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The plateau vortex is one of the dominant weather systems that modulate summer rainfall in northwestern China, a typical arid/semi-arid area worldwide. Two heavy rainfall cases in the summer of 2012 and 2013, accompanying the northeastward movement of plateau vortexes, are selected here. The role of plateau vortexes in these two cases is explored by diagnosing their moist potential vorticity, helicity, and convective clouds characteristics, using numerous data (ERA-Interim reanalysis, multi-sourced precipitation data, FY-2E satellite images). The plateau vortexes enhanced convective instability in the rainfall area by entraining upper-level dry and cold air, manifested as salient vertical gradients of moist potential vorticity and steep pseudo-equivalent potential temperature isolines. The rainfall occurred eastward relative to the vortex movement track and intensified on the left of cloud black body temperature (TBB) with larger gradients at the middle to late stages of the vortex life span. The generation of moisture helicity is dictated by the water vapor transportation, with the negative value concentrated in the water vapor-rich areas. Notably, the two cases differ in tracks, life spans, water vapor sources, and precipitation amounts, which may be attributed to large-scale circulation background, vertical vortex structure, and moisture condition.
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INTRODUCTION
Northwestern China is one of the world’s typical arid/semi-arid climate regions. Climatologically (54-year) annual precipitation is 299 mm, of which summer rainfall accounts for the majority of this (Huang et al., 2016; Shang et al., 2018). In arid and mountainous northwestern China, heavy rainfall has a double-edged effect here, benefiting agriculture against drought, reservoir storage, and power generation while it is also a potential reason to lead to secondary disasters such as floods and mudslides. Rainstorms in northwestern China are less frequent and less intense than those in eastern China. Due to poor rainproof facilities in arid regions, even less intense rainfall can sometimes cause severe damage, not to mention heavy rainfall. For instance, in the summer of 2012, Subei County in Gansu Province was hit by an extreme precipitation event, where torrential flooding annihilated the road and farmland (Xinhua News Agency, 2012). In July 2013, Shaanxi province suffered a record-breaking extreme rainstorm, affecting 460,000 people in 387 townships and causing economic losses of 542 million CNY (China News Service, 2013). These two heavy precipitation events, which attracted much attention and caused severe disasters, were both related to the plateau vortex.
Plateau vortex is an α mesoscale cyclone generated on the Tibetan Plateau (the plateau for short) in summer-half years. Evident at the 500-hPa isobaric surface, the plateau vortex is one of the dominant precipitation-related weather systems in the summertime on the plateau. The plateau vortex is active at its genesis source and mainly regulates precipitation in the central and western plateau. Under favorable synoptic conditions, some plateau vortexes can move out of the plateau and cause widespread heavy rainfall (Li, 2013; Curio et al., 2019) downstream. According to the moving tracks (Wang, 1987; Lin, 2015), plateau vortexes can be separated into three categories: eastward plateau vortex (EPV), northeastward plateau vortex (NEPV), and southeastward plateau vortex (SEPV), which affect different areas downstream of the plateau (Yu et al., 2014; Li et al., 2020b; Sun et al., 2022).
Several previous studies have documented that the plateau vortex is crucial in the formation of heavy rainfall, especially in eastern China. The upper-level divergences in westerly and lower-level convergences in vortex have been argued to favor the development of EPV, with the former acting as a vital role in the genesis of vortex-induced precipitation (Liu and Fu, 1986; Li et al., 2019; Li et al., 2020b). Yang et al. (2017) reported that the positive vorticity advection in front of the EPV was one of the triggering mechanisms of rainstorms. Water vapor conditions are also essential for EPV. Yu (2002) pointed out that the water vapor vortex in the middle-to-upper troposphere is indicative of EPV, for their development and movement are in line with that of EPV. The role of EPV in precipitation has been widely investigated (Huang and Li, 2007; Huang and Li, 2009; Huang et al., 2010). After diagnosing the circulation of three EPVs moving processes, they found that the variations of physical quantities such as helicity, moist potential vortex, and non-geotropic Q vector are consistent with the variation of EPV precipitation, which may provide the predictable source for precipitation.
