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The southwest vortex (SWV), a low-pressure system bringing severe rainfall in southwest China, is one of the most important synoptic systems in China. Using both the National Centers for Environmental Prediction Final (NCEP-FNL) operational global analysis dataset and the Weather Research and Forecasting (WRF) model simulation, a sophisticated SWV with dual-core structure (DCSWV) over the Sichuan Basin in 2010 was studied. The DCSWV system consisted of two cores, one near Leshan City (named “C1”) and another near Langzhong City (named “C2”). The high-resolution WRF model reproduced the life cycle of the DCSWV well. The diagnostic analysis of the vorticity budget indicated that the stretching and tilting terms played important roles in the development stage of “C1”, while the stretching and vertical advection of vorticity were the major contributors to the formation and development stage of “C2”, which implied the importance of moisture convergence and ascending motion. Sensitivity experiments showed that the DCSWV was closely associated with the release in latent heat as well as the effect of topography. The great release in latent heat provided significantly positive feedback to the DCSWV system, which was decisive to the formation and development stages of “C2”. The topography of the Tibetan Plateau and the Yun-Gui Plateau affected the location and duration of the DCSWV.
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INTRODUCTION
Sichuan Basin (SCB), a fertile expanse with low hills and plains almost entirely encircled by mountains, is located in the east of Tibetan Plateau (TP), west of Wu Mountain, north of Yun-Gui Plateau, and south of Daba Mountains, China (Figure 1A). In such complex terrain conditions, a mesoscale southwest vortex (SWV) is often observed over the SCB. Statistically, the severity of heavy precipitation caused by the SWV ranks the second in China, while precipitation from the tropical cyclones ranks the first (Wang et al., 1996). Therefore, the comprehensive understanding on the SWV is necessary, especially in the summer time.
[image: Figure 1]FIGURE 1 | (A) Two domains (D01–D02) used in the Weather Research and Forecasting (WRF) simulations and (B) the modified topography (m, shaded) for D02 in the NOTER experiment. The Tibetan Plateau, Yungui Plateau, and Sichuan Basin are marked. Two blue boxes indicate the areas of the NOTER experiment.
Typically, the SWV is a cyclonic low-pressure system with significant baroclinic structures and complex temperature–humidity characteristics (Ye and Gao, 1979; Lu, 1986) between 700 and 850 hPa levels (Kuo et al., 1986; Lu, 1986). The air near the SWV is nearly moist adiabatic (Wang et al., 1993). The vorticity peaks at about 750 hPa (Feng et al., 2016). The vortex circulation in a strong SWV system is deep, which can extend up to 100 hPa (Chen et al., 1998).
With the rapid development of high-resolution reanalysis dataset, a new structure of SWV was first discovered by Zhou et al. (2017). They found that the SWV appeared with “double-yolk” or dual-core structure (DCSWV) sometimes. In other words, a big SWV embodied two small vortices. Later, Wu et al. (2018) further gave a strict definition of the DCSWV: two small coexisting vortices should be enclosed by the isohypse of the SWV, while their core centers should be within the southwest China (26–33° N, 100–108° E). Different from the conventional SWV, the DCSWV has two warm and moist centers, as well as two strong updrafts. It is accompanied by intensive precipitation centers, which brings wider rainfall range and greater influence to the regions (Zhou et al., 2017; Wu et al., 2018).
However, previous studies about the DCSWV only preliminarily revealed its structural characteristics (Zhou et al., 2017; Wu et al., 2018). The physical processes responsible for the initiation and intensification of the DCSWV are yet to be comprehensively explored. Previous studies suggested that the latent heat and topography can largely contribute to the initiation and intensification of the typical SWV (Ye and Gao, 1979; Ye, 1981; Wu and Chen, 1985; Chen and Dell’Osso, 1984; Kuo et al., 1986; Lu, 1986; Wang and Orlanski, 1987; Raymond and Jiang, 1990; Kuo et al., 1988; Fu et al., 2010; Jiang et al., 2012; Li et al., 2017). How about their roles in the DCSWV? How do they contribute to the initiation and intensification of the DCSWV? To address these, a typical DCSWV event, which occurred on July 16–17, 2010 over the SCB, is chosen, and the vorticity budget diagnostic is employed to investigate which physical processes are responsible for the initiation and intensification of the DCSWV.
