed [6].



In this study, based on high-resolution remote sensing data such as FY-4A satellite and radar data, we performed numerical simulations using weather research and forecasting (WRF) to analyze the formation mechanism of the “21·7” ERE from the perspective of the mesoscale vortex. Whether the dominant factor, the HHV, was simulated reasonably in the numerical simulation was checked, and in turn, the formation and development process of the HHV was further analyzed based on this high-temporal-resolution simulation. Also, the possible reason for why the extreme hourly rainfall happened to occur at the Zhengzhou station, but the intensity was underestimated under the effect of the HHV is further discussed in conjunction with the LLJs, cold pool, and convective merging processes.



The data and methods used are described in Section 2, and the basic validation of the model simulation capability, an analysis of the mechanisms of HHV formation, and the influence of the HHV on the extreme hourly rainfall are presented in Section 3. Section 4 and Section 5 provide a discussion and conclusion, respectively.




2. Materials and Methods


2.1. Data


Five types of data were used in this study: (a) The hourly rainfall observations from national meteorological stations of the China Meteorological Administration were used. (b) The assimilation analysis fields from Xu et al. (2022) were used as the initial values [6]. They assimilated full-disk L1-level raw radiance data from the FY-4A satellite AGRI sensor and conventional observations, including radiosondes, ships, surface synop observations, and airport reports from the China Meteorological Administration. The background fields, as well as the lateral boundary conditions, were taken from global forecast system (GFS) forecast data provided by the National Centers for Environmental Prediction (NCEP) (https://rda.ucar.edu/datasets/ds084.1/ (accessed on 7 September 2023)), featuring a spatial resolution of 0.25° and a temporal resolution of a 6 h interval. (c) The blackbody temperature (TBB) from an FY-4A satellite AGRI sensor with a temporal resolution of 1 h and a spatial resolution of 4 km at the nadir (http://satellite.nsmc.org.cn (accessed on 7 September 2023)) was used for the analysis of MCSs. (d) The 6 min interval radar composite reflectivity from the China Meteorological Administration was used for verification. (e) The European Centre for Medium-Range Weather Forecasts (ECMWF) forecast and ERA5 data (https://www.ecmwf.int/ (accessed on 7 September 2023)) were used.




2.2. Model


This study used the advanced research version of the weather research and forecasting (WRF-ARW) model, version 3.9. The experiment used a nested grid setup for two domains, with a grid spacing of 9 km for the outer domain (D01) and 3 km for the inner domain (D02) (Figure 1), which is a common model configuration used in operational forecasting. The vertical grid contained 51 levels, of which levels 1–14 were below 700 hPa and affected by terrain height, and the pressure at the top of the model was 50 hPa. The physical parameterizations were as follows: the new Thompson microphysics scheme [24], the rapid radiative transfer model for GCMs (RRTMG) longwave and shortwave radiance schemes [25,26,27], the Yonsei University planetary boundary layer scheme [28], the Noah land surface model [29], and the new Tiedtke cumulus scheme [30] for D01.



In this study, the simulation was started from 0600 UTC on 19 July and followed by a 6 h spin-up, while two assimilations were conducted at 0600 UTC and 1200 UTC. The lateral boundary conditions were taken from the forecast field of NCEP GFS at 6 h intervals starting from 0600 UTC on 19 July. The assimilated analysis field at 1200 UTC was chosen as the initial value of the warm start, from which the model was forecasted for 24 h from 1200 UTC on 19 July to 1200 UTC on 20 July.




2.3. Method


To analyze the evolution of the HHV, the vortex structure was defined in this paper as a closed vortex center in the stream field coupled with a significant positive relative vorticity center (≥10−4 s−1), referring to previous studies [2,13,31]. The vertical thickness of the vortex was determined based on whether there were notable vortex structures in the continuous levels of the 50 hPa interval. The vortex’s bottom (top) level was determined by the maximum (minimum) pressure.