The previous studies deepen our understanding of the role of the eastward-moving plateau vortex, i.e., EPV in the precipitation of eastern China. For rainfall occurring in northwestern China, the role of the northeastward-moving plateau vortex, i.e., NEPV may be more critical. A NEPV event can cause > 100 mm of precipitation in one single day over Northwestern China, making a great contribution to the inherently low annual total precipitation amount in this arid region (Shang et al., 2018). However, the research on the effect of NEPV on precipitation in Northwestern China remains notably absent. Compared to EPV, NEPV has a more northerly moving track and a shorter life span. Even constrained by the limited water vapor supplements, the NEPV can also cause heavy precipitation. Furthermore, NEPV is observed to weaken when it moves off the Plateau (Sun et al., 2022). So how does the NEPV affect precipitation in its weakening period? The mechanism of its influence on precipitation deserves further study.
Therefore, two typical cases of heavy summer precipitation associated with NEPV in 2012 and 2013 are selected here to explore the physical mechanisms of NEPV-induced precipitation, by diagnosing the quantities including moist potential vorticity, helicity, and mesoscale cloud cluster characteristics in the two cases, based on multi-source datasets. This work aims to deepen the cognition of the NEPV to provide information for the plateau vortex-induced precipitation forecast, and highlight the role of the Tibetan Plateau in the weather and climate of China. This paper is organized as follows. Section 2 presents the data and methods used in this work. Section 3 describes the precipitation profile and the movement of NEPV, and then the precipitation intensity caused by the NEPV was statistically analyzed. Section 4 investigates the heavy precipitation feature of NEPV, including precipitation conditions and physical quantities. A summary and discussion are provided in Section 5.
DATA AND METHODS
Data
The Yearbook of Low Vortex Shear Lines over the Tibetan Plateau compiled by the Institute of Plateau Meteorology, China meteorological administration, 2012 (CMA), Chengdu (Li et al., 2013), is consulted here for NEPV case selection. These are the four standards that we use to pick up typical cases: 1. NEPV that moving off plateau, 2.24-h accumulate precipitation more than 50 mm, 3. Life span longer than 48 h, 4. Having close source area. Therefore, we selected the two cases with heavy precipitation induced by NEPV under different sensible heating over the plateau, one on June 3–5 in 2012 (referred to as Case 2012) and the other on July 19–22 in 2013 (referred to as Case 2013) among all the recorded NEPVs. ERA-Interim reanalysis dataset (6-h time interval, 2.5o × 2.5o latitude-longitude grid) is used to depict environmental circulations and calculate physical quantities (e.g., moist potential vorticity, helicity), for its better performance in vortex tracks identification than other reanalysis datasets according to Lin et al. (2020). The rainfall area during the NEPV movement is captured using CMORPH integrated hourly precipitation amount data with a 0.1° × 0.1° latitude-longitude grid (Joyce et al., 2004), while the specific precipitation amount generated is determined by the daily and hourly precipitation amount observed in automatic weather stations provided by the National Meteorological Information Center of CMA. Hourly Black Body Temperature (TBB) data retrieved from the FY-2E geostationary satellite (Yang et al., 2015) is used to further analyze the cloud top brightness temperature associated with precipitation intensity.
Methods
Moist potential vorticity (MPV) and helicity, are useful physical quantities in diagnosing rainfall cases, especially those related to severe convective weather such as mid-latitude torrential rain (Gao et al., 2007; Onderlinde and Nolan, 2014; Luhunga and Djolov, 2017). The studies on plateau vortex-induced precipitation have mainly focused on EPV (Huang and Li, 2007; Huang and Li, 2009; Huang et al., 2010). Reflecting the combined characteristic of air-water vapor, thermal and dynamic simultaneously (Bennetts and Hoskins, 1979; Marquet, 2014), MPV in the p-coordinate system is expressed as (Wu et al., 1995):
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Where g is the gravitational acceleration, [image: image] is the vertical vorticity, f is the Coriolis parameter, [image: image] is the potential pseudo-equivalent temperature, p is the pressure, and u, v is the horizontal wind. The first term on the right is the barotropy moist potential vortex (MPV1), which is the vertical component of the wet potential vortex, reflecting the effect of convective stability -g∂θse/∂p. The second term is the baroclinic moist potential vortex (MPV2), which is the horizontal component of the moist potential vortex and can be used as a tracer of warm and wet air. The moist potential vortex unit is PVU, 1 PVU = 10–6 m2 K·s−1 kg−1.
