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To better understand the triggering mechanisms of extreme precipitation events in Central Asia due to the complex terrain, a case study of a topographic blizzard that occurred in Xinjiang Province on 30 November 2018 is conducted. The near-surface wind field is decomposed into flow-around and flow-over components to analyze the dynamic and thermodynamic effects of the flow around and over the topography in the Ili River valley and the northern slope of the Tianshan Mountains. The results reveal that the flow around the topography is the dominant component of the flow field that transports water vapor and causes moisture convergence. The symmetric instability observed at the lower level of the snowfall area is attributed to the flow-around wind field, which leads to advective transport of generalized potential temperature and causes changes in potential vorticity, ultimately resulting in symmetric instability. The local variation of stratified instability in the snowfall area is caused by flow-over potential divergence, specifically, the advection of the flow-over wind vertical shear to equivalent potential temperature causes the change of flow-over potential divergence, thus promotes stratified instability. Moreover, the flow-over potential divergence is negatively correlated with the amount of topographic snowfall to a certain extent, which can provide reference for topographic snowfall forecast in the future. Additionally, the cyclonic vorticity in the snowfall area is mainly caused by the flow around topography and flow-around wind produces favorable vortical circulation conditions for snowfall, while the vertical movement near the ground at the snowfall triggering stage is mainly caused by the flow-over component. Furthermore, the flow-over kinetic energy in the snow area is stronger and the work done by the pressure gradient force caused by flow over terrain drives kinetic energy changes.
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1 INTRODUCTION
The evaluation results of recently published IPCC AR6 indicate that significant global warming drives the water cycle to accelerate, and extreme precipitation events become stronger and more frequent (IPCC, 2021; Zhao and Abhishek, 2022; Zhao and Abhishek, 2023). Xinjiang is situated in Central Asia (CA), the world’s largest arid zone. Far from the sea, it is rich in mountains, Gobi, and desert, with a unique landform of mountains and basins, and is sensitive to global climate change. Under the background of global warming and accelerated water cycle, precipitation in CA increases significantly (Bothe et al., 2012; Duan et al., 2015; Jiang et al., 2021), and studies show that precipitation in Xinjiang has increased in recent years, with extreme precipitation events occurring frequently (Ding et al., 2006). Meteorologists have carried out many in-depth studies on extreme precipitation events in Xinjiang at the climate scale, synoptic scale and mesoscale (Yang et al., 2015; Zeng and Yang, 2020; Guo et al., 2021; Ma S. et al., 2022). Topography plays an important role in extreme precipitation, thus heavy rains and snowstorms are found to occur in mountainous areas and along windward slopes (Shi et al., 2008; Ma et al., 2021). The trumpet-shaped terrain makes it easier for the Ili River valley to receive water vapor from the west, thus becoming the region with the largest snowfall in winter (Wang et al., 2020).
Precipitation is closely related to topography in that airflow will produce flow-over and flow-around components when it is blocked by terrain (Ye and Gao, 1979; Smith, 2004; Wells et al., 2005; Winters and Armi, 2012; 2014; Jagannathan et al., 2017; Jagannathan et al., 2019; Jagannathan et al., 2020). The relative size of these components mainly depends on the slope of the terrain (Manabe and Terpstra, 1974; Wu, 1984; Trenberth and Chen, 1988). Li et al. (2012) analyzed the climatic characteristics of the flow-over and flow-around components and revealed the dynamic effects of the large topography of the Qinghai-Tibet Plateau. Huang and Zhou (2004) pointed out that the strength of the flow-around component can measure the flow-around effect in the precipitation process. Jin and Li (2021) analyzed and compared the role of flow around and over currents in the process of topographic rainstorms.
Based on the above investigation, precipitation in the Ili River valley in Xinjiang can be considered to be closely related to topographic effects. Airflow enters the valley from its western side and is blocked by the Tianshan Mountains, resulting in flow around and over the terrain. However, the influence of both airflows on precipitation still lacks an in-depth understanding, and further research is necessary. Therefore, based on the topography of the northern slope of the Tianshan Mountain and the Ili River valley in Xinjiang, this paper selected the winter snowfall process triggered on 30 November 2018 to conduct diagnostic analysis on the role of flow around and flow over terrain at the time when the snowfall triggered from the aspects of atmospheric instability, water vapor, heating, and energy.