The paper is organized as follows. The data and methodology are described in the Data and methodology section. In the Overview of the DCSWV event on July 16–17, 2010 section, an overview of the case study based on observation is presented. The simulated evolution of the DCSWV and the possible impacts of latent heat and topography on the DCSWV is discussed in the Modeling simulation and possible mechanisms of the evolution of the DCSWV section. Finally, the Summary and discussion section gives a summary and discussion.
DATA AND METHODOLOGY
Data and model design
The 6-hourly National Centers for Environmental Prediction Final operational global analysis (NCEP-FNL) with the horizontal resolution of 1.0° × 1.0° was used to investigate the large-scale circulation associated with the DCSWV.
The Advanced Research Weather Research and Forecasting (WRF-ARW) model Version 3.6.1 (Skamarock et al., 2008) was applied to perform model simulations. The horizontal resolutions of the outer and inner domains were 30 and 10 km, with 284 × 397 and 218 × 280 grid points, respectively. There were 30 vertical levels, and the model top was set at 50 hPa. The model domain configurations are shown in Figure 1. The FNL data were used as the initial and boundary conditions. In the control simulation (hereafter CTL), the following physics and parameterization schemes were employed, which had been largely used for simulating the extreme precipitation and synoptic systems near the TP (Liu et al., 2019; Qin and Zou, 2019) the WRF single-moment three-class microphysics scheme (Hong et al., 2004), the Rapid Radiative Transfer Model longwave radiation scheme (Mlawer et al., 1997), the Dudhia shortwave radiation scheme (Dudhia, 1989), the Monin–Obukhov surface layer scheme (Janjić, 2002), the Noah land surface scheme (Ek et al., 2003), and the Kain–Fritsch cumulus scheme (Alapaty et al., 2012) in both domains. The 5-h model spin-up time had been tested to be optimal for simulating the DCSWV. Therefore, all the simulations started from 12:00 UTC July 16, 2010 and continued for 30 h.
Two sensitivity experiments were designed to investigate the effects of latent heat and topography on the DCSWV. In the first experiment (NOLH), the latent heat was turned off (i.e., set “cu_physics = 0” and “no_mp_heating = 1” in the WRF namelist), while all other progresses of physics and parameterizations remained the same as those in the CTL experiment. The second experiment (NOTER) is similar to the CTL experiment, but the terrain heights in the west of the SCB including the TP (26°–40°N, 84.5°–105°E) and the south of the SCB including the Yun-Gui Plateau (22°–30°N, 96°–111°E) were set to 500 m (Figure 1B).
In addition, the high-resolution CMORPH global precipitation analyses data and the Japan’s second Multifunctional Transport Satellite (MTSAT-2) IR1 brightness temperature data were used to examine the convective activities, which further confirmed the existence of the DCSWV. The CMORPH precipitation data (1-hourly, 0.1° × 0.1°) combined the National Oceanic and Atmospheric Administration/Climate Prediction Center morphing technique dataset with hourly gage rainfall data from about 30,000 automatic weather stations (Pan et al., 2012). This precipitation product had been widely used in the mesoscale research field (Shen et al., 2013). The brightness temperature data (hourly, 0.05° × 0.05°) is obtained from Japan’s second Multifunctional Transport Satellite (MTSAT-2) IR1 instrument (Takeuchi et al., 2007).
METHODS
The evolution of the SWV can be represented by vorticity effectively (Fu et al., 2010; Feng et al., 2020), the diagnosis of vorticity budget was used here to probe into the detailed evolution process from a single-core SWV to the DCSWV. According to Zhang (1992), the vorticity equation can be written as Eq. 1:
[image: image]
The local time rate of change of vorticity was abbreviated as TOT. The HAV is the horizontal advection term of the absolute vorticity, which includes relative vorticity and planetary vorticity. The VAV denotes the vertical advection term of vorticity. The STR, TIL, and RES are the stretching term, tilting term, and residual term effect due to friction, respectively. [image: image] is the relative vorticity, ω is the vertical velocity in the pressure coordinates, [image: image] is the horizontal gradient operator, [image: image] is the Coriolis parameter, and [image: image] is the meridional derivative of the Coriolis parameter.
Latent heat release is crucial to the generation and development of the SWV (Ye, 1981; Kuo et al., 1986; Wang and Orlanski, 1987; Kuo et al., 1988; Fu et al., 2010). To investigate the effect of the diabatic heating in the genesis process of the DCSWV from a single SWV, the atmospheric apparent heat source (Q1) is calculated using Eq. 2 from Yanai et al. (1973):
[image: image]
where Cp is the specific heat of dry air at constant pressure, [image: image] is the temperature, V is the horizontal wind vector, [image: image] is 1,000 hPa, [image: image] is the gas constant, ω is the vertical velocity in pressure coordinates, and θ is the potential temperature.
