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Abstract. 
An abnormal heavy rainfall that occurred on 27 October 2014 in the Sichuan Basin (SB), China, is analyzed. An inverted trough at 850 hPa evolved into a Southwest China Vortex (SWCV), and strong upward motion caused by interaction between the low-level jet (LLJ) at 850 hPa and the upper-level jet (ULJ) at 200 hPa triggered the rainstorm process. Under a large-scale circulation system featuring a westerly trough and subtropical high, there were two cloud bands over the northeast side and south side of the Tibetan Plateau, respectively. Influenced by the eastward-moving trough, the inverted trough, LLJ, and the SWCV, a Mesoscale Convective System (MCS) was generated near the intersection of the two cloud bands, and it was the direct rainstorm system. The MCS strengthened under the situation of the 850 hPa inverted trough, but weakened when the inverted trough evolved to into the SWCV. Eventually, it formed the phenomenon known as “existing vortex without cloud.” Through analysis of the possible reasons why precipitation strengthened (weakened) under the situation of the inverted trough (SWCV), it was found that the strengthening of precipitation was due to a strong tilting updraft in the area of the ULJ and LLJ intersection. On one hand, the upward motion was related to the vorticity advection variation with height and the low-level warm advection forcing; while on the other hand, the dew-point front near the LLJ also played a lifting role in the upward flow of the lower-layer vertical circulation. Meanwhile, the LLJ “head” was a high-value area of water vapor convergence, which provided sufficient water vapor for the rainstorm. During the SWCV, the weakening of precipitation was due to the SWCV weakening gradually; plus, the ULJ was interrupted over the SB, the upper airflow presented downdrafts, and its superposition with the ascending branch of low-level vertical circulation. This airflow structure inhibited the development of strong upward motion, whilst at the same time, the LLJ retreated toward the south and the dew-point front ultimately weakened and disappeared. Subsequently, water vapor convergence weakened and no longer supported the occurrence of heavy rainfall. Therefore, the strong upward motion caused by the ULJ-LLJ intersection and the lower-level dew-point front were the key reasons for the occurrence of this late-autumn rainstorm.

1. Introduction
China is a country that experiences many rainstorms [1–4]. Among them, the rainstorms that occur in the upstream, steep-terrain region of the Yangtze River are notoriously difficult to understand and forecast and have long represented a difficult problem for meteorological research and operations relating to rainstorms in China [5, 6]. The Sichuan Basin (SB), in Southwest China (Figure 1(a)), is on the leeward slope of the eastern side of the Tibetan Plateau and is characterized by distinct geomorphology such as steep terrain, mountain basins, lakes, and rivers. Moreover, it is the main path for the warm and wet southwesterly flow at low latitudes arriving in the eastern part of China. In summer, influenced by Tibetan Plateau weather systems (e.g., the Tibetan Plateau Vortex [7–11], Southwest China Vortex [12–15], and the Western Pacific Subtropical High (WPSH) [16]), not only there are many wide-ranging and persistent heavy rainfall weather events, but also a large number of localized rainstorm processes occurring in the SB. These abnormally strong precipitation events, as well as the secondary disasters caused by such strong precipitation, often lead to substantial socioeconomic damage and losses. Therefore, as a typical area of China’s rainstorm weather, the SB is known within the country for its high level of incidence regarding torrential rain and flooding.
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(d)
Figure 1: The location of Sichuan Basin (a) (the shaded area is terrain of Tibetan plateau (unit: m)), the accumulated precipitation (b) (in mm) from 1200 UTC 26 to 0000 UTC 28 October 2014, the number of stations with hourly precipitation ≥10 mm (c), and the hourly lightning times (d). “•” is the location of precipitation center (Yilong); “○” indicates the location of the Nanchong radar.