Helicity is commonly applied to describe the degree of rotation along the direction of motion for rotating fluids, and the rotational properties of weather systems are comprehensively depicted (Moffat, 1969; Lilly, 1986; Wu and Tan, 1989). Given a large number of definitions of helicity and the fact that the effect of water vapor on helicity is discussed in this study, the formula of moisture helicity is adopted (Lei et al., 2006):
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Where q is the specific humidity, [image: image] is the density. When there is upward motion (w > 0) and positive vertical vorticity (ζ > 0), [image: image] is negative (positive) under water vapor flux convergence ∇⋅(qV) < 0 (>0 for divergence). The moist helicity reflects the relationship between the development and maintenance of weather systems and the intensity of synoptic phenomena. Generally, the smaller the [image: image] the more favorable the precipitation production.
THE PRECIPITATION PROFILE AND THE MOVEMENT OF NORTHEASTWARD PLATEAU VORTEX
The characteristics of heavy precipitation events associated with northeastward plateau vortex
Figure 1 shows the NEPV moving tracks (black dotted curves) and total precipitation amount (shaded) in the two cases. In Case 2012, the plateau vortex bred in Ali, Tibet, then moved northeastward and died out in western Inner Mongolia (Figure 1A). During its movement, precipitation mainly occurred on 5 June 2012, with the rainfall center in Hexi Corridor. The vortex of Case2013 was also generated in Ali, Tibet, but disappeared in the northeast of Loess Plateau (Figure 1B). As the two vortexes moved out of the plateau, the Loess Plateau region experienced heavy precipitation, with the rainfall area to the southeast of the vortex tracks.
[image: Figure 1]FIGURE 1 | Moving tracks (black dots, moving-out in red dots) and accumulated daily precipitation (shaded) in 3–5 June 2012 (A) and 19–21 July 2013 (B) (marked as vortex position corresponding to date in the superscript and time in the subscript, ▲: precipitation maximum station) based on ERA-Interim reanalysis datasets and CMORPH.
To better distinguish the effects of different phases in NEPV movements on precipitation, the vortex movements are subdivided into plateau stages and moving-out plateau stages according to their tracks and influences on precipitation. Figure 2 shows the variations of relative vorticity (curves) and 6-h accumulative precipitation (bars), averaged over a 2° × 2° range centered at the vortex center at 6-h intervals. Prominent relative vorticity was observed at the plateau stage in the two cases under the heating in the Ali. Constrained by water vapors supplement, less precipitation was generated in both the cases. However, as the vortex moved off the plateau, vortex-induced precipitation at the northeastern edge of the plateau as well as downstream areas were detectable. Heavy rainfall at the moving-out plateau stage began at 18:00 on the 4th, and ended at 12:00 on the 5th in Case 2012 (Figure 2A), while it was 12:00 on the 21st to 00:00 on 22nd in Case 2013 (Figure 2B), suggesting a substantial influence of NEPV on precipitation in the middle-to-late life span.
[image: Figure 2]FIGURE 2 | The relative vorticity of vortex center (curves, plateau stages in dashed lines and moving-out plateau stages in solid lines, unit: 10–4·s-1) and the variation of 6-h accumulated precipitation (bars, unit: mm) at 6-h intervals in the range of 2° × 2°centered at the vortex center in Case 2012 (A) and Case 2013 (B)
The intensity of NEPV-induced precipitation in Northwestern China was graded into four levels following the CMA’s criteria (2012). The numbers of stations at each level in two cases are listed in Table 1. The precipitation amount at most stations in Case2012 was at moderate to heavy levels, while only two stations (Subei and Yumenzhen) were at rainstorm level. On 21 July 2013, the daily rainfall of Lingtai station reached 184.6 mm, exceeding its historical extreme. In Case 2013, the vortex moved eastward, producing a narrower and longer rainfall area than Case 2012. The rainstorm located at the southeast quadrant relative to the NEPV center. In the following, the synoptic-scale circulation environments are examined to further detail the case differences.
TABLE 1 | Overview of precipitation (graded into four levels following the CMA’s criteria) and moving tracks of plateau vortex in Case2012 and Case2013.