The vorticity equation was used to quantify the evolution of the vortex, which describes the changes in the vorticity of a fluid in its motion. Without considering friction, the formula in the pressure coordinate is as follows [32]:


    ∂ ζ   ∂ t   = −   u   ∂   ζ + f     ∂ x   + v   ∂   ζ + f     ∂ y     − ω   ∂ ζ   ∂ p   +     ∂ ω   ∂ y     ∂ u   ∂ p   −   ∂ ω   ∂ x     ∂ v   ∂ p     −   ζ + f       ∂ u   ∂ x   +   ∂ v   ∂ y     ,  



(1)




where u, v, and ω are the zonal, meridional, and vertical winds in the pressure coordinate, respectively.   ζ   is the relative vorticity in the   k   direction and   f   is the Coriolis parameter. The term on the left side of Equation (1) is the local time derivative of the relative vorticity. The terms on the right side of Equation (1) are the four budget terms of the local tendency of the relative vorticity: the horizontal advection of absolute vorticity (HAV); the vertical advection of relative vorticity (VAV); the tilting effect (TIL), reflecting the transfer of vorticity between the horizontal and vertical components; and the stretching effect (STR), reflecting the effect of the horizontal velocity divergence on the absolute vorticity.





3. Results


3.1. Verification


Before analyzing the simulations of the mesoscale vortex, the forecast results of the model were examined in terms of three aspects: synoptic-scale circulation, rainfall, and radar composite reflectivity.



The stable and persistent coexistence of the western Pacific subtropical high (WPSH) in Northeast Asia, the Tibetan high in Western China, and Tropical Cyclone (TC) In-Fa over the East China Sea, as well as TC Cempaka over the South China Sea, are important background environments playing a dominant role in the occurrence and location of rainfall [10,33]. Figure 2 shows the temporal average of the WRF outputs and ECMWF forecasts from 1200 UTC on 19 July to 1200 UTC on 20 July. Henan is located ahead of the 200 hPa shortwave trough (Figure 2a,d) and the 500 hPa inversion trough (Figure 2b,e), which are governed by the warm advection and the southerly and southeasterly winds at 850 hPa (Figure 2c,f) at the same time. The simulated background environment in this study was consistent with that of the ECMWF forecasts. However, from the contour line at 5880 gpm, the simulated WPSH in this study was more northeastward and weaker than that of the ECMWF forecast, which Xu et al. (2022) suggested helps to correct the westward center of rainfall in the ECMWF forecast [6].



Second, Figure 3 shows the results of the rainfall forecast. The spatial distribution of the simulated 24 h cumulative rainfall in the Henan region agreed well with the observations, and the intensity was also comparable (Figure 3a,b). The location of the simulated largest hourly rainfall center (34.76  °  N, 113.74  °  E, Figure A2) from 0800 UTC to 0900 UTC on 20 July was close to the Zhengzhou station (34.71  °  N, 113.66  °  E). From 1800 UTC on 19 July to 1100 UTC on 20 July, the evolution of simulated rainfall at the largest hourly rainfall grid with time was consistent with that of the observation at the Zhengzhou station (Figure 3c). Although the intensity of the simulated maximum rainfall was weak, the simulation had a good performance in capturing the trend and location (Figure 3c and Figure A2). The threat score (TS) is often used to assess the quality of rainfall simulations. The TS above 250 mm (500 mm) of the simulation was 0.3889 (0.5).



Further, the simulated composite radar reflectivity (the combination of the maximum simulated equivalent radar reflectivity calculated from the WRF model output) was compared with observations derived from operational weather radars. There was a northwest–southeast band echo east of Henan at 1200 UTC on 19 July; the simulation reproduced the location and development of radar echoes consistently with that of the observation, but the intensity was slightly weaker than that of the observation. By 0830 UTC on 20 July, the observed and simulated location and intensity of the primary MCS in northern Henan matched well, but the simulated results failed to capture the newborn convective cells in southern Henan (Figure 4c,d).



Based on the above evaluation, and despite the fact that the extreme hourly rainfall intensity remained weaker compared to the observations, the WRF simulation captured well the persistent rainfall during 19–20 July 2021, with an improvement in the location and intensity of rainfall compared to that of the ECMWF forecast (Figure A1). On the other hand, the simulation also reproduced the occurrence and development of the main MCSs affecting the “21·7” ERE in radar reflectivity. Therefore, the simulation results could be used to analyze the mesoscale vortex affecting the “21·7” ERE.




3.2. Simulation Analysis


The key region (1.5° × 1.5°) of the HHV (red dashed box in Figure 5) was determined by covering the closed vortex structure and a vorticity center ≥ 10−4 s−1 to show the overall features of the HHV.