Observational evidences have considerably demonstrated that the Tibetan Plateau Vortex, shear lines [17], and the Southwest China Vortex (SWCV) are the major weather systems responsible for rainstorms in Sichuan; plus, they have an important influence on the strong precipitation that occurs in the vast areas downstream of the Tibetan Plateau. The considerable research effort in recent decades in this regard has led to some meaningful achievements, such as on the generation sources of the Tibetan Plateau Vortex and SWCV in summer [18–20], the causes of their formation [8, 21–23], and their thermodynamic structure and effects on rainstorms [24, 25]. Recently, with the application of high-resolution data, the structure and organization of Mesoscale Convective Systems (MCSs) in these weather systems have been further revealed, indicating their importance in inducing the strong precipitation associated with such vortices [12, 24, 26–29]. On the other hand, because of the prominent effect that the East Asian summer monsoon has on the precipitation activity in China, most rainstorms in the SB occur in the months 6–9 of the warm season, with the frequency reducing significantly from October (i.e., the cold season), especially wide-ranging rainstorms. Therefore, existing research on rainstorms in Sichuan has mainly focused on summer, with little examination of rainstorms occurring in the winter half of the year.
In fact, the formation processes of a rainstorm are complex—for example, the large-scale conditions, the quantity of water vapor, the strong upward motion, and the level of instability in the atmospheric stratification, together with the effects of weather systems and topographies at multiple scales, all act in a synergistic way in the occurrence of severe rainstorm weather [30]. In addition, climate change has also been having an influence on the spatiotemporal distribution and evolutionary process of strong precipitation in many areas, including Sichuan [31–34]. Therefore, it is highly necessary and relevant to carry out research on abnormal rainstorm weather.
In the present study, an abnormal rainstorm that occurred in SB on 27 October 2014 was chosen for analysis. This late-autumn rainstorm had some convective weather features, such as a high frequency of lightning and a strong precipitation intensity. In general, the occurrence of high frequency of lightning activity and strong precipitation rates or high accumulated precipitation can not only be of convective results but also of baroclinic instability, as well, considering that such events occur during the warm period of the year; plus, it is very rare for such an event to be observed in the cold season of autumn, and in fact, it is the latest-occurring regional heavy rainfall event in recorded history (since 1955) in the Sichuan region. To reveal the causes of its abnormal occurrence, the study was carried out from the perspective of its impacting weather systems, convection triggering conditions, and physical formation processes. The broader aim was to deepen our understanding of cold-season rainstorm weather. Following this introduction, the paper is organized as follows. Section 2 describes the data and methods; Section 3 describes rainstorm weather background; Section 4 analyzes multiscale weather system features; Section 5 analyzes system configuration and physical structure over the rainstorm area; Section 6 explains favorable conditions for the occurrence of the heavy rainstorm; and Section 7 concludes the study.
2. Data and Methods
The data used in this study are as follows:(1)Sounding observational data at 0000 UTC and 1200 UTC(2)Global final (FNL) analysis data from the National Centers for Environmental Prediction (NCEP), with a spatial resolution of 1° × 1° and temporal resolution of 6 h (hereafter referred to as NCEP_fnl; http://rda.ucar.edu/)(3)Brightness temperature (Tb) data from the FY2D geostationary weather satellite provided by the National Satellite Meteorological Center, China Meteorological Administration (http://www.nsmc.org.cn/en/NSMC/Home/Index.html)(4)The weather radar data including base reflectivity and 3 km height wind field of radar echo inversion and surface precipitation data
To analyze a relationship between rainstorm and the vertical ascending motion, quasigeostrophic approximation is used in the study, and we know the equation of ω [35, 36] iswhere , , and  is static stability;  is vertical velocity,  is vorticity,  is wind vector, and  is pressure; and ,  is geopotential height function,  is constant value of  (the Coriolis parameter), and  is stream function.
The left side of equation (1) can be written aswhere  is the wave number of x-direction and  is the wave number of y directions. Easily, formula (3) can be obtained:
For short-wave systems, the planetary geostrophic vorticity advection is secondary, meaning the a-item of equation (1) can be written as
In addition, the b-item of equation (1) is the Laplacian of thickness (on temperature) advection, and we can get
According to (1)–(5), expression (3) can be obtained as follows:where  is the pseudoequivalent potential temperature (PEPT), according to Davies-Jones’ notes [37];  can be calculated aswhere  is the water vapor mixing ratio, , ,  is the temperature of condensation height,  is vapor pressure,  is pressure, and T is temperature. So,  is a comprehensive physical quantity that includes temperature, humidity, and pressure and can reflect the varying characteristics of both moisture and temperature.