2 DATA AND METHODS
Based on the Global Forecast System of the National Center for Environmental Prediction in the United States (NCEP GFS) analysis and forecast data as the background field and lateral boundary conditions, the Global Data Assimilation System (GDAS) observation data were assimilated by the Gridpoint Statistical Interpolation analysis system (GSI) to form the initial field. The WRF4.0 model (Weather Research and Forecasting modeling system, Skamarock et al., 2019) was used to simulate the heavy snowfall process in the Ili River valley and the northern slope of the Tianshan Mountains on 30 November 2018 with a horizontal resolution of 3 km. For details on the physical parameterization scheme configuration of the numerical simulation, a comparison between simulated and observation precipitation, and synoptic-scale circulation, please refer to Ma et al. (2021).
By decomposing the near-surface wind field, dynamic and thermodynamic equations involving flow-around wind field and flow-over wind field in the terrain-following coordinate system are derived (Figure 1, refer to the appendix for details).
[image: Figure 1]FIGURE 1 | Flow chart of equations deduction.
The horizontal wind field in the near-surface model layer is divided into flow-around and flow-over components in terrain-following coordinates for the WRF model to quantitatively analyze the dynamic effect of topography. This is defined as:
[image: image]
The vertical velocity forced by near-surface topography can be written as:
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Terrain blocking produces local vorticity, convergence, and divergence, which can be expressed as follows:
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where the subscript [image: image] represents the flow-around component, the subscript [image: image] represents the flow-over component (the same below). [image: image] and [image: image] are the vorticity of the flow-around and flow-over components, respectively, and [image: image] and [image: image] are the divergence components.
The water vapor tendency equation can be written as:
[image: image]
where [image: image] is the water vapor specific humidity, [image: image], [image: image], [image: image], [image: image], [image: image] is the dry air mass in the column, and [image: image] is the vertical velocity of the terrain-following coordinate system.
The stratified-stability tendency equation can be further written as:
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where [image: image] is the stratified stability, [image: image] is the equivalent potential temperature, and [image: image] is the potential divergence. The concept of potential divergence proposed by Ran et al. (2013) to reflect the dynamic properties of the horizontal wind field divergence in the process of heavy rain.
The potential vorticity is derived and decomposed into three terms: flow-around potential vorticity, flow-over potential vorticity, and vertical potential vorticity, that is,
[image: image]
where [image: image] is the flow-around potential vorticity component, [image: image] is the flow-over potential vorticity component, [image: image] is the vertical-velocity potential vorticity component, and [image: image] is the generalized potential temperature proposed for non-uniformly saturated atmosphere (Gao et al., 2004).
The horizontal kinetic energy tendency equation in the mass terrain-following coordinate system can be written as:
[image: image]
3 ANALYSIS OF CHARACTERISTICS OF WATER VAPOR TRANSPORT
The earliest snowfall mainly occurred on the northern slope of the Tianshan Mountains (Figure 2), and there was strong hourly snowfall on the eastern side of the Ili River valley. The simulated snowfall mainly occurred on the northern slope of Tianshan Mountain, which is in the northwestern Ili River valley, and the hourly snowfall was slightly stronger than that of the observations; however, the location of the simulated snowfall center was consistent with that of the observations, and their ranges were similar; therefore, the simulation could well reproduce the development and evolution of the snowfall process and it belongs to cold front snowfall (Ma et al., 2021; Ma et al., 2022 S. P.). The simulation output data are used to calculate the flow-over and flow-around components and analyze their dynamic effects in the snowstorm process.
[image: Figure 2]FIGURE 2 | 1-h accumulated snowfall from observations (color dot, units: mm), and 1-h accumulated snowfall from simulations (shading, units: mm) at 1600 UTC on Nov. 30, 2018, where the gray shading denotes the terrain height (units: km), the researched domains marked in black rectangular.