The HHV affecting this rainstorm was a meso-α-scale vortex exceeding 150 km in the horizontal direction, which had a long life history (lasting about 20 h) and could be divided into three stages. The relative vorticity and stream field at 50 hPa intervals between the top and bottom of the HHV were analyzed, and the results of representative layers are shown in Figure 5. The first stage occurred at 1500–2100 UTC on 19 July, during which a meso-α-scale closed vortex structure was first generated at 850 hPa in the key region (above the Funiu Mountain) at 1800 UTC on 19 July, and then extended to 550 hPa about 3 h later (Figure 5a–f), indicating that the HHV became deeper. The mean vorticity in the key region was also seen to increase rapidly at 1500–2100 UTC (Figure 6, an increase of about 4 × 10−5 s−1). The simulated average vorticity decreased slightly (Figure 6) in the second stage (from 2100 UTC on 19 July to 0400 UTC on 20 July), and the simulated HHV moved slowly to the northwest (Figure 5) during the third stage (from 0400 UTC to 0900 UTC on 20 July). The 1 h cumulated rainfall above 10 mm was always in the northeast of the HHV center (Figure 5), where the cyclonic convergence was stronger. Also, when the maximum relative vorticity was larger during the second and third stages, the maximum 1 h cumulative rainfall tended to be larger (Figure 6).



Is there a direct correlation between the HHV and heavy rainfall? Furthermore, Figure 7 shows the distribution of the simulated radar composite reflectivity and the wind vector at 850 hPa. Before the formation of the HHV (before 1800 UTC on 19 July), a southeast–northwest banded convective system appeared in Henan, with a peak radar reflectivity over 50 dBZ (Figure 4b and Figure 7a,b). Subsequently, the band-shaped echo gradually developed into a spiral echo in the northeast of the HHV, but at this time, the convective cells above 40 dBZ were still scattered. With the development of the HHV, the convective cells gradually merged and blocked at Zhengzhou, with the peak radar reflectivity exceeding 55 dBZ, resulting in persistent heavy rainfall. Therefore, the HHV was closely associated with the MCS that was blocked at Zhengzhou.



3.2.1. Generation Mechanism of the Huang-Huai Vortex


Compared with the results of the ERA5 reanalysis data, the vortex position simulated in this paper was consistent with that of the ERA5 reanalysis data (Figure A3) at the first and second stages. In addition, Fu et al. (2022) found that the HHV in the ERA5 reanalysis data was located in the 475–800 hPa layer [2], while the closed vortex was also present below 850 hPa in the numerical experiment, which could also be observed from the radiosonde data (Figure A1). Therefore, numerical simulations that reproduce the evolution of the HHV are beneficial for studying its generation mechanism. Based on this result, the vorticity budget equation in Section 2.3 was used to diagnose the generation mechanism of the HHV. As shown in Figure 8a, the distribution of the relative vorticity source–sink term (    ∂ ζ   ∂ t    ) was similar to that of the sum of four relative vorticity budget terms (HAV, VAV, TIL, and STR), which means that the values on the left and right sides of Equation (1) were balanced.



As shown earlier in Figure 5, the HHV first formed at 850 hPa on 19 July at 1800 UTC. Why did the closed vortex structure first generate from the low level? Figure 8 provides a diagnosis of the mean vorticity in the key region between 900 and 400 hPa between 1500 UTC and 2100 UTC on 19 July. During the generation phase of the HHV, the STR term and VAV term provided the main positive contributions (Figure 8c,e). Among them, the STR term played a major role in the increase in the vorticity tendency, which was about twice as much as the simultaneous VAV term. In contrast, the HAV term below 600 hPa and the TIL term in the middle troposphere and boundary layers mainly decelerated the formation of the HHV above 700 hPa during this period (Figure 8b,d). It can thus be concluded that the HHV was initially generated mainly by the convergence in lower levels. Subsequently, the horizontal convergence of vorticity was further strengthened by the 850 hPa vorticity center lift (vortex rise), and so forth, and after 3 h (from 1800 UTC to 2100 UTC on 19 July), while the HHV developed into a deep system above 600 hPa due to the net-import HAV term between 600 and 500 hPa. This horizontal convergence and vertical vorticity transport formed positive feedback as the main mechanism leading to the generation and deepening of the HHV.



The STR term was mainly affected by the LLJs, and their coupling played an important role in HHV formation. The wind field distribution at 700 hPa and 950 hPa in Henan is given in Figure 9, and the blue contour line highlights the area where the wind speed exceeded 14 m·s−1. The HHV was located on the left side of the BLJs and SLLJs cores, which favored the occurrence of convergence (Figure 9c–f). The period of HHV formation (between 1500 UTC and 1800 UTC on 19 July) was the local nighttime, a time that favors the strengthening of the jets at the low level [34,35]. The BLJs kept strengthening (Figure 9d,f), the maximum wind speed at the center of the jets exceeded 20 m·s−1 at 950 hPa by 1800 UTC (Figure 9f), and the SLLJs were maintained, which promoted the formation of the HHV.