[image: Table 1]Synoptic-scale circulation environments
Sun et al. (2022) figured that the plateau vortex movement is mainly influenced by the westerly wind at 200 hPa and the ridge in the east of plateau at 500 hPa. The former mainly affect the plateau vortex movement at plateau stage, and the latter at moving-out plateau stage. Typically, the cyclonic circulation of NEPV is found to be most pronounced in the middle troposphere (500 hPa) (Sun et al., 2022). As for our study, the NEPV movement in plateau stage was mainly easterly in both cases, the northeasterly movement was mainly occurred when moving out plateau. Therefore, in this section, we investigated the impacts of 500 hPa-ridge on the NEPV movement. Figure 3 illustrated the 500-hPa large-scale environmental circulation at intermediate moments during the different stages in the two cases. Specifically, at the plateau stage in Case 2012 (06:00 on 3rd --18:00 on 4th, Figure 3A), a meridional structure of “two troughs and one ridge” was observed in middle-high latitudes of Eurasia, with a closed depression center in the central part of the Tibetan Plateau, and a deep cold trough stable along the northeast of Lake Baikal to the east coast China. Suppressed by the strong cold air from the north, the plateau vortex mainly moved eastward at the plateau stage. Subsequently, the large northern vortex weakened and moved eastward by about 10° longitudes at the moving-out plateau stage (18:00 on 4th -- noon on 5th, Figure 3B). Guided by the southwesterly on the east edge of the plateau, the vortex moved towards the northeast. On the contrary, the environmental circulation in Case2013 is more zonal, causing the vortex to move eastward easily in response to the guiding airflow. Particularly, the stronger southerly in front of the trough at the moving-out stage (noon on 21st -- 00:00 on 22nd, Figure 3C) than that at the plateau stage (18:00 on 19th -- noon on 21st, Figure 3D) made an apparent northward movement of the vortex. The result regarding the effects of 500 hPa trough on NEPV is consistent with the statistical analysis by Sun et al. (2022). The horizontal distribution of the environmental fields for the two cases is discussed in this section. The following section will focus on the changes in the vertical structure of NEPV.
[image: Figure 3]FIGURE 3 | Geopotential height (black isolines; Unit: dagpm), temperature (red isolines; Unit: °C) and strong wind area (shaded, wind speed ≥12 m/s) on 500 hPa at intermediate moments of plateau stage (A,C) and moving-out plateau stage (B,D) (A) 00:00 4 June 2012, (B) 06:00 5 June 2012, (C) 12:00 20 July 2013, (D) 18:00 21 July 2013, V denotes the position of the vortex at the corresponding time) in Case 2012 (A,B) and Case 2013 (C,D) (The brown solid line is Tibetan plateau boundary).
Vertical structure of northeastward plateau vortex
To obtain the vertical structure of NEPV during its movement, a composited analysis of the vertical profile of relative vorticity, divergence, and vertical velocity in the middle and upper troposphere at the two stages was performed (Figure 4). We found that the early-stage plateau vortex moved slowly and intensified in its birth-source area, reaching its strongest intensity over its life span (not shown) in the two cases. Notably, the two NEPVs have commonalities in the strongest centered relative vorticity maintained at 500 hPa (solid), convergent flow below 450 hPa (hollow), and upward motion from 500 hPa to the top troposphere (cross). As the vortex moved to the northeast, the vorticity maximum decreased with the weakened convergence in the middle troposphere. Subsequently, abundant water vapor led to widespread heavy precipitation downstream as showed in Figure 1.
[image: Figure 4]FIGURE 4 | The vertical distribution of relative vorticity (solid, Unit: 10–4 s−1), divergence (hollow, Unit: 10–4 s−1) of vortex center and vertical velocity (cross, Unit: Pa·s−1) at plateau stage and moving-out plateau stage in Case 2012 (A,B) and Case 2013 (C,D).
Also, the two NEPVs diverge in their triggering of rainfall. In Case 2012, a deeper cyclonic circulation with two positive vorticity maxima was found in the vertical stratification (Figures 4A,B), which favors vortex maintenance, in line with the observed NEPV lifetime (Figure 1). In Case 2013, the positive (negative) vorticity was accompanied by convergence (divergence) in the lower (upper) level (Figure 4C), resulting in a robust upper-level pumping and lower-level water vapor accumulation at the moving-off plateau stage (Figure 4D). Therefore, more severe precipitation occurred in Case2013 than in Case2012 in Figure 2. In addition, a salient upper-level divergence appeared at the plateau stage in Case2013 that rapidly allowed vortex intensity and vertical extension height to reach their maximum within 6 h (not shown), which may be attributed to the plateau heating effect (Zhou et al., 2022). It can be concluded that the consistent circulation from middle to upper levels is favorable for the vortex to live longer. The coupling structure of low-level convergence with positive vorticity and upper-level divergence with negative vorticity, combined with a robust pumping effect, enhanced the convergence of middle-to-lower water vapor in the rainstorm area. As a result, the precipitation continues to accumulate in the vortex-weakening period.