Figure 3 shows the horizontal flow field near the surface layer and the vertical velocity forced by topography. There is westerly airflow near the surface of the Ili River valley; as it climbs over the northern slope of Tianshan, the wind direction turns northerly on the east side and westerly on the west side of the snow belt. Figure 3C shows that there is northwest climbing wind in the snowfall area after the horizontal wind field near the ground is decomposed into flow-around and flow-over components, and the wind speed weakens after the airflow passes the mountain. Additionally, there is also strong westward flow around the area of snowfall (Figure 3B), and its strength is slightly greater than that of the flow-over component. The distribution of vertical velocity near the ground calculated by Eq. 2 (Figure 3D) is exactly the same as that of the original vertical velocity of the model (figure omitted). This shows that the vertical movement near the ground is generated by terrain-forced climbing flows, thus, the higher the horizontal wind speed is, the stronger the vertical speed.
[image: Figure 3]FIGURE 3 | (A) Horizontal flow field (vector, units: m s−1), points A, B indicate the locations of the Ili River valley and the northern slope of the Tianshan Mountains, (B) horizontal flow-around field (vector, units: m s−1), (C) horizontal flow-over field (vector, units: m s−1) on the first layer of the model layer overlaid by snow belt (blue contour, 1-h accumulated stimulated snowfall, units: mm), and (D) vertical velocity forced by terrain (color shading, units: m s−1) overlaid by snow belt (blue contour, 1-h accumulated stimulated snowfall, units: mm) on the first layer of the model layer at 1600 UTC on Nov. 30, 2018, where the gray shading denotes the terrain height (units: km).
Topography can cause low-level airflow convergence and water vapor concentration, resulting in stratification instability and promoting convection development. This paper further analyzes the contribution of water vapor transport by flow over and around terrain to precipitation. There was westerly water vapor transport before snowfall, transporting the water vapor from Lake Balkhash to the Ili River valley. The water vapor tendency equation under terrain-following coordinates is Eq. 7, the left side is the local variation term of water vapor, the first term at the right side is water vapor flux divergence caused by flow over terrain, the second term is water vapor flux divergence caused by flow around terrain, the third term is water vapor vertical flux divergence, and the fourth term is water vapor comprehensive forcing term including water vapor phase transformation.
The model-layer data was used to calculate the first and second terms on the right side of Eq. 7. The results show (Figure 4) there was a strong water vapor flux and a water vapor convergence zone, and a weaker water vapor divergence zone in the snowfall area when snowfall was triggered at 1600 UTC. The convergence of water vapor on the west side of the snowfall area is caused by the greater water vapor transportation of flow-around component, and flow over terrain also causes weaker water vapor convergence in the snowfall area. However, the large-scale water vapor convergence in the snowfall area is mainly caused by flow-around component of water vapor flux.
[image: Figure 4]FIGURE 4 | (A) 850-hPa water vapor fluxes (vector, units: kg/(cm hPa s)) at 1200 UTC, (B) water vapor fluxes (vector, units: pa m s−1) overlaid by water vapor flux divergence (shaded, units: 10−2 pa s−1), (C) flow-around water vapor fluxes (vector, units: pa m s−1) overlaid by flow-around water vapor flux divergence (shaded, units: 10−2pa s−1) and (D) flow-over water vapor fluxes (vector, units: pa m s−1) overlaid by flow-over water vapor flux divergence (shaded, units: 10−2 pa s−1) on the first layer of the model layer at 1600 UTC on Nov. 30, 2018, where the blue contour is 1-h accumulated stimulated snowfall (units: mm).
4 ANALYSIS OF THE INSTABILITY DEVELOPMENT MECHANISM
The reasons for the water vapor convergence in topographic precipitation is analyzed above, to better understand the instability development mechanism for terrain-induced precipitation, we now turn to a discussion. Zhou et al. (2018) pointed out that potential divergence is the main forcing term that forces the development and changes in atmospheric potential stability, which can in turn comprehensively characterize vertical wind shear, atmospheric moist baroclinicity, horizontal convergence and divergence, and atmospheric potential stability. The potential vorticity, potential divergence and stratified-stability tendency equation under terrain-following coordinate is further analyzed in this subsection. In the WRF model mass terrain-following coordinate system, the stratified-stability tendency equation is Eq. 8, the left side of the above equation is the individual change of stratified stability, the first term at the right side is the potential divergence term, the second term is the vertical gradient term including the comprehensive forcing of diabatic heating and friction dissipation. Potential divergence can be divided into two parts: flow-around potential divergence ([image: image]) and flow-over potential divergence ([image: image]). Potential vorticity can represent symmetric instability and is widely used in precipitation research (Siedersleben and Gohm, 2016; Vaughan et al., 2017). Siedersleben and Gohm (2016) shows that a Blizzard in the southern side of Alps is related to inertial instability and conditional instability caused by parallel orographic potential vorticity (PV) banners and convective cloud bands.