OVERVIEW OF THE SOUTHWEST VORTEX WITH DUAL-CORE STRUCTURE EVENT ON JULY 16–17, 2010
At 12:00 UTC July 16, 2010, a typical DCSWV event occurred over the SCB. This event lasted about 14 h and dissipated at 06:00 UTC July 17, 2010. The DCSWV resulted in more than 100-mm 24-hourly accumulated precipitation in 51 cities. In Bazhong City, 1.92 million people were affected, and direct economic losses were about 910 million RMB (Wang and Zhang, 2011).
To investigate the life span of the DCSWV, Figure 2 shows the 6-hourly geopotential height and wind field using the NCEP-FNL from 12:00 UTC July 16 to 06:00 UTC July 17, 2010. At 12:00 UTC July 16 in Figures 2A,B, a low-pressure system within the isolines of 3,108-gpm was observed over southwest China. The center of this typical mesoscale SWV was near Leshan City (29°N, 104°E), marked as “C” in Figure 2. Meanwhile, a tropical low was located in the west of the South China Sea and brought southerlies wind from the ocean to the SCB. At 18:00 UTC July 16 in Figures 2C,D, the DCSWV appeared, which satisfied the criteria for a typical SWV reported by Lu (1986). A sub-mesoscale low-pressure vortex, marked as “C2” in Figures 2C,D, emerged near Langzhong City (31.5°N, 106°E). At the time, there were two vortices, “C1” and “C2”, coexisting over the SCB. Both vortices were embedded by the 3,108-gpm isotypes. It was apparent that the sub-mesoscale SWV “C1” and “C2” were born from the single-core “C”. Based on the criteria of Orlanski (1975), two mesoscale vortices “C1” and “C2” were regarded as the meso-β-scale vortex. The dual-core structure of SWV became more obvious at 00:00 UTC July 17 (Figures 2E,F). The DCSWV was mature and presented a typical double-yolk structure. It gradually moved to the northeast along with the southerly airflow, extending its influence beyond the SCB. At 06:00 UTC July 17 in Figures 2G,H, the dual-core structure disappeared and turned into a single-core structure. The center of the core was marked as “C3” in Figure 2.
[image: Figure 2]FIGURE 2 | Spatial distributions of the 700 hPa geopotential height (gpm, contours) and wind field (m s−1, arrows) at (A,B) 12:00 UTC July 16, (C,D) 18:00 UTC July 16, (E,F) 00:00 UTC July 17, and (G,H) 06:00 UTC July 17. C, C1, C2, and C3 denote the southwest vortices (SWVs), and the brown dots represent their centers (the same in the following figures, if applicable).
The evolution of precipitation distribution associated with the DCSWV was prominent. At 12:00 UTC July 16, the precipitation center was located in the northeast of the center of SWV “C” (Figure 3A). At 18:00 UTC July 16, the intensity of precipitation was stronger, and there were obvious precipitation centers below the DCSWV (Figure 3B). Six hours later, two significant precipitation maxima (>100 mm) appeared in the west of “C1” and the east of “C2” (Figure 3C). Two precipitation maxima further demonstrated the existence of the DCSWV and provided better atmospheric thermal conditions. Compared with the typical SWV, the influence range of two rain belts accompanying DCSWV was wider. At the 06:00 UTC July 17, the precipitation decreased remarkably (Figure 3D). The rain belt shifted to the east, and the two vortices dissipated and transformed to a single-core “C3”.
[image: Figure 3]FIGURE 3 | Spatial distributions of the 700 hPa geopotential height (gpm, contours) and the pre-6-h accumulated precipitation (mm, shaded) at (A) 12:00 UTC July 16, (B) 18:00 UTC July 16, (C) 00:00 UTC July 17, and (D) 06:00 UTC July 17.
The hourly MTSAT-2 brightness temperature also indicated the evolution of the two meso-β-scale vortices (Figure 4). Observations showed that the organized cloud clusters were located near two meso-β-scale vortices. At 12:00 UTC July 16, the convective cloud clusters were mainly located in the western part of vortex “C” (Figure 4A). Six hours later, accompanying the formation of two vortices, mesoscale convective cloud clusters were observed in their eastern part (Figure 4B). At 00:00 UTC July 17 (Figure 4C), the cloud clusters were also located near two vortices. Following the eastward movement of two meso-β-scale vortices, convective cloud clusters also moved to the downstream region. The precipitation and cloud clusters, thus, both demonstrated the dual-core structure of SWV.