HEAVY PRECIPITATION FEATURE OF NORTHEASTWARD PLATEAU VORTEX
Dynamic conditions
To confirm the dynamical effects of NEPV on heavy precipitation, the time-height evolution of relative vorticity and vertical velocity above 800 hPa at the rainstorm center in the two cases is given in Figure 5. Before the onset of heavy precipitation, the entire troposphere at the rainstorm center was controlled by the negative vorticity (dashed contours). The downdraft in the middle-to-lower troposphere inhibited the moisture convergence in the rainfall area. With the northeastward movement of the vortex, positive vorticity (solid contours) appeared in the mid-troposphere and was accompanied by upward motion (shaded in red). The strongest updraft at the rainstorm center appeared about 6-h earlier than the relative vorticity reaching its maximum in both cases, indicating that the wind modification precedes the vorticity. The vertical motion signal in Case2012 is a better predictor of precipitation (Figure 5A). With the appearance of the maximum updraft, the mid-level vorticity began to transform from negative to positive. Influenced by the descent plateau topography, the favorable precipitation conditions (positive vorticity and upward motion) tended to shift downward with time. In Case 2013 (Figure 5B), the positive vorticity (solid contours) signal of the vortex appeared 12-h earlier than the time vortex passes through the rainstorm center (black vertical line). When the vortex approached the rainstorm center, the updraft (shaded in red) was rapidly enhanced. In a word, the plateau vortex provides a favorable dynamic environment for a rainstorm.
[image: Figure 5]FIGURE 5 | Time-height profile of relative vorticity (positive vorticity: solid contours; negative vorticity: dashed contours, Unit: 10–5 s−1) and vertical velocity (shaded, Unit: Pa·s−1) of the rainstorm center (A) (100°E, 40°N) in Case 2012; (B) (106°E, 35°N) in Case 2013) (the vertical line is the time when vortex passes through rainstorm center).
Water vapor conditions
Knowing that the weakened cyclonic circulation as the NEPV moved out of the plateau, we hypothesize that the water vapor condition plays a crucial role in heavy precipitation. Flows associated with the Indian monsoon and the South China Sea monsoon create the main water vapor transport channel to northwestern China in summer (Wang et al., 2018). As the vortex circulation on the plateau is strongest at 500 hPa, we use the water vapor flux at 500 hPa when the vortex moves through to depict the convergence of the water vapor transports (Figure 6).
[image: Figure 6]FIGURE 6 | The water vapor flux divergence (shaded; Unit: 10–6 g cm−2·hPa−1 s−1) and water vapor flux (vectors; Unit: g·cm−1 hPa−1 s−1) on 500 hPa at 06: 00 5 June 2012 (A) and at 12: 00 21 July 2013 (B) (the thick arrows denote water vapor transport path, V denotes the position of the vortex at the corresponding time).
The maximum values of water vapor flux divergence in the two rainstorm areas were both 2.5 × 10–6 g cm−2·hPa−1·s−1. The water vapor convergence center in Case2012 was located on the northeast side of the vortex (Figure 6A, shaded). In Figure 3A, the ridgeline of West Pacific Subtropical High (WPSH) was positioned south of 20°N in Case 2012. Blocked by the terrain of the Loess Plateau in the way, it is difficult for water vapor to be transported from the Bay of Bengal to northwestern China. Therefore, in the absence of strong external supplements of water vapor for the rainfall area, the vortex convergence can only lead to local water vapor accumulation with a shorter duration and less amount of precipitation. Nevertheless, the ridgeline of WPSH was northward in Case 2013 (Figure 3B). The vortex caused a large amount of water vapor to gather around the rainfall area (Figure 6B, shaded). One of them was the water vapor from the Bay of Bengal, which flowed around the southern boundary of the plateau and crossed the Hengduan Mountains. These external water vapors joined the water vapor conveyor belt around the WPSH, climbed along the south side of the Loess Plateau, and converged near the vortex. Therefore, the rainfall area in Case2013 was southward shifted to the convergence area and presented a banded distribution along the plateau. In addition, it can also be found that water vapor convergence appears in the southeast of the vortex in Case2012 and the southwest of the vortex in Case 2013, and the convergence even was stronger than that of the NEPV falling area. However, in the absence of the dynamic lifting conditions of the vortex, there was no significant precipitation in these regions. In fact, not only the water vapor supply, the other factors which cause heavier rainstorm in Case2013 will be discussed later.