As shown in Figure 5, there was stratified instability in the upper reaches of the snowfall area at 1400UTC, and it was located in the middle and lower layers (η=0.9969 to η=0.8631). As the snow zone moved eastward, the unstably stratified area moved eastward and gradually increased in intensity. The time evolution of stratification instability shows (Figure 6) that stratified stability is positive and atmospheric stratification is stable before snowfall. With the development of snowfall system, stratified stability gradually decreases, and the atmosphere changes from stratified stability to instability. Therefore, in this subsection, the vertical gradient tendency equation of equivalent potential temperature (Eq. 8) is calculated to analyze the variation trend and reasons of stratified stability.
[image: Figure 5]FIGURE 5 | Vertical profile of stratified stability (shaded, units: 10−3 k m−1) along 44.5°N at 1400 UTC (A) and 1600 UTC (B) 30 November 2018. Green solid line denotes 30-min accumulated snowfall (right ordinate; units: mm).
[image: Figure 6]FIGURE 6 | Time series of stratified stability (solid line, the left ordinate; units: 10−3 k m−1) and snowfall (dashed line, the right ordinate; units: mm) at 6 km at 77.7°E, 44°N.
Figure 7 shows the vertical profile of individual variations of stratified stability, there are negative centers in the lower and middle layers of the snowfall area, and the intensity reaches −3 × 10−6 k m-1 s-1 and −5 × 10−6 k m-1 s-1, respectively. In addition, the negative centers in the middle and lower layers are located in the easterly region of the snow zone (around 80.2°E), and the snow zone also moves to the southeast in the next stage, thus the snowfall occurs in the area where stratified instability is significant. As the snowfall develops, the stratified stability in the snowfall area shows a decreasing trend, the stability decreases, and the instability increases. The vertical distribution of the potential divergence is similar to that of stratified stability individual variations. A negative center in the lower layer with an intensity reaches −5 × 10−6 K m-1 s-1, it develops upward in a fluctuating pattern, triggering instability (Figure 7B). Consequently, during the snowfall triggering stage, the variation of stratified stability mainly depends on the potential divergence. Additionally, the vertical gradient of potential-temperature comprehensive force is related to frictional dissipation. However, compared with the potential divergence, the vertical gradient of potential-temperature comprehensive force hardly causes the variation of stratified stability (Figure 7C), therefore, it can be neglected.
[image: Figure 7]FIGURE 7 | Vertical profile of the variations of stratified stability [(A), shaded, units: 10−6 k m-1 s-1), potential divergence (B), shaded, units: 10−6 k m-1 s-1) and the vertical gradient of potential-temperature comprehensive force (C), shaded, units: 10−6 k m-1 s-1] along 44.5°N at 1300 UTC 30 November 2018. Green solid line denotes 30-min accumulated snowfall (the right ordinate; units: mm).
The above diagnostic analysis found that potential divergence is the key factor of atmospheric stratified stability to instability. Potential divergence is decomposed into flow-around and flow-over components, and the topographic effect on the variation of stratified stability is analyzed. Figures 8B,C show the horizontal distribution of flow-around and flow-over components on the first layer of the model layer during the snowfall triggering stage, both the flow over and flow around terrain will lead to potential divergence variation, of which the flow-over effect is more significant. Flow-over potential divergence is the main component of potential divergence, which is mainly manifested as a large range of negative values in the snowfall area, and the central strength reaches −6 × 10−6 K m-1 s-1. The negative center of the flow-over potential divergence is located in the southeast side of the snow belt, which is consistent with the previous analysis.
[image: Figure 8]FIGURE 8 | (A) Potential divergence (shaded), (B) flow-around potential divergence (shaded), (C) flow-over potential divergence (shaded), (D) vertical shear component of flow-over potential divergence (shaded) and (E) divergence component of flow-over potential divergence (shaded, units: 10−6 k m-1 s-1) on the first layer of the model layer at 1600 UTC on Nov. 30, 2018, where the blue contour is 1-h accumulated stimulated snowfall (units: mm).
