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A severe convection process occurred in southern Xinjiang during June 15–17, 2021. Here, the convection initiation mechanism is revealed by analyzing the impacts of three-dimensional divergence ([image: image]) on the changes in pressure and the vertical pressure gradient force (VPGF). The pressure tendency equation and vertical pressure gradient force equation are derived based on three-dimensional divergence. It is shown that three-dimensional divergence has a better correlation with precipitation. The local change in pressure is affected mainly by the three-dimensional divergence forcing term. The air mass accumulates in the lower layers because of the three-dimensional convergence in the windward slope, strengthening the positive pressure change tendency. Three-dimensional convergence in the lower layers converts to divergence with height, leading to air mass loss in the upper layers. The air mass redistributes vertically owing to the positive vertical gradient of three-dimensional divergence, which motivates the upward VPGF. The local change in VPGF is highly correlated with the vertical velocity. The vertical velocity increases as the upward VPGF strengthens, resulting in convection initiation in southern Xinjiang.
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1 INTRODUCTION
Located in the middle of Eurasia, Xinjiang is not directly affected by the monsoon system. It features a typical continental arid and semiarid climate (Wang et al., 2013). However, extreme rainfall events have occurred frequently in recent years (Wang et al., 2017). The annual precipitation can reach 700 mm in favorable terrain conditions in Xinjiang. Unstable stratification, water vapor, and dynamic lifting are three conditions required for the formation of convective weather, among which the first two conditions are generally easy to meet. Therefore, the key to the formation of convective weather is the dynamic lifting condition (Doswell, 2001; Weckwerth et al., 2008; Alexander, 2018).
Deep convective systems are accompanied by intense convergent airflow in lower layers and divergent airflow in higher layers. The contributions from divergence include water vapor transport (Ziegler et al., 1997; Masunaga, 2013), pumping effects (Kalthoff et al., 2009; Ueno et al., 2009) and stimulating gravity waves during geostrophic adjustment (He et al., 2022; Polichtchouk et al., 2022). The dynamic mechanisms for convection initiation can be studied by analyzing divergence development with the divergence equation and its expanded theories (Ulanski and Garstang, 1978; Sun, 1989). Early studies concentrated mainly on horizontal divergence and the factors affecting horizontal divergence (Stevens, 1979; Wang and Sun, 1988; Businger et al., 2001; Chen et al., 2009). The mass field is changed by precipitation during deep convection (Gao et al., 2004). Therefore, additional source and sink terms are introduced into the mass continuity equation, and the three-dimensional divergence is not zero. The convergence and divergence motions in the wind field can be reflected by three-dimensional divergence. In addition, the mass forcing effects are implicitly included in three-dimensional divergence. The effects from the dynamic field and mass field are included in three-dimensional divergence, which is a more comprehensive physical quantity than horizontal divergence (Yang and Gao, 2007).
A series of studies on the convection cell structure (Zhuang et al., 2006), water vapor transport (Zhou et al., 2019), mesoscale convergence line (Huang et al., 2021), and vertical motion equation (Zhou et al., 2022) have been conducted to enhance the understanding of deep convection in Xinjiang. Overall, deep convections in Xinjiang are formed under complicated terrain conditions, and the initiation mechanisms need further analysis. Compared to horizontal divergence, the effects of three-dimensional divergence on convection initiation are still not clear. Based on the above considerations, the effects of three-dimensional divergence on the local pressure, vertical pressure gradient force and vertical velocity are analyzed to reveal the mechanism of convection initiation in Xinjiang during June 15–17, 2021.
2 SYNOPTIC OVERVIEW
A severe convection process occurred in southern Xinjiang during June 15–17, 2021. Daily precipitation at the Hetian station exceeded 45.5 mm, breaking the local daily precipitation record. Luopu County experienced daily precipitation over 100 mm, reaching a rainstorm level (Zhou et al., 2022). The surface wind speed increased gradually after 0600 UTC on 15 June 2021 at the Hetian automatic weather station and reached a maximum of 6 m s-1 at 1200 UTC on 15 June 2021 (Figure 1), indicating that convection developed during this period.
[image: Figure 1]FIGURE 1 | Time series of the observed surface wind speed at the Hetian automatic weather station (units: m s−1).