Distribution of moist potential vorticity
To investigate the convective stability in the rainstorm center brought by the NEPV, the longitude-height profile of MPV1 and [image: image] (potential pseudo-equivalent temperature) is depicted in Figure 7. The rainstorm center in Figure 1 was located near the vortex center and slightly eastward. The plateau vortex led the upper-level positive MPV1 and [image: image] maxima to extend downward and invade the rainfall area, leaving the MPV1 maxima center at 500 hPa. The [image: image] line near the vortex was steep, which induce the dry and cold air to diffuse downward and suppress the warm and wet air in the lower atmosphere. Therefore, both cases show great changes in vertical convective stability. Particularly in Case 2013 (Figure 7B), there was a significant negative MPV1 in the middle-to-lower troposphere over the rainstorm area, leading to a large vertical gradient of MPV1. The layer where the MPV1 sign changed from positive to negative was exactly corresponding to the low [image: image]. It is indicated that the cold air invaded from the middle troposphere and met the warm air at 600 hPa below the vortex. This convergence of warm and cold air led to significantly enhanced convective instability. The rainstorm center was located downstream with dense [image: image] lines.
[image: Figure 7]FIGURE 7 | The longitude - height profile of MPV1 (positive value: solid isoline; negative value: dashed isoline, Unit: PVU) and [image: image] (shaded, Unit: K) along 40°N at 06: 00 5 June 2012 (A) and 35°N at 12: 00 21 July 2013 (B) (●: vortex center, ▲: storm center).
The NEPV led to the entrain of dry and cold air from the upper layer to the rainfall area, manifesting as a salient vertical gradient of MPV and a steep iso-[image: image] line in the rainstorm center. The configuration of middle-level dry and clod air invasion and low-level instability is conducive to the storage and release of convective instability energy, creating conditions for the outbreak of rainstorms, similar to the previous analyzes of convective rainstorms induced by Meiyu-front (Zheng et al., 2019).
Distribution of moisture helicity and black body temperature characteristics
Moisture helicity measures both the vortex energy and the water vapor conditions. The area with negative moisture helicity is reported to correspond well to the rainfall area in EPV cases (Huang et al., 2011). For our NEPV cases, the negative moisture helicity in Case2012 was mainly in the junction of Gansu Province and Inner Mongolia, along the plateau edge, covering the rainfall area (Figure 8A). Strong updraft driven by low-level convergence and abundant water vapor encouraged the occurrence and development of heavy precipitation. Although the Loess Plateau also has covered by negative moisture helicity, there was no significant precipitation in the lack of vortex dynamic effect. For Case 2013, the negative moisture helicity in southern Gansu to the central Shaanxi presented a northwest-southwest distribution (Figure 8B). The less energy transportation outward and abundant moisture in this region benefited the precipitation generation. The negative moisture helicity center was slightly northward than the rainstorm center.
[image: Figure 8]FIGURE 8 | The moisture helicity (Unit: 10–11 m s−3) on 500 hPa and 6-h accumulated precipitation (Unit: mm) (A,B), black-body temperature (TBB) by FY-2E satellite (C,D) at 06: 00 5 June 2012 in Case 2012 (A,C) and at 12: 00 21 July 2013 in Case 2013 (B,D).