[image: Figure 4]FIGURE 4 | Spatial distributions of the 700 hPa geopotential height (gpm, contours) and Japan MTSAT-2 infrared temperature (°C, shaded) at (A) 12:00 UTC July 16, (B) 18:00 UTC July 16, (C) 00:00 UTC July 17, and (D) 06:00 UTC July 17. The blue lines are used to intercept the cross sections in Figures 5, 6.
A planetary wave trough was observed from Lake Baikal to the SCB (not shown), which favored the formation of the SWV (Kuo et al., 1986). There was an area of high pressure over the SCB at 200 hPa (not shown), demonstrating that SWV with a dual-core structure was similar with the typical SWV, which was usually visible in the lower troposphere at 700 and 850 hPa (Kuo et al., 1986; Lu, 1986).
Figure 5 showed the vertical cross sections of the pseudoequivalent potential temperature and relative vorticity over the central points of the SWVs along the lines was shown in Figure 4. At 12:00–18:00 UTC July 16 (Figures 5A, B), the shallow positive vorticity in the lower troposphere indicated that DCSWV was a shallow weather system in the initiation stage. At 00:00 UTC July 17 (Figure 5C), in the mature stage, two positive relative vorticity centers were observed as the “C1” and “C2”. The positive vorticity extended upward from the low level. The slightly westward-tilted “C1” was deeper than “C2”, where the vorticity extended from the surface to 200 and 400 hPa, respectively. The vorticity of the two vortices both peaked at 700 hPa. Six hours later, in the dissipating stage, “C1” and “C2” transformed to “C3”, which was likely the succession of “C2” (Figure 5D). The results of Figure 6 agree well with Figure 5. Two distinct centers of upward motion were observed over “C1” and “C2” from 18:00 UTC July 16 to 00:00 UTC July 17, which extended from surface to about 100 hPa. Besides, the nearly saturated relative humidity around the “C1” and “C2” demonstrated the moist features of the DCSWV.
[image: Figure 5]FIGURE 5 | Vertical cross sections of the pseudoequivalent potential temperature (K, contours) and relative vorticity (10−5 s−1, shaded) at (A) 12:00 UTC July 16, (B) 18:00 UTC July 16, (C) 00:00 UTC July 17, and (D) 06:00 UTC July 17. The black areas at the bottom of the figures represent the topography (the same in the following figures).
[image: Figure 6]FIGURE 6 | Vertical cross-section of the vertical velocity (Pa s−1, shaded) and the relative humidity (%, contours) at (A) 12:00 UTC July 16, (B) 18:00 UTC July 16, (C) 00:00 UTC July 17, and (D) 06:00 UTC July 17.
MODELING SIMULATION AND POSSIBLE MECHANISMS OF THE EVOLUTION OF THE SOUTHWEST VORTEX WITH DUAL-CORE STRUCTURE
Modeling results
To quantify the capability of the WRF model in simulating the evolution of DCSWV, the FNL data were first gridded as the domain 2 of WRF model. The correlation coefficients between the WRF (simulated variables in domain 2) and the FNL data, including the 700 hPa geopotential height, U-component of wind, and V-component of wind at 18:00 UTC July 16 and 00:00 UTC 17 July 17, 2010 were calculated (Table 1). The correlation coefficients of the geopotential height were up to 0.87. Meanwhile, those of the U-component and the V-component of winds reached 0.83 and 0.86, respectively. All of them were statistically significant at the 99% confidence level. These indicated that the WRF simulations could well capture the evolution of DCSWV.
TABLE 1 | List of the correlation coefficients of the 700 hPa geopotential height, 700-hPa U-component of wind, and 700-hPa V-component of wind between the control simulation (CTL) run (Domain 02) data and FNL data.
[image: Table 1]The evolution of the DCSWV was divided into five stages (Figure 7). At the first stage (16:00 UTC July 16), the single-core stage, the typical SWV, vortex “C”, was enclosed by the 3,108-gpm isoline (Figure 7A). At the second stage (17:00 UTC July 16), the DCSWV initiation stage, the 3,108-gpm isoline extended northward, and the vortex “C2” appeared northeast of “C1”. The simulated positions “C1” were basically consistent with the observation, while “C2” was located in the south of the observed “C2” (Figure 7B). The warm and moist southwest and southeast flows near the east of the TP led to the unstable stratification (Figure 8B) and upward movement (not shown) in the lower troposphere of “C1” and “C2”. It was worth noting that “C1” formed at higher topography, and “C2” formed in the SCB. Whether the topography had a significant impact on the formation of “C2” will be tested in the Topography effect section.