The 200-hPa trough line was located in Central Asia, and Xinjiang was in front of the upper trough at 0000 UTC on 15 June 2021. The jet stream center was to the north of Qinghai Province. Southern Xinjiang was on the right side of the upper jet stream entrance, leading to divergence flows in higher layers (Figure 2A). The central Asia trough at 500 hPa deepened westward and then turned into a horizontal trough. Westerly and southerly winds dominated the southern Xinjiang region (Figure 2B). A high-pressure system near the eastern Aral Sea (60°E, 52°N) and a low-pressure system over the northeastern Altai Mountains (100°E, 55°N) developed robustly at 700 hPa (Figure 2C). The strong northerly wind between these two systems flowed into southern Xinjiang and turned into a northeasterly wind on the windward slope of the Kunlun Mountains. The configuration of synoptic systems at the upper level, middle level and lower level was favorable to convection initiation in southern Xinjiang.
[image: Figure 2]FIGURE 2 | (A) Horizontal divergence (shadings, units: 10–5 s-1), geopotential heights (blue contours, units: gpm) and wind fields (wind barbs, units: m s−1) at 200 hPa, and geopotential heights (blue contours, units: gpm) and wind fields (wind barbs, units: m s−1) at (B) 500 hPa and (C) 700 hPa at 0000 UTC on 15 June 2021. In Fig. c, the shaded areas denote the topographical height (units: m).
3 NUMERICAL SIMULATION AND THREE-DIMENSIONAL DIVERGENCE
The convection initiation process was simulated using the WRF (V4.4) model and the NCEP (National Centers for Environmental Prediction) operational assimilation system GSI (Gridpoint Statistical Interpolation, Version 3.7). The background field and lateral boundary of the model were obtained from the NCEP global forecast system (GFS) analysis field and forecast field (0.5°×0.5°). The model cold start time was 1200 UTC on 13 June 2021. The three-dimensional variational scheme was used to assimilate the satellite observations and conventional data in the GDAS (Global Data Assimilation System) every 6 h. After two assimilation cycles, a 48-h forecast was carried out from 0000 UTC on 14 June 2021. The horizontal resolution of the model was 3 km (901×901 grid points) with a total of 61 vertical levels. The model top was fixed at 50 hPa. The WSM6 cloud microphysics scheme (Hong et al., 2006a), RRTMG longwave radiation and shortwave radiation scheme (Iacono et al., 2008), Noah land surface model (Tewari et al., 2004), and YSU planetary boundary layer scheme (Hong et al., 2006b) were adopted.
The observed precipitation data were obtained from the CLDAS (China Meteorological Administration Land Data Assimilation System) hourly merged precipitation grid dataset (0.05°×0.05°). The observed rain belts extended from northwest to southeast along the Kunlun Mountains. The simulated precipitation center (79°E, 37°N) was located west of the observed precipitation center (80°E, 37°N). This discrepancy may have resulted from the initial fields, approximations and parameterizations of the model, but the overall precipitation area was consistent with the observations (Figure 3B). The domain-mean precipitation value was calculated within the red rectangular box in Figure 3A. The precipitation increased gradually after 0700 UTC on 15 and entered the mature stage at 1600 UTC on 15. The simulated precipitation was weaker than the observation, while the precipitation evolution agreed well with the observation (Figure 3C). The linear correlation coefficient between the observed and simulated precipitation was 0.967. A two-tailed sample t-test on the significance of the correlation coefficient was conducted with 23 degrees of freedom, and the critical correlation coefficient at the 1% significance level was 0.505. Therefore, the relations between the observed and simulated precipitation were statistically significant. The convection initiation mechanism was then analyzed based on these simulation results.
[image: Figure 3]FIGURE 3 | (A) Observed and (B) simulated 24-h accumulated precipitation (units: mm) at 0000 UTC on 16 June 2021 and (C) time series of the simulated and observed domain-mean hourly precipitation. The red rectangular box in panel a denotes the area where the domain-mean value was calculated in panel (C). The “A” labels in panels (A, B) denote the convection initiation position.