Flow-over potential divergence can be divided into vertical wind shear and horizontal divergence. The vertical wind shear component has a negative center in the southeast side of the snowfall area, and the center intensity reaches −8 × 10-6 K m-1 s-1 (Figure 8D), while the value of the horizontal divergence component is small, which contributes little to the variation of flow-over potential divergence (Figure 8E). In conclusion, the negative anomaly of flow-over potential divergence is mainly caused by vertical wind shear. Vertical wind shear is formed by the coupling effect of vertical gradient of horizontal wind and horizontal gradient of equivalent potential temperature, that is, the horizontal advection effect of flow-over vertical shear to equivalent potential temperature. The horizontal advection transport of equivalent potential temperature caused by the flow-over vertical shear induces the instability of snowfall area, which is a process of combining dynamic and thermodynamic. The essence of this process is that when airflow passes through the terrain, the horizontal wind field formed by the flow-over dynamic effects is unevenly distributed in the vertical direction, leading to heat transport and the fomation of thermal advection.
In the snowfall triggering stage, the vertical shear of zonal flow-over component increases with height at the lower level ([image: image]) and the zonal gradient of equivalent potential temperature is positive ([image: image]), the coupling effect of these two factors promotes an increase in atmospheric instability (figure omitted). Similarly, the meridional gradient of equivalent potential temperature reaches a maximum value in the snowfall area ([image: image]) and the atmospheric instability is increased under the action of vertical shear of meridional flow-over wind ([image: image]). Comparatively speaking, the meridional advection transport of flow-over vertical shear to equivalent potential temperature is more significant. The larger horizontal gradient of equivalent potential temperature is closely related to the topographic trend. On the model surface, the equivalent potential temperature is lower over low-lying terrains and higher over high terrains, therefore, a greater horizontal gradient of equivalent potential temperature is formed at the steep terrain. The Tianshan terrain, which exhibits a quasi-east-west orientation, contributes to a larger meridional gradient of the equivalent potential temperature.
Since there is a flow-over potential divergence anomaly when snowfall is triggered, the regional average flow-over potential divergence and snowfall in the snowfall area during the snowy period are further fitted to test the relationship between them. The fit between the values of flow-over potential divergence and snowfall is performed by linear regression (y = ax+b, where y represents snowfall and x represents the flow-over potential divergence). Figure 9 shows the derived relationship with a = −0.28 and b = 1.44 when hourly snowfall amount is more than 1 mm, that is:
[image: image]
[image: Figure 9]FIGURE 9 | The fit between the values of flow-over potential divergence (units: 10−6 k m-1) and snowfall (units: mm) by linear regression (y = ax+b, where y is snowfall and x is flow-over potential divergence).
[image: Figure 10]FIGURE 10 | (A) 1-h accumulated stimulated snowfall (units: mm) and (B) 1-h accumulated snowfall retrieval of the fitted relation on the first layer of the model layer at 1600 UTC on 30 Nov 2018.
At this time, the correlation coefficient between these two variables reaches up to 0.71. And the root mean square error between the snowfall retrieval of the fitted relation and the simulated snowfall is small (about 0.187). Since flow-over potential divergence may provide a negative correlation with the topographic snowfall to some extent, it is helpful for topographic snowfall forecasting in the future. As shown in Figure 9, in order to verify the validity of the fitted relation, the horizontal distribution of the hourly snowfall retrieved by the fitted relation and the simulated hourly snowfall are compared. It is found that hourly snowfall retrieval of the fitted relation has a similar distribution with hourly simulated snowfall, and the snowfall center is retrieved. Therefore, flow-over potential divergence holds predictive significance for snowfall. Nevertheless, further work is required to validate this relationship. However, in the present study, we have taken an important first step, that is, to derive flow-over potential divergence in the WRF model mass terrain-following coordinate system and attempt to test flow-over potential divergence’s correlation with topographic snowfall via snowfall case studies. Thus, we have laid the foundations for further topographic snowfall studies in Central Asia in the future. It is worth noting that the precision of the forecast outcomes is highly dependent on the accuracy of the wind field that is directly predicted by the numerical model. In case the numerical model predicts the wind field inaccurately, particularly in regions with intricate terrain, the flow-over divergence diagnosis-based precipitation forecast results would also likely be considerably erroneous.