3.2.2. The Impact of the Huang-Huai Vortex on Extreme Hourly Rainfall


Based on the model’s better control of the HHV generation and developmental stages, the early rainfall reasonably reproduced the formation process of the cold pool. Figure 10a–c show that the evaporation cooling caused the cold pool to gradually extend to the Zhengzhou station after 0600 UTC, and the cold pool developed more deeply to 925 hPa at 0830 UTC on 20 July 2021; the Zhengzhou station was located at the boundary of the cold pool. The distribution of the surface temperature and wind field was similar to the synop observations (Figure 10e,f). The northwest outflow around the Zhengzhou station was obvious at the surface (Figure 10e). The outflow enhanced the convergence at the surface and triggered vertical motion and convection. The increase in the temperature gradient in the direction of northeast and southwest in the cold pool made the BLJs increase (highlighted by yellow boxes in Figure 10a–c). The BLJs and the SLLJs jointly contributed to the generation of the HHV in the first stage, but they played different roles during 0700–0900 UTC on 20 July. The mesoscale convergence (Figure 11a) and ascending motion (Figure 11b) were greatly strengthened at low levels above the Zhengzhou station due to its position at the left side of the strongest BLJ core and the confluence of southeasterly, easterly, and northeasterly winds at 0830 UTC on 20 July (Figure 9h). Meanwhile, the Zhengzhou station is located at the entrance of the SLLJ core (Figure 9g), which favors the occurrence of divergence at 700 hPa (Figure 11a). The vertical shear of horizontal wind between 700 hPa and 950 hPa and the coexistence of divergence at 700 hPa and convergence at 950 hPa were the triggers to produce vertical lifting. Luo and Du (2022) also confirmed the effect of double jets on low-level convergence and divergence on July 20 [1]. It was due to the cooperation of the SLLJs, the BLJs, and the cold pool that the simulated extreme hourly rainfall location was exactly near the Zhengzhou station, only with a weak intensity.






4. Discussion


As described in the above section, the numerical simulation reproduced the generation process of the HHV and the location of the extreme hourly rainfall. Then, why was the simulated extreme hourly rainfall at Zhengzhou station weak? This was mainly related to the evolution of the HHV in the third stage. After 0400 UTC on 20 July, the simulated HHV in this paper continued to move to the northeast (Figure 5), while the HHV in ERA5 moved to the west and the vorticity remained unchanged (Figure A3). As shown in Figure 12, the southerly airflow above 6 m/s at 700 hPa in the southeast of the HHV in ERA5 was much wider and greater than that of the simulated HHV in this paper at 0500 UTC on 20 July.



Mai et al. (2020) [36] defined an MCS as (1) the scale of cloud areas with the temperature of the blackbody (TBB) ≤ −52 °C exceeding 5000 km2 in the horizontal direction, and (2) cloud areas satisfying (1) that last at least 3 h. Referring to previous work, this study used the TBB of the FY-4A AGRI to analyze the evolution of MCSs (Figure 13). Byers and Braham (1949) put forward the concept of a convective cloud merger, and some subsequent studies have pointed out that a convective cloud merger could not only increase the size and intensity of convective clouds, but also improve rainfall efficiency and cause heavy rainfall on the ground [37,38,39,40]. From the TBB (Figure 13), several small cloud clusters were continuously generated in Hubei and Anhui in the southerly airflow and were guided by the southwesterly flow to the northeast; they then merged into the meso-α-scale MCSs stagnated in the north of Henan after 0500 UTC on 20 July due to the blockage of the Taihang Mountain [41]. However, due to the narrower range of southerly airflow in the south of Henan in this simulation, the windspeed and the variation in the wind with the height were smaller, which was not conducive to the triggering of convection in the south, as is also clear from the simulated radar reflectivity in Figure 4d. This may be the main reason for the weak extreme hourly rainfall at the Zhengzhou station in the numerical simulation. This is a direction that can be focused on in future model improvements.