[image: Figure 7]FIGURE 7 | Modeling simulated 700 hPa geopotential height (gpm, contours), wind field (m s−1, arrows), and terrain height (m, shaded) from the control simulation (CTL) experiment inside Domain 02 at (A) 16:00 UTC July 16, (B) 17:00 UTC July 16, (C) 18:00 UTC July 16, (D) 22:00 UTC July 16, (E) 23:00 UTC July 16, (F) 00:00 UTC July 17, (G) 02:00 UTC July 17, (H) 03:00 UTC July 17, and (i) 04:00 UTC July 17. The red dots denote the centers of SWVs. The red lines indicate the transects of the cross sections in Figure 8.
[image: Figure 8]FIGURE 8 | Vertical cross sections of the pseudoequivalent potential temperature (K, contours) and relative vorticity (10−5 s−1, shaded) from the CTL experiment at (A) 16:00 UTC July 16, (B) 17:00 UTC July 16, (C) 18:00 UTC July 16, (D) 22:00 UTC July 16 (E) 23:00 UTC July 16, (F) 00:00 UTC July 17, (G) 02:00 UTC July 17, (H) 03:00 UTC July 17, and (i) 04:00 UTC July 17.
At the third stage (18:00–22:00 UTC July 16), the DCSWV intensification stage (Figures 7C, D), a typical DCSWV was developing. Two cores were embedded in the 3,108-gpm isohypse, which was consistent with the observation (Figure 5B). The two obvious lower-tropospheric positive vorticity centers, as well as warm and moist conditions, facilitated the initiation and intensification of the DCSWV (Figure 5B, Figures 8C,D).
At the fourth stage (23:00 UTC July 16 to 02:00 UTC July 17), the mature stage, the structure of the DCSWV became more obvious (Figures 7E,G). The northeasterly to the north of DCSWV and the southwesterly to the south of DCSWV brought “C1” and “C2” closer. Two corresponding positive vorticity centers exhibited a double-yolk structure (Figures 8E,G).
At the fifth stage (03:00 UTC July 17 to 04:00 UTC July 17), the DCSWV entered into the decay stage. The typical pattern of two closed SWVs gradually disappeared, while the vorticity of “C2” gradually weakened at 03:00 UTC July 17 (Figure 8H). After 1 h, “C1” and “C2” dissipated and became a single-core vortex “C3”. Only a single strong positive vorticity center was observed. In the entire process, the DCSWV lasts for about 11 h from initiation to dissipation.
Main factors of influencing the evolution of the southwest vortex with dual-core structure
Vorticity budget
Since the vorticity budget is an effective measurement to analyze the development of the SWV (Fu et al., 2014; 2017), the vorticity budget for the DCSWV was calculated to study the relative importance of each term in the vorticity budget equation to the DCSWV. The key region of SWVs was defined as an area within the radius of 1° from the center of the vortex. As shown in Figure 9, the regional averaged vorticity budgets for key regions “C”, “C1”, “C2”, and “C3” were examined, respectively. At 16:00 UTC July 16 (the single-core stage of SWV), the moisture divergence (Figure 10) and vertical motion dominated the key region of “C”. Under these favorable conditions, the convergence-related STR and VAV terms were the main contributions of the positive vorticity budget of “C”. From 17:00 to 23:00 UTC July 16 (the formation of the DCSWV), due to intensified convection (Figure 9C), the convection-related TIL term transported the positive vortex from the lower troposphere to the upper level, which increased from −8.5 × 10−9 to 7.2 × 10−9s−2, acting as the second contribution of cyclonic vorticity “C1” at 700 hPa. At the same time, convergence and ascending motion intensified rapidly, while the convection around the key region of “C1” was active (Figure 9C). The convergence-related STR acted as the main contribution to the cyclonic vorticity of “C1” at 700 hPa, and convective-related TIL was the second contribution (Figure 9A). These terms resulted in the increase in the total vorticity budget (TOT). This feature suggested that the STR and TIL terms played important roles in the development of “C1”. After 23:00 UTC 16 July, the “C1” within DCSWV entered the mature stage, and the HAV and TIL terms were favorable to the increase in cyclonic vorticity “C1”. With the evolution of the vortex, after 01:00 UTC July 17, the HAV term increased rapidly and maintained the cyclonic vorticity in the vortex region together with the TIL term. At 04:00 UTC July 17, the DCSWV dissipated and transformed to “C3”. Terms of HAV and TIL were the main contributions to “C3” cyclonic vorticity.