The primary convection cell was in the initiation stage at 0700 UTC on 15 June 2021 (Figure 4). Convergence motions were dominant in horizontal divergence ([image: image]) near the convection initiation position (point A) due to the northerly wind in the lower layers, and divergence motions dominated at heights of 5–7 km (Figure 4A). Vertical divergence ([image: image]) and horizontal divergence have opposite phase distributions (Figure 4B). The convergence and divergence centers of HD and VD were also distinct to the north of 37.02°N and to the south of 36.84°N away from the convection initiation position. The distribution of three-dimensional divergence ([image: image]) centers agreed well with the convection initiation position. Three-dimensional convergence centers were identified on the southern and northern sides of point A below 5 km (Figure 4C). The divergence centers stretched up to 9 km at point A. The values in Figure 4D were averaged within 30×30 km around 79°E, 37.15°N near point A. The temporal evolution of HD and precipitation were negatively correlated (Figure 4D). Convergence motions dominated horizontal divergence within 2–7 km during the strong precipitation stage after 1000 UTC on 15. The divergence trend in [image: image] strengthened after 0700 UTC on 15. The temporal evolution of VD and [image: image] was positively correlated with precipitation. The correlation coefficient between [image: image] and precipitation (0.76) was statistically significant at the 1% significance level, greater than that from HD or VD. It was thus clear that the relations between three-dimensional divergence and convection were much closer. The effects of three-dimensional divergence on convection were then further analyzed.
[image: Figure 4]FIGURE 4 | Cross sections of reflectivity (shadings, units: dBZ) and (A) horizontal divergence (black contours, units: 10–4 s-1, dotted line for negative value), (B) vertical divergence (black contours, units: 10–4 s-1), and (C) three-dimensional divergence (black contours, units: 10–4 s-1) along 78.91°E at 0700 UTC on 15 June 2021; (D) time series of domain-mean horizontal divergence (blue line, units: 10–4 s-1), vertical divergence (red line, units: 10–4 s-1), and three-dimensional divergence (black line, units: 10–4 s-1) integrated from 2 km to 7 km and hourly precipitation (purple dotted line, units: mm). “A” denotes the convection position. The values on the right side of the legend denote the linear correlation coefficient between divergence and simulated precipitation in panel (D). The values in panel d are averaged within 30×30 km around 79°E, 37.15°N.
4 PRESSURE TENDENCY EQUATION ANALYSIS
Yang and Gao (2007) noted that the three-dimensional divergence not only included the convergence and divergence effects of the wind field but also considered the effects of mass forcing. The variations in local pressure can be affected by three-dimensional divergence. Therefore, a pressure tendency equation that included the effects of three-dimensional divergence forcing was derived. The mass continuity equation and thermodynamic equation in Cartesian coordinates are expressed as follows:
[image: image]
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where [image: image] is the air density; [image: image], [image: image] and [image: image] are the zonal, meridional, and vertical components of wind, respectively; [image: image] is the three-dimensional wind vector; [image: image] is the potential temperature; and [image: image] is the diabatic term. The potential temperature is defined as follows:
[image: image]
where [image: image] is the temperature; [image: image]; [image: image] is the gas constant; and [image: image] is the specific heat of dry air at constant pressure. The state equation of air is expressed as follows:
[image: image]
Taking Eqs 3, 4 into Eq. 2 and using the mass continuity Eq. 1, one can obtain the pressure tendency equation as follows:
[image: image]
where [image: image] denotes the specific heat of dry air at a constant volume. By inputting three-dimensional divergence ([image: image]) into Eq. 5, the pressure tendency equation can be expressed as follows:
[image: image]
The left-hand side term in Eq. 6 is the local change in pressure. On the right-hand side of Eq. 6, according to the order, the terms are the zonal pressure advection term, meridional pressure advection term, vertical pressure advection term, three-dimensional divergence forcing term and diabatic forcing term. Eq. 6 can be used to analyze the effect of three-dimensional divergence on the pressure change.