Formula (6) shows the vorticity advection and PEPT advection are the main factors impacting upon the vertical velocity. When the positive vorticity advection with height increases (or negative vorticity advection with height decreases), , and in the warm advection area () ω < 0, conditions are conducive to a forced rise; otherwise, there will be a forced sink.
3. Rainstorm Weather Background
This rainstorm process that occurred in SB on 27 October 2014 was highly abnormal in terms of the strength of precipitation weather recorded in Sichuan stretching back to 1955. The main features were that it occurred very late in the year (in fact, the latest ever in recorded history in this area) and the range of the precipitation was large. According to the accumulated precipitation data available, there were 584 automatic weather stations that reached 50–100 mm, 55 above 100 mm, and the maximum precipitation was recorded at 147.7 mm (Figure 1(b)) in Yilong of SB. According to the evolution of hourly precipitation and hourly lighting activity, at 2300 UTC 26 to 0600 UTC 27 October 2014, the number of automatic weather stations recording a rainfall rate of >10 mm/h reached a peak and, correspondingly, so did the lightning activity (Figure 1(d)). Then, between 0600 UTC 27 and 2000 UTC 27 October 2014, this number reduced gradually, and again, correspondingly, so did the lightning activity. The data clearly show that lightning occurred mainly in the strong precipitation period and that the frequency reached its maximum at 0000 UTC 27 October 2014, indicative of an obvious thunderstorm with strong precipitation and convective weather characteristics; indeed, the range of the rainstorm and the number of lightning flashes were the largest ever recorded.
In short, observations showed that, in terms of occurrence time, scope, intensity, nature, and so on, this was an abnormal rainstorm case in SB.
4. Multiscale Weather System Features
4.1. Large-Scale Circulation and Systems of Influence
The occurrence of a rainstorm is often related to the interactions among different scale weather systems, and only under the stable control of large-scale weather systems such as a subtropical high [38], long-wave trough, shear line or large-scale low-pressure system, direct precipitation systems can appear and produce strong precipitation. The rainstorm system of the present study (Figure 2) showed that, at 1200 UTC 26 October 2014, before the rainstorm began (Figure 2(a)), there was a westerly trough over the Tibetan Plateau on the northwest side of the 500 hPa WPSH, and under its influence, there was a belt of cloud that appeared over the northern area of the Tibetan Plateau and converged with the cloud at the edge of the WPSH over Sichuan. Its Tb was −20 to −50°C. During the rainstorm, at 0000 UTC 27 October 2014 (Figure 2(b)), the westerly trough moved to the SB and a new trough formed near 95°E in the south of the Tibetan Plateau. Also, the two cloud belts intersected over the SB area. At 850 hPa, the wind situation is one of northeasterly winds in the western SB and southeasterly winds in the eastern SB; this cyclonic flow field formed a “∧” pattern (also known as an inverted trough) [26]. Under the trough’s influence, an MCS with Tb values in the cloud of less than −40°C was in the rainstorm area. By 1200 UTC 27 October 2014, the MCS was in the eastern part of the SB (Figure 2(c)), the 850 hPa inverted trough had become a low vortex circulation (i.e., SWCV), and the low-level jet (a strong wind belt, which has a center wind speed of ≥12 m·s−1 in lower level of atmosphere [3, 39, 40]) and westerly trough were still located in the rainstorm area. At 0000 UTC 28 October 2014, the 500 hPa westerly trough moved eastward out of Sichuan, the LLJ weakened, the convective systems in the large-scale cloud system were gradually removed from the SB, but the 850 hPa SWCV remained over SB. As seen from the circulation situation, against the background of the westerly trough and WPSH, two cloud belts appeared on the northeast and south side of the Tibetan Plateau, respectively. Because of the influence of the trough, LLJ, and the vortex, an MCS with low Tb values formed in the area of the two cloud bands’ intersection, which was a direct system of influence for the rainstorm weather. According to the 2 h Tb evolution (Figure 3), in the early stage of the 850 hPa inverted trough’s formation, the cloud at the south side of the Tibetan Plateau had affected the Sichuan area, but the cloud at the northeast side of it had not.