[image: Figure 9]FIGURE 9 | Regionally averaged vorticity budget terms (units: 10−9 s−2) for (A) C, C1, C3, and (B) C2 at 700 hPa, and time–pressure sections of apparent heat source Q1 (K day−1, shaded), relative vorticity (10−5 s−1, black contours), and regional mean precipitation over the key region (mm, blue line) from 16:00 UTC July 16 to 04:00 UTC July 17 in the CTL experiment for (C) C, C1, C3, and (D) C2. HAV, VAV, STR and TIL denote horizontal advection of vorticity, vertical advection of vorticity, stretching, and tilting, respectively. The local time rate of change of vorticity is abbreviated as TOT. Vertical gray solid lines mark the start and end time of the SWVs.
[image: Figure 10]FIGURE 10 | Vertical integration of water vapor fluxes from 1,000 to 300 hPa (shadings and arrows, unit: kg m−1 s−1) by the CTL experiment at (A) 16:00 UTC July 16, (B) 17:00 UTC July 16, (C) 19:00 UTC July 16, and (D) 03:00 UTC July 17.
The TOTs of “C2” were smaller than those of “C1” on the whole (Figures 9A, B). At 16:00 UTC July 16 (the initiation stage of the DCSWV), the STR term mainly increased the cyclonic vorticity of “C2” within the key region of the DCSWV (Figure 9B). Moreover, the vertical upward movement was enhanced in the “C2” key region (not shown), and the term VAV became a second contributor to “C2” development. From 17:00 to 23:00 UTC July 16 (during the initiation and intensification stages of the DCSWV), the terms of STR and VAV were the main contributions to the vorticity tendency of “C2”. During the DCSWV mature stage (23:00 UTC July 16 to 02:00 UTC July 17), “C2” evolved rapidly (Figure 9B), and its cyclonic vorticity increased because of the terms of TIL and HAV. After 03:00 UTC July 17, the TIL term decreased gradually, leading to the negative TOT and dissipating of “C2”.
Overall, moisture convergence and vertical motion were evident within the key region of the DCSWV. As a result, the convergence-related STR and the VAV term related to ascending motion could increase the DCSWV cyclonic vorticity. However, the STR and TIL terms played important roles in the development stage of “C1”, while the STR and VAV terms were the main positive contributors to the formation and development stages of “C2”.
Latent heat release effect
There were obvious water vapor convergence and convection activities in the key area before the formation of the DCSWV (Figures 9C,D). As the previous studies suggested, latent heat release can largely contribute to the formation and development of SWV (Ye, 1981; Kuo et al., 1986; Wang and Orlanski, 1987; Raymond and Jiang, 1990; Kuo et al., 1988; Fu et al., 2010; Li et al., 2017). In order to explore the influence of latent heat release on the evolution of the DCSWV, we calculated Q1, relative vorticity, and regional mean precipitation in the key region (Figures 9C,D).
It is well known that water vapor flux has an important role in the release of latent heat. Figure 10 showed the vertical integration of water vapor fluxes from 1,000 to 300 hPa by the CTL experiment. As shown in Figure 10, the DCSWV formed at 17:00 UTC July 16, with one water vapor channel from the South China Sea to the key area of “C1”, which provided sufficient moisture to trigger convection and release lots of convective condensation latent heat. Since 19:00 UTC July 16, two southerly water vapor channels from the Bay of Bengal and the South China Sea converged and ascended over the key region of the DCSWV, which further enhanced water vapor convergence and ascending motion, releasing more latent heat to warm the lower and middle troposphere in the key region of “C1”. The process increased the vorticity between 850 and 700 hPa (Raymond and Jiang, 1990), which promoted the DCSWV significantly (Figure 9C). The positive feedback between the enhanced latent heat and the vorticity of “C1” indicated that latent heat release played an important role in the development of “C1”. After 23:00 UTC July 16, “C1” within the DCSWV reached the mature stage, with a Q1 maximum center located in the middle and lower troposphere over the key region, which was conducive to the obvious positive vorticity center at 850–700 hPa. With the decreasing water vapor transportation from the Bay of Bengal, moisture convergence and ascending motion became weaker, leading to a weaker positive vorticity. One hour later, the vortex “C1” dissipated and transformed to “C3”.