All the terms in Eq. 6 were calculated using simulation data. The vertical pressure advection term and three-dimensional divergence forcing term were predominant in affecting pressure change during the convection initiation stage (Figures 5C, D). The other terms were 1–2 orders of magnitude smaller (Figures 5A, B, E). The vertical pressure advection term had positive contributions at 2–6 km at point A (Figure 5C). This indicated that the pressure or air mass was transported upward, leading to stronger local pressure in the upper layers (Liu and Liu, 2011). The three-dimensional divergence forcing term and [image: image] had opposite phase distributions, suggesting that divergence motions from [image: image] brought a decreasing trend to the local pressure. The negative values of the three-dimensional divergence forcing term stretched to 9 km at point A, and negative centers formed at 7–8 km (Figure 5D). Positive values spread on both sides of point A below 5 km (Figure 5D). The distribution of the pressure change in 6 s was shown in Figure 5F. The negative pressure change was consistent with the negative values of the three-dimensional divergence forcing term, indicating that divergence motions from [image: image] led to a negative pressure change. The negative pressure change tendency was weakened due to the convergence motions from [image: image] on both sides of point A, and positive pressure change centers formed at 5 km. The analysis above shows that three-dimensional divergence was the main factor forcing the pressure change. The vertical pressure gradient force can be affected by a pressure change, further leading to the development of vertical velocity. For this reason, the influences of three-dimensional divergence and a pressure change on the vertical pressure gradient force are discussed below.
[image: Figure 5]FIGURE 5 | Cross sections of the (A) zonal pressure advection term (shadings, units: kg m−1 s−3), (B) meridional pressure advection term (shadings, units: kg m−1 s−3), (C) vertical pressure advection term (shadings, units: kg m−1 s−3), (D) three-dimensional divergence forcing term (shadings, units: kg m−1 s−3), (E) diabatic forcing term (shadings, units: kg m−1 s−3), and (F) pressure change after 6 s (shadings, units: Pa) along 78.91°E at 0700 UTC on 15 June 2021. The black solid line denotes the hydrometeor mixing ratio of 0.2 g kg−1 in panels (A–E).
5 VERTICAL PRESSURE GRADIENT FORCE EQUATION ANALYSIS
The vertical pressure gradient force can accelerate or decelerate the atmospheric vertical motion, resulting in the triggering or inhibition of convection. The vertical pressure gradient force can be expressed in Cartesian coordinates as follows:
[image: image]
Taking [image: image] from Eq. 7 and using Eqs 1, 6, the vertical pressure gradient force equation can be expressed as follows:
[image: image]
The left-hand side term in Eq. 8 is the local change in the vertical pressure gradient force. The terms on the right-hand side of Eq. 8 are the advection term of the vertical pressure gradient force, coupled term of the three-dimensional divergence and vertical pressure gradient force, vertical gradient of the three-dimensional divergence term, pressure advection term caused by vertical wind shear, and vertical gradient of the diabatic term.
Equation 8 was calculated based on simulation data. The results show that the vertical gradient of the three-dimensional divergence term was 1–2 orders of magnitude greater than those of the other terms. As shown in Figure 6A, the negative values of the three-dimensional divergence term were mainly below 4 km and above 7 km, and positive values were identified on both sides of point A. Two positive centers were located at point B at 5 km and point C at 4 km (Figure 6A). Divergence motions of [image: image] were distributed in the relatively low layers at point A and, relatively weakly, at 4 km (Figure 4C), resulting in the negative values of the vertical gradient of [image: image] observed at point A. Convergence motions were distributed in the lower layers on both sides of point A and became divergence motions with height. Therefore, the vertical gradients of [image: image] were positive at points B and C (Figure 6A), leading to increases in the vertical pressure gradient force at points B and C (Figure 6B) and further promoting the vertical ascending motions (Figure 6C).
[image: Figure 6]FIGURE 6 | Cross sections of (A) the vertical gradient term of three-dimensional divergence (shadings, units: m s-3), (B) vertical pressure gradient force change (shadings, units: m s−2) and (C) vertical velocity change (shadings, units: m s−1) after 6 s along 78.91°E at 0700 UTC on 15 June 2021. The labels “B” and “C” denote the positions corresponding to positive changes in VPGF and vertical velocity, respectively.
The local change in the vertical pressure gradient force ([image: image]) was calculated by summing all terms on the right-hand side of Eq. 8. As shown in Figure 7, the time series of [image: image] was highly correlated with the vertical velocity at 3–5 km and 5–7 km. Using a two-tailed sample t-test, the correlation coefficient was found to be statistically significant at the 1% significance level. Increasing [image: image] and [image: image] trends were found at approximately 0700 UTC on 15 June 2021, indicating that the vertical pressure gradient force promoted the development of vertical ascending motions.
[image: Figure 7]FIGURE 7 | Time series of the domain mean of the local vertical pressure gradient force change (black solid line, units: m s−3) and vertical velocity change (black dotted line, units: m s−1) integrated from (A) 3 km–5 km and from (B) 5 km–7 km. The values were averaged within 30 km × 30 km around 79°E, 37.15°N.