Symmetric instability refers to the phenomenon that an air parcel is convectively stable and inertially stable when moving vertically or horizontally but becomes unstable when it experiences tilted ascent. It can be diagnosed by potential vorticity, and a negative value of potential vorticity indicates the existence of conditionally symmetric instability in the atmosphere (Hoskin, 1974), thus when potential vorticity is negative, the atmosphere is symmetrically unstable. As shown in Figure 11, in the lower layer of the snowfall area (η=0.9969 to η=0.9558), symmetric instability occurs in the stably stratified area, with a central intensity of −6 × 10-6 m K s−3 Pa−1. Furthermore, the effect of topography on the symmetric instability is analyzed, and the potential vorticity in the lower layer are decomposed into flow-around potential vorticity, flow-over potential vorticity and vertical potential vorticity. The flow-around component is the main component of the potential vorticity (Figure 12A), and the vertical distribution at the lower level is similar to that of the total potential vorticity. Therefore, symmetric instability mainly depends on flow-around wind field. Flow over also causes weak symmetric instability near the surface (Figure 12B), while vertical potential vorticity term is negligible (Figure 12C). The flow-around potential vorticity is composed of horizontal divergence and vertical wind shear, vertical wind shear in the lower levels causes symmetric instability (Figure 12E), that is, by the coupling effect of the vertical gradient of the horizontal wind and the horizontal gradient of the generalized potential temperature. Moreover, both in the lower and upper levels, strong vertical advection transport of the generalized potential temperature contributes to symmetric instability in the snowfall area.
[image: Figure 11]FIGURE 11 | Vertical profile of potential vorticity (shaded, units: 10−6 m k s−3 pa−1) along 44.5°N at 1400 UTC (A) and 1600 UTC (B) 30 November 2018. Green solid line denotes 30-min accumulated snowfall (the right ordinate units mm).
[image: Figure 12]FIGURE 12 | Vertical profile of flow-around potential vorticity [(A), shaded, units: 10−6 m k s−3 pa−1], flow-over potential vorticity [(B), shaded, units: 10−6 m k s−3 pa−1], vertical potential vorticity [(C), shaded, units: 10−6 m k s−3 pa−1], the divergence component [(D), shaded, units: 10−6 m k s−3 pa−1] and the vertical shear component of flow-around potential vorticity [(E), shaded, units: 10−6 m k s−3 pa−1] along 44.5ºN at 1400 UTC 30 November 2018. Green solid line denotes 30-min accumulated snowfall (the right ordinate; units: mm).
5 DYNAMIC ANALYSIS
In addition to the thermal effects on the precipitation process, terrain also exerts dynamic influences which will be discussed in detail here. Vorticity and divergence are calculated using model-layer data. As shown in Figure 13, there is weak anticyclonic vorticity in the lower layer of snowfall region, in addition, the east side of the snowfall area has a strong divergence, and the west side has a weaker convergence at 1600 UTC (Figures 13A, B). The distribution of the total vorticity is basically the same as the vorticity from flow over terrain, indicating that the anticyclonic vorticity in the snowfall area is mainly caused by the flow-over component (Figure 13E). On the other hand, the distribution of the total divergence is closer to the flow-around component, which means that the weak convergence on the west side and the strong divergence on the east side of the snow belt are mainly caused by the flow-around component (Figure 13D).
[image: Figure 13]FIGURE 13 | (A) Total vorticity (shaded, units: 10−4 s -1), (B) total divergence (shaded units: 10−4 s -1) (C) vorticity of the flow-around component (shaded, units: 10−4 s -1), (D) divergence of the flow-around component (shaded, units: 10−4 s -1) (E) vorticity of the flow-over component (shaded, units: 10−4 s -1) and (F) divergence of the flow-over component (shaded, units: 10−4 s -1) overlaid by snow belt (blue contour, 1-h accumulated stimulated snowfall, units: mm), on the first layer of the model layer at 1600 UTC on 30 Nov 2018.
Overall, cyclonic vorticity and divergence in the snowfall area are mainly caused by flow-around wind, while anticyclonic and convergence are caused by flow-over wind.
The development of precipitation is accompanied by changes in energy. Khouider et al. (2012) demonstrated that convective motion restricts the production and conversion of atmospheric kinetic energy, which is characterized by kinetic energy transfer from a small-scale system to a large-scale system. Based on the kinetic energy tendency equation of the terrain-following coordinate system, the contribution of near-surface flow around and over terrain to the horizontal kinetic energy of the snowfall process was analyzed.