Compared with “C1”, Q1 maximum over the key area of “C2” was mainly located at the 700–200 hPa (Figures 9C,D). Before 17:00 UTC on July 16, when “C2” had not yet formed, the key area was warm and moist (Figure 8A) due to the influence of the southeasterly wind. A strong upward motion also existed at the same time. These favorable physical conditions were beneficial to trigger convective activities. The associated latent heat then warmed the regional atmosphere, which was favorable to increase the vorticity in the lower troposphere and form “C2” in the DCSWV. After 23:00 UTC July 16, “C2” entered the mature stage. Similar to “C1”, precipitation and Q1 enhanced rapidly near the key area of “C2” due to the moisture transportation and accumulation from the Bay of Bengal and the South China Sea (Figure 10). Meanwhile, an obvious positive vorticity center appeared as the vorticity was enhanced in the lower layer. This indicated that latent heat release also played an important role in the development stage of “C2”. Finally, the DCSWV dissipated at 04:00 UTC July 17 as latent heat release weakened (Figure 9D).
The above analyses showed that the latent heat release played an important role in the overall evolution of the DCSWV. During the evolution of DCSWV, a large amount of water vapor from the ocean converged into its key area making the lower troposphere warm and wet (Figures 8, 10). These conditions, combined with the remarkable ascending motion caused by moisture convergence, could trigger convection, as well as the convective condensational latent heat release, resulting in the production of cyclonic vorticity, and the formation and development of the DCSWV. Therefore, a favorable circulation related to the DCSWV occurred through the positive feedback from the increased latent heat associated with convective activities.
To further verify the importance of latent heat release on the DCSWV, the NOLH experiment was performed, and the results were compared with CTL run. At 18:00 UTC on July 16, a shallow SWV core (marked as “C”) at 700 hPa was observed over the SCB in the NOLH experiment (Figure 11C). The NOLH results showed weaker pseudoequivalent potential temperature and relative vorticity than those in the CTL results (not shown). Q1 and rainfall over the key area of “C” were also weak (Figure 12) because the latent heat release was turned off, which was consistent with our speculation. Moreover, a dual-core structure as the DCSWV could not be found in the NOLH experiment (Figure 11). It means that the positive feedback of latent heat release on the vortex disappeared, making it difficult to develop the SWV “C” and further trigger another core like “C2”. With lack of positive feedback mechanism without latent heat release, DCSWV could not be formed. Therefore, the release of latent heat was the important and decisive factor in the formation and maintenance of the DCSWV.
[image: Figure 11]FIGURE 11 | The 700 hPa geopotential height (gpm, contours) and wind field (m s−1, arrows) for the NOLH experiment at (A) 16:00 UTC July 16, (B) 17:00 UTC July 16, (C) 18:00 UTC July 16, (D) 22:00 UTC July 16 (E) 23:00 UTC July 16, (F) 00:00 UTC July 17, (G) 02:00 UTC July 17, (H) 03:00 UTC July 17, and (i) 04:00 UTC July 17.
[image: Figure 12]FIGURE 12 | Time–pressure sections of apparent heat source Q1 (K day−1, shaded), relative vorticity (10−5 s−1, black contours), and regional mean precipitation in the key region of C (mm, blue line) from 16:00 UTC July 16 to 04:00 UTC July 17 by the NOLH experiment.
Topography effect
Previous studies have documented that the formation and development of the SWV is influenced by the complex topography of the TP (Ye and Gao, 1979; Wu and Chen, 1985; Lu, 1986; Jiang et al., 2012). To investigate the contribution of terrain on the evolution of the DCSWV, NOTER experiment was conducted (Figure 13). Compared with the CTL run with topography, the NOTER experiment exhibited a similar DCSWV pattern with different location and duration. The simulated southwesterly and southeasterly winds were stronger than those in the CTL run. The strong southerlies is the key factor to the formation of SWV (Li et al., 2017). The strong cyclonic wind shear formed because of the southwest and southeast airflow over the region where the terrain was removed. Strong convergence also occurred in the lower troposphere. Different from the CTL run, the “C1” and “C2” in the NOTER experiment appeared almost simultaneously at 19:00 UTC July 16. Moreover, the size of the DCSWV was significantly larger due to the stronger southerlies with the absence of topography influence of the TP and the Yun-Gui Plateau (Figures 7, 13).