5. Conclusions


The HHV affecting “21·7” ERE was a meso-α-scale vortex over 150 km horizontally, which first produced a closed vortex structure at the 850 hPa level at 1800 UTC on 19 July and developed into a deep system at 550 hPa about 3 h later. The STR term and the VAV term of vorticity provided a major positive contribution in the generation of the HHV. In contrast, the HAV term below 600 hPa and the TIL term in the middle troposphere and boundary layer mainly decelerated the formation of the HHV above 700 hPa during this period. The vertical upward motion and vertical vorticity transport brought by the convergence made the vortex in the boundary layer rise, further enhancing the horizontal convergence of vorticity. This horizontal convergence and vertical vorticity transport formed positive feedback, which was the main mechanism leading to the generation and deepening of the HVV. The evolution of LLJs, especially the BLJs, played an important role in the generation of the HHV. The STR term was mainly influenced by the BLJs and SLLJs; therefore, the enhanced BLJs and maintained SLLJs during the night (between 1500 UTC and 1800 UTC on 19 July) promoted the formation of the HHV.



The location of the simulated extreme hourly rainfall at the Zhengzhou station was accurate, but the intensity was underestimated because the generation and development of the HHV were better reproduced, but after that, the HHV moved northeastward. The extreme hourly rainfall that happened to occur at the Zhengzhou station was mainly caused by the simulated cold pool, the BLJs, and the SLLJs’ high- and low-level configurations. The early rainfall benefitted from the control of the HHV and reasonably reproduced the development of the cold pool around the Zhengzhou station, which strengthened the surface convergence and promoted the vertical motion during 0700–0900 UTC on 20 July. In addition, the warm and moist air in southern Henan Province rose after encountering the cold pool, which was favorable for triggering convection. The increase in the temperature gradient in the northeast and southwest directions in the north of Henan made the BLJs increase. The mesoscale convergence and upward motion at 950 hPa over the Zhengzhou station were greatly enhanced, and at the same time, the Zhengzhou station is located at the entrance of the SLLJ core, which was favorable for the occurrence of divergence at 700 hPa. The coexistence of such divergence and low-level convergence also promoted the vertical upward motion. These configurations are illustrated in a conceptual model given in Figure 14. However, the HHV of the numerical simulation was to the northeast at the time of the extreme hourly rainfall, resulting in a narrow range of southerly airflow in southern Henan, which was not conducive to the triggering of convection in the south. This may have been the main reason for the weak extreme hourly rainfall at the Zhengzhou station in the numerical simulation.
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Figure A1. The 24 h cumulative rainfall (shading; mm) from 1200 UTC on 19 July to 1200 UTC on 20 July, horizontal wind at 850 hPa (vectors; m·s−1) at 0000 UTC on 20 July from ECMWF forecasts, and horizontal distribution of wind field at 700 hPa (orange wind barb, units: m·s−1) and 850 hPa (red wind barb, units: m·s−1) at 0000 UTC on 20 July from radiosonde data. The black star represents the Zhengzhou station. 






Figure A1. The 24 h cumulative rainfall (shading; mm) from 1200 UTC on 19 July to 1200 UTC on 20 July, horizontal wind at 850 hPa (vectors; m·s−1) at 0000 UTC on 20 July from ECMWF forecasts, and horizontal distribution of wind field at 700 hPa (orange wind barb, units: m·s−1) and 850 hPa (red wind barb, units: m·s−1) at 0000 UTC on 20 July from radiosonde data. The black star represents the Zhengzhou station.
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Figure A2. The spatial distribution of observed (a) and WRF-simulated (b) 1 h cumulative rainfall (mm) from 08 UTC to 09 UTC on 20 July. The black lines in (a,b) represent the boundary of Henan Province. The black stars represent the Zhengzhou station. 






Figure A2. The spatial distribution of observed (a) and WRF-simulated (b) 1 h cumulative rainfall (mm) from 08 UTC to 09 UTC on 20 July. The black lines in (a,b) represent the boundary of Henan Province. The black stars represent the Zhengzhou station.
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Figure A3. Relative vorticity (shading; 10−5 s−1) and stream field (black lines with arrows) at 600 hPa from ERA5 reanalysis data. 