6 CONVECTION INITIATION MECHANISM IN SOUTHERN XINJIANG
The pressure at the windward slope of the Kunlun Mountains was strengthened by the convergence of [image: image]. The vertical pressure gradient force strengthened due to the vertical gradient of [image: image], further promoting the development of ascending motions. In the meantime, convergence motions of water vapor fluxes and unstable atmospheric stratification occurred in the lower layers (Figures 8A, B). These factors jointly led to convection initiation in southern Xinjiang and promoted its organized development.
[image: Figure 8]FIGURE 8 | Cross sections of (A) the vertical velocity (red contours, units: m s−1) and streamlines, (B) atmospheric stratification stability (shadings, units: km−1) and water vapor flux divergence (red contours, units: 10–6 g cm−2 hPa−1 s−1) along 78.91°E at 0700 UTC on 15 June 2021.
According to the analyses above, a schematic of convection initiation in southern Xinjiang was built. As shown in Figure 9, The strong northerly wind was blocked by the Kunlun Mountains, resulting in three-dimensional convergence at 3 km ([image: image]). According to the pressure tendency formula expressed in Eq. 6, the convergence of [image: image] weakened the negative pressure tendency and promoted a positive local pressure change ([image: image]). The air mass accumulated owing to the convergence of [image: image] at the windward slope of the topography, thus strengthening the local pressure in the lower layers. The divergence of [image: image] appeared at 6–7 km, leading to the loss of air mass in the upper layers. The positive vertical gradient of [image: image] ([image: image]) resulted in the vertical redistribution of the air mass and further reinforced the vertical pressure gradient force ([image: image]). These physical processes can be reflected by Eq. 8.
[image: Figure 9]FIGURE 9 | Schematic of convection initiation in southern Xinjiang.
The upward VPGF provided dynamic uplift conditions for air parcels. The vertical acceleration increased, and the upward motions were strengthened ([image: image]), leading to convection initiation.
7 CONCLUSION AND DISCUSSION
A severe convection process occurred in southern Xinjiang during June 15–17, 2021, resulting in heavy precipitation. The WRF model and GSI assimilation system were used here to perform a high-resolution simulation of this convection. The observed precipitation area, magnitude and evolution trend were well-captured by the simulation data. On this basis, the effects of three-dimensional divergence on convection initiation were fully considered. The impacts of three-dimensional divergence on the pressure and vertical pressure gradient force were analyzed to reveal the convection initiation mechanism. The preliminary conclusions are summarized as follows.
The horizontal divergence and vertical divergence had opposite phase distributions, and both had strong centers away from the convection. The three-dimensional divergence, by contrast, agreed well with the convection position and precipitation evolution.
A pressure tendency equation including the forcing effects from three-dimensional divergence was derived based on the mass continuity equation and thermodynamic equation in Cartesian coordinates. The pressure change was dominated by the vertical pressure advection term and three-dimensional divergence forcing term. The negative pressure change tendency was weakened because of convergence motions from three-dimensional divergence, and a positive pressure change appeared in local areas. The mass field was adjusted by three-dimensional divergence, resulting in a local pressure change.
The vertical pressure gradient force can be affected by pressure changes, thus further impacting the vertical velocity. The vertical pressure gradient force equation was derived herein using the mass continuity equation and pressure tendency equation. The vertical gradient of the three-dimensional divergence term was the dominant term affecting the local change in the vertical pressure gradient force, which was determined by the pressure and vertical gradient of [image: image]. The convergence motions of [image: image] resulted in a positive pressure change in local areas. Meanwhile, the convergence motions of [image: image] in the lower levels became divergence motions in the upper levels, leading to a positive vertical gradient of [image: image]. The upward VPGF was strengthened by the vertical redistribution of the air mass. There was better correlation between the local change in VPGF and vertical velocity. The strengthened VPGF promoted the development of upward motions, resulting in convection initiation.
The local change term on left hand side of the derived equations still had some imbalances with the forcing terms on right hand side. This was mainly aroused by the calculation errors, equation approximation and model errors. But the local change of pressure and VPGF was overall consistent with the spatial distribution mode of the main forcing terms on right hand side of the equations.
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