Time series of domain averaged kinetic energy and its components in Figure 14 shows that before the snow, kinetic energy increased over time. Once snowfall is triggered, kinetic energy reaches the strongest in the first layer of the model, with a maximum kinetic energy of 180 m2 s−2. Furthermore, the averaged flow-over kinetic energy in the first and fifth layers is greater than the averaged flow-around kinetic energy, indicating that the intensity of flow-over energy is stronger than flow-around energy on the lower layer of the snow area. Additionally, the magnitude of the coupling kinetic energy of the flow around and flow over terrain is small and can be ignored.
[image: Figure 14]FIGURE 14 | Time series of domain averaged kinetic energy (red solid line) kinetic energy of the flow-around component (purple solid line), flow-over component (brown solid line), coupling kinetic energy of the flow around and flow over terrain (green solid line, the left ordinate; units: 101 m2 s−2) and snowfall (dashed line, the right ordinate; units: mm) on the first layer (A) and the fifth layer (B) of the model layer. The target domain is marked by black rectangular in Figure 13C (C) The simulation of 1 hour accumulated precipitation at 1600UTC on 30 November Units are mm, black rectangular is the target domains for the following analysis.
The left-side and right-side terms of the horizontal kinetic energy tendency Eq. 12 are calculated with the model layer data to analyze the reasons for the local variation of horizontal kinetic energy. Figure 15 shows the zonal profiles of the local variation term of kinetic energy and terms forcing the variation of kinetic energy in the snowfall triggering stage. As shown in Figure 15A, there is a positive high value region of local kinetic energy variation in the snow zone, which extends upward from the lower layer of the snow zone, and the maximum value center is located in the middle layer above the snow zone (η=0.8631 to η=0.1858). The intensity reaches 20 × 10−2 m2 s−3, and the fluctuation is upward-tilting. The high value of the local variation of kinetic energy is mainly caused by the zonal velocity forcing, and the vertical distribution of the zonal velocity forcing is most similar to the local variation of kinetic energy (Figure 15C). The zonal velocity forcing has a large value area in the center of the snow belt, with a central intensity as high as 20 × 10−2 m2 s−3. In addition, the large value center is also located in the middle layer (η=0.1858), and the fluctuation demonstrates an upward-tilting and eastward pattern. Figures 15B,D show the vertical distribution of meridional velocity forcing term and vertical advection forcing term, respectively. These two terms also have positive contributions to the change of kinetic energy in the snowfall area, and both propagate upward in a fluctuating pattern. However, they are relatively smaller than the zonal velocity forcing. Therefore, the kinetic energy in the snowfall area will gradually increase under the influence of these forcing terms. We will further analyze the key factor causing the development and variation of kinetic energy, namely the zonal velocity forcing.
[image: Figure 15]FIGURE 15 | Vertical profile of local change of kinetic energy [(A), shaded, units: 10−2 m2 s−3], meridional velocity forcing [(B), shaded, units: 10−2 m2 s−3], zonal velocity forcing [(C), shaded, units: 10−2 m2 s−3], vertical advection forcing [(D), shaded, units: 10−2 m2 s−3] and zonal pressure work [(E), shaded, units: m2 s−3] along 44.5°N at 1300 UTC 30 November 2018. Green solid line denotes 30-min accumulated snowfall (the right ordinate; units: mm).
Zonal velocity forcing [image: image] is decomposed into zonal pressure work, frictional dissipation forcing and zonal kinetic advection. Of these, the work done by the zonal pressure gradient force is the largest among the three components (Figure 15E). Through our previous analysis, we’ve found the local variation of kinetic energy and zonal velocity forcing has significant high values from the low to high level of the center of the snow area (78.6°E−80.2°E), this pattern is also reflected in the vertical distribution of the work done by the zonal pressure gradient. The positive force of zonal pressure work is located in the center of the snow zone, and there is a maximum area in the middle layer (η=0.7046 to η=0.2307), which promotes the development of kinetic energy. On the other hand, the contribution of frictional dissipation forcing to the kinetic energy enhancement can be ignored (figure omitted), while zonal kinetic advection (figure omitted) contributes modestly to the kinetic energy enhancement, the latter spreads eastward and upward in a fluctuating pattern to promote kinetic energy enhancement. The influence of flow around and flow over terrain on the horizontal kinetic energy change will be further analyzed below.