Figure A3. Relative vorticity (shading; 10−5 s−1) and stream field (black lines with arrows) at 600 hPa from ERA5 reanalysis data.
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Figure 1. The terrain height (shading; m) of the simulated area in ARW-WRF; the area shown in the Figure is D01, and the area outlined by the black box is D02. The thick black line represents the boundary of Henan Province. The red star represents the Zhengzhou station. 
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Figure 2. Temporal average (from 1200 UTC on 19 July to 1200 UTC on 20 July) of geopotential height (contours; gpm), wind (vectors; m·s−1), and temperature (shading; °C) at (a) 200 hPa, (b) 500 hPa, and (c) 850 hPa, derived from WRF simulation. (d–f) are the same as (a–c), but derived from ECMWF forecasts. The green lines represent the boundary of Henan Province. 
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Figure 3. The spatial distribution of (a) observed and (b) WRF-simulated 24 h cumulative rainfall (mm) from 12 UTC on 19 July to 12 UTC on 20 July. (c) The hourly rainfall (mm) from observation and WRF simulation from 1800 UTC on 19 July to 1100 UTC on 20 July 2021 at the Zhengzhou station and the simulated largest hourly rainfall grid. The black lines in (a,b) represent the boundary of Henan Province. The black stars in (a,b) represent the Zhengzhou station. 
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Figure 4. Radar composite reflectivity (shading; dBZ) derived from (a,c) operational weather radars and (b,d) WRF simulations. Distribution of WRF-simulated wind field (vectors; units: m·s−1) in (b,d) at 850 hPa. The brown lines represent the boundary of Henan Province. The black stars represent the Zhengzhou station. 
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Figure 5. Relative vorticity (shading; 10−5 s−1) and stream field (black lines with arrows) at 550 hPa, 600 hPa, 700 hPa, and 850 hPa; the blue contours represent 1 h cumulative rainfall (10, 25, and 50 mm), and the red boxes mark the mesoscale convective vortex’s key regions. 
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Figure 6. Simulated maximum 1 h cumulative rainfall (blue bar; mm), maximum relative vorticity (solid line; 10−4 s−1), and key-region-averaged relative vorticity (dotted line; 10−5 s−1) at 700 hPa in the key region. The grey shading covers the first stage. 
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Figure 7. The same as Figure 4b,d, but for different simulated times. The black stars represent the Zhengzhou station. 
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Figure 8. Key-region-averaged (a) left-hand-side term (i.e., the time derivative) (contour; 10−5 s−1 every 15 min) and the total of four relative vorticity budget terms (shading; 10−8 s−1). (b) HAV, (c) VAV, (d) TIL, and (e) STR terms (shading; 10−8 s−1) and a total of four relative vorticity budget terms (contour; 10−8 s−1) from 900 hPa to 400 hPa. 
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Figure 9. Distribution of WRF-simulated wind speed (shading, m·s−1) and wind field (vectors; units: m·s−1) at 700 hPa and 950 hPa. The blue contours indicate the great wind speed (above 14 m·s−1). The red line represents the boundary of Henan Province. The purple stars represent the location of the Zhengzhou station. 
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Figure 10. Distribution of (a–e) WRF-simulated and (f) observed temperature (shading, K) and wind field (vectors; units: m·s−1) at 925 hPa, 950 hPa, and surface. The grey shading represents the terrain above 500 m. The purple stars represent the location of the Zhengzhou station. 
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Figure 11. (a) Longitude–pressure cross sections of divergence (shading; units: 10−4 s−1) and zonal circulation (vectors: zonal wind, units: m s−1; vertical wind, units: 10−1 m s−1) along 34.76°N at 0830 UTC on 20 July 2021. (b) The ascending motions (shading; m s−1) at the Zhengzhou station. 
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Figure 12. Wind above 6 m s−1 (a full bar is 4 m s−1) at 700 hPa in ERA5 reanalysis data (grey wind barb) and simulation (red wind barb). The grey and red circles represent the location of the HHV in ERA5 and the simulation, respectively. The black star represents the location of the Zhengzhou station. 
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Figure 13. Distribution of FY-4A TBB (less than −32 °C, colorful shading; °C) and terrain height (grey shading; m). The green line represents the boundary of Henan Province. The red stars represent the location of the Zhengzhou station. 
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Figure 14. Schematic diagram illustrating the configurations of BLJ (thick pink arrow), SLLJ (thick yellow arrow), HHV (black, grey circles, and white shading imply the deep HHV), and cold pool (blue cylinder; gradients represent temperature gradients) of the mesoscale system responsible for the simulated extreme rainfall that happened to occur at Zhengzhou. The thin pink (yellow) arrows denote convergence (divergence) at the left side (entrance) of the strongest BLJ (SLLJ) core. The black arrow denotes the vertical upward motion at Zhengzhou. 
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