[image: Figure 13]FIGURE 13 | 700 hPa geopotential height (gpm, contours) and wind field (m s−1, arrows) for the NOTER experiment at (A) 16:00 UTC July 16, (B) 17:00 UTC July 16, (C) 18:00 UTC July 16, (D) 22:00 UTC July 16 (E) 23:00 UTC July 16, (F) 00:00 UTC July 17, (G) 02:00 UTC July 17, (H) 03:00 UTC July 17, and (i) 04:00 UTC July 17.
Before the generation of the DCSWV, the positive vorticity in the key region of the DCSWV was mainly contributed by the STR and VAV terms (Figure 14A). The intense convergence and vertical motions were conducive to the convection, which favor the associated latent heat warming the atmosphere rapidly (Figure 14B). As shown in Figure 14A, terms of VAV and HAV were the main positive contributions to the formation of the DCSWV at 20:00 UTC July 16, while HAV and TIL terms were beneficial to its maintenance until 00:00 UTC July 17. During the evolution of the DCSWV, Q1 warmed the surrounding atmosphere in the middle and upper layers (Figure 14B). Compared with the CTL run (Figures 9C,D and Figure 14), the Q1 and precipitation were weaker, and the duration of the DCSWV was shorter (lasting about 5 h) in the NOTER experiment.
[image: Figure 14]FIGURE 14 | (A) Regionally averaged vorticity budget terms (units: 10−9 s−2) of SWVs and (B) time–pressure sections of apparent heat source Q1 (K day−1, shaded), relative vorticity (10−5 s−1, black contours), and regional mean precipitation within the key region (mm, blue line) from 16:00 UTC July 16 to 04:00 UTC July 17 in the NOTER experiment.
To sum up, although the lateral friction in the TP and Yun-Gui Plateau were not the decisive factors for the formation of the DCSWV as latent heat, the topographical forcing and dynamical instability could influence the location, size, and duration of the DCSWV.
SUMMARY AND DISCUSSION
The DCSWV is difficult to be recognized with coarse observations, partly because its spatial and temporal scales are too small to be captured. Therefore, this study used the NCEP-FNL dataset and the WRF model to investigate and simulate the evolution of the DCSWV, as well as examine the influence of latent heat release and topography on the DCSWV. The major conclusions are summarized below:
1) The observed SWV occurred from 12:00 UTC July 16 to 06:00 UTC July 17, 2010. Two rain belts and cloud clusters were observed near the SWV “C1” and “C2”, which further confirmed the presence of the DCSWV. Meanwhile, a westerly trough was observed from Lake Baikal to the SCB, which was favorable for the formation of vortexes. Besides, this DCSWV was most visible in the lower troposphere with two centers at 700 and 850 hPa, and the precipitation brought by the DCSWV had a more severe and extensive impact on the local region compared with a typical single SWV.
2) The DCSWV could be divided into five stages, with a lifetime of 11 h from gestation to dissipation. In the gestation stage of the DCSWV, the lower troposphere was warm and wet, indicating that the atmosphere was unstable. In the development and mature stage, the DCSWV had two obvious relative vorticity centers horizontally, “C1” and “C2”, which was similar to the “double-yolk” structure, and it should be noted that “C1” was deeper and stronger than “C2”. These two cores both had warm and moist vertical structures along with two clear centers of upward motion.
3) The vorticity budget showed that the contribution terms to the initiation and intensification of “C1” and “C2” were different. The STR and TIL terms were the main positive contributors to the intensification of “C1”, while the STR and VAV terms played important roles in the initiation and intensification of “C2”, which implied the importance of moisture convergence and ascending motion. In fact, abundant water vapor was transported by southerlies from the Bay of Bengal and the South China Sea to the key region of the DCSWV. Abundant water vapor flux benefited the stronger moisture convergence and upward motion, which led to the release in convective latent heat that increased lower-troposphere vorticity. These thermodynamic conditions were favorable to the evolution of the DCSWV. Such positive feedback was good for the intensification stage of “C1” and decisive to the initiation and intensification stages of “C2.” Furthermore, NOLH and NOTER experiments showed that topographical forcing and dynamical instability were insufficient to maintain the DCSWV without latent heat, while the TP and Yun-Gui Plateau topography could influence the location, size, and duration of the DCSWV.
This study gives details of the possible mechanism of the DCSWV using dynamic diagnosis and WRF simulation to a typical DCSWV case, which is helpful to weather forecasters to learn more about the DCSWV. Although the individual case is representative, the sample size is limited. Therefore, more cases of the DCSWV, as well as the wave instability and other forcing factors will be worth further study over the SCB to clarify the common physical characteristics of the DCSWV in more detail.
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