According to Eq. 12, the work done by the zonal pressure gradient force is regarded as flow-over component [image: image] and flow-around component [image: image]. The influence of flow over and around terrain on the change in kinetic energy is subsequently analyzed. Figures 16A,B are the domain averaged time series of zonal pressure work and its flow-around and flow-over components on first layer and fifth layer of the model, respectively. The work done by zonal pressure gradient force propels an increase in kinetic energy. Notably, the increase of kinetic energy in the snowfall area mainly depends on the flow-over wind, and the work done by the pressure gradient force caused by the flow-over wind contributes more to the increase of kinetic energy. During snowfall strengthening stage, the zonal pressure work and its components gradually increase, however, during the weakening stage, they decrease.
[image: Figure 16]FIGURE 16 | Time series of domain averaged zonal pressure work (blue solid line), pressure work of zonal flow-around wind (red solid line), pressure work of zonal flow-over wind (purple solid line, the left ordinate; units: m2 s−3) and snowfall (dashed line, the right ordinate; units: mm) on the first layer (A) and the fifth layer (B) of the model layer.
6 CONCLUSION
Based on the topographic height distribution, the near-surface wind field of the WRF model is decomposed into flow around and flow over terrain. In view of the triggering moment of snowstorms in Xinjiang on 30 November 2018, the effects of flow around and over terrain on dynamics, water vapor transport and stability were analyzed, and the following conclusions were drawn:
Primarily, the flow-around field is the main flow field in transporting water vapor and causes the convergence of water vapor. Moreover, there are symmetric instability and stratified instability in the snowfall area. The horizontal advection transport of generalized potential temperature by the flow-around vertical shear and the vertical advection transport of generalized potential temperature by the flow-around divergence cause the negative potential vorticity value of the potential vorticity, thus causing symmetric instability. The meridional gradient of near-surface potential temperature is closely related to the quasi-east–west trend of the terrain. On the model plane, the potential temperature on the low terrain is lower, and the potential temperature on the high terrain is higher, thus forming a large horizontal gradient of potential temperature at steep terrain. The flow-over potential divergence will cause changes in the stratified stability. The horizontal advection transport of equivalent potential temperature caused by the flow-over vertical shear leads to a higher negative value of flow-over potential divergence in the snowfall area, thus enhancing instability. Comparatively, the meridional advection transport of flow-over vertical shear to equivalent potential temperature is more significant. Due to the significant flow-over potential divergence anomalies in the snowfall area during the snow triggering stage, the correlation of flow-over potential divergence with topographic snowfall is tested through this snowfall case studies. We found flow-over potential divergence may provide a negative correlation with the topographic snowfall to a certain extent, when the snowfall is greater than or equal to 1 mm/h, the correlation coefficient between them reaches 0.71. This correlation is helpful for topographic snowfall forecasting and the foundations for further topographic snowfall studies in Central Asia in the future is laid. Certainly, further work is required to verify this relationship.
In terms of topographic dynamic effects, the cyclonic vorticity of flow around the near surface is significant in the snowfall area, therefore, the flow-around component generates favorable vortical circulation conditions for snowfall. Near-surface vertical motion is mainly forced by flow over mountains, providing triggering conditions for snowfall. Furthermore, the flow-over kinetic energy in the snow area is stronger, and the work done by the pressure gradient force caused by flow over terrain enhances the near-surface horizontal kinetic energy. Additionally, we summarize a conceptual model (Figure 17) to intuitively understand the dynamic mechanism of airflows over and around topography during this snowfall event and use it for forecasting practice of topographic snowfall in Central Asia in the future.
[image: Figure 17]FIGURE 17 | Conceptual model of the topographic dynamic effect of airflow in the snowy weather process The black curve denotes terrain, the gray shading represents the snow area The red curved arrows denote flow-around wind, the blue curved arrows denote flow-over wind, and the red ellipse indicates the local convergence. K represents the kinetic energy, the orange shading represents flow-around PV anomaly, the blue shading represents flow-around water vapor advection, and the green shading represents flow-over potential divergence.
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