The TBB on cloud top obtained by the FY-2E satellite is depicted to investigate convective cloud cluster characteristics around the vortex. The mesoscale convective cloud cluster mainly appeared over the area including northern Gansu, western Inner Mongolia, Ningxia, central Shaanxi, and southern Shanxi Provinces at 06:00 on 5 June 2012, covering an area of 800–1,000 km (Figure 8C). The convection associated with the vortex is to the north of 37°N. The region with TBB below—30°C presented an inverted triangle shape. The convective cloud belt was generally near the vortex trough at 500 hPa, with its outline highly aligned with the 562 dagpm isoline in Figure 3B and its shape similar to the 6-h accumulated rainfall area. The heavy precipitation clouds and rainfall areas with TBB below -40°C were to the northwest of the inverted triangle. At the same time, a convective cloud also appeared on the southeast of the vortex cloud cluster, which was far away from the vortex circulation and did not produce effective precipitation. A northeast-southwest oriented convective cloud cluster in Case2013 appeared from the north of Sichuan to the south of Shanxi, presenting a northeast-southwest oriented distribution (Figure 8D). It is necessary to pointed out that the largest cloud cluster in central Shaanxi was mainly affected by vortex, while the strongest cloud cluster in Sichuan was mainly affected by topography uplift of Hengduan Mountains, which was hardly affected by the vortex. The lower TBB indicated the higher cloud top height and deeper vertical movement. The TBB is significantly lower than that of Case 2012, which can be as low as below −50°C in Case 2013. Thus, a more favorable dynamic condition with lower TBB in Case2013 generated a larger rainstorm area with stronger rainfall intensity than Case 2012.
The distribution of moisture helicity reflects the concentration of energy and water vapor in NEPV. Consistent with the evolution of rainfall area, the evolution of the negative moisture helicity region is affected by water vapor transportation. In both cases, the rainfall areas of the NEPV were to the left of TBB with a large gradient. The lower the TBB reflected by the satellite images, the better the dynamic conditions that trigger precipitation. Therefore, the strong rainfall always appeared near the large gradient area on the left of TBB.
CONCLUSION
Two typical cases of heavy precipitation induced by NEPV are selected here to analyze their moving track, precipitation characteristics and physical mechanism in detail, using multi-source data (automatic station observation, ERA-interim reanalysis and satellite images). A comparative analysis of heavy precipitation by using physical quantities such as MPV and helicity is conducted (Table 2). The main conclusions are as follows:
1) In terms of precipitation conditions, the plateau vortex led to the invasion of dry and cold air from the upper layer to the rainfall area, which resulted in a strong vertical gradient of MPV and steep iso-[image: image] line in the rainstorm center and strengthened the convective instability in the rainfall area. The heavy precipitation always appeared near the large gradient area on the left of TBB, and the rainfall area moved eastward compared to the vortex. The vortex cyclonic circulation and updraft from middle to upper levels may be useful signals for precipitation forecast.
2) In terms of water vapor sources, the water vapor transportation was blocked by plateau topography in Case 2012, leading to less precipitation. In Case 2013, the low-level water vapor climbed up to the plateau and converged in the vortex center. The interaction of lower-level water vapor and the upper-level dry and cold air produced heavier precipitation. Affected by the water vapor transport path, the negative moisture helicity appeared in water vapor-rich regions, such as the edge of the plateau and outside of the subtropical high. The NEPV-induced precipitation occurred after the vortex moved out of the plateau.
3) In terms of vortex structure, there were two positive vorticity maxima in the vertical structure of the vortex in Case 2012, and the consistent circulation from middle to upper levels is conducive to the vortex maintenance. The coupling structure of vorticity and divergence in lower and upper levels, combined with the strong pumping effect enhanced the convergence of middle and low-level water vapor in the rainstorm area.
TABLE 2 | Comparisons of two heavy precipitation cases (Case2012 and Case 2013) induced by northeastward plateau vortices (NEPV).
[image: Table 2]DISCUSSION
This work conducted a study on NEPV and precipitation it causes in two cases. It is found that the precipitation induced by NEPV is crucial to northwestern China, and the water vapor supply and vortex structure play important roles in the precipitation process. However, the cause analysis of the difference between the two NEPVs is not addressed, including the thermal factors in the development of the two vortexes and precipitation. At the same time, the data completeness on Tibetan plateau remains inadequate, although there are several kinds of reanalysis data, it is unknown whether other data can reproduce the results of this paper, and it is necessary for further analysis using additional research methods, such as radar data analysis and numerical model. In addition, the total amount of such NEPV is relatively small, and some results may lack of representativeness. Moreover, some vortex develop strongly but do not move out of the plateau, whether these plateau vortices can induce precipitation in the downstream through wave propagation mechanism is also a topic worthy of future study. Therefore, the conclusions of this study deserve further confirmation by more cases and more diagnostic analysis.
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