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(d)
Figure 2: 500 hPa geopotential height (gpdam) and wind fields (red, m·s−1), 850 hPa wind field (black, m·s−1; LLJ: ≥12 m·s−1), and Tb distribution (shaded, °C) at (a) 1200 UTC 26 October 2014, (b) 0000 UTC 27 October 2014, (c) 1200 UTC 27 October 2014, and (d) 0000 UTC 28 October 2014. H—WPSH; L—SWCV; J—LLJ; wide broken line—500 hPa trough; wide solid line— 850 hPa inverted trough.
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(p)
Figure 3: Tb distribution every 2 h from 1400 UTC 26 October to 2000 UTC 27 October 2014 (shaded, °C). (a) 1400 UTC 26, (b) 1600 UTC 26, (c) 1800 UTC 26, (d) 2000 UTC 26, (e) 2200 UTC 26, (f) 0000 UTC 27, (g) 0200 UTC 27, (h) 0400 UTC 27, (i) 0600 UTC 27, (j) 0800 UTC 27, (k) 1000 UTC 27, (l) 1200 UTC 27, (m) 1400 UTC 27, (n) 1600 UTC 27, (o) 1800 UTC 27, (p) 2000 UTC 27.


At 1200 UTC 26 October 2014, the southerly wind became weak, there was no obvious weather system at the low level, and the Tb value remained high (Figures 3(a)–3(d)). At 0000 UTC 27 October 2014, under the influence of the inverted trough, there was an LLJ forming in the rainstorm area, and the Tb value of the MCS had reduced (Figures 3(e)–3(g)). During the inverted trough’s evolution toward the SWCV (Figures 3(h)–3(k)), the MCS became slightly weakened and lasted about 8 h. During the SWCV’s existence (Figures 3(l)–3(p)), the MCS was located from the right-hand side of Chongqing to western Hubei, and SB featured no obvious cloud belt and the rainstorm ended.
The above shows that when the 850 hPa inverted trough evolved toward the SWCV, this severe rainstorm event over SB occurred; however, once the SWCV had formed, the precipitation over SB weakened. So, the 850 hPa inverted trough and the midtropospheric trough were the main systems of influence for this rainstorm event. Meanwhile, the MCS was a system that directly induced the rainstorm.
4.2. Mesoscale Weather Systems
Using the wind field of the Nanchong radar inversion at 3 km height, the MCS structure and mesoscale weather systems (omitted) were analyzed. The 6 min interval echo evolution of 0.5°, 1.5°, and 2.4° showed that convective systems existed in the rainstorm area, with the echo intensity reaching 35–50 dBZ. In the same area, the strong echo duration barely exceeded 1 h, mostly displaying a “strengthening-weakening-strengthening” pattern of variation.
Figure 4 shows the echo reflectivity for the inverted trough and SWCV at a time, from which it can be seen that, for the inverted trough situation (Figures 4(a)–4(c)), the echo of 35–50 dBZ was mainly located to the west of 107°E and north of 30°N. The strong echoes in area A were observable at all three elevations, whereas in area B, they were mainly concentrated at 1.5° and 2.4°. This indicated that the echo to the north of the radar station was deeper; and from the 1-hour precipitation evolution (omitted), the rainstorm intensity reached more than 20 mm/h in deep-echo area, mainly occurring at the rear of the inverted trough and in the northwestern SB near the trough line, and the range of strong precipitation was also large. For the SWCV situation (Figures 4(d)–4(f)), the echo values of 35–50 dBZ were mainly east of 106°E. The strong echo had mid-γ-scale characteristics (zones C and D) and was sufficiently deep to be observed by radar at different elevations. Correspondingly, the strong precipitation mainly occurred on the right-hand side of the SWCV. In the strong echo, the radar retrieval wind field at 3 km height showed that small-scale systems, such as the LLJ, vortices, and shear lines remained in the MCS (Figures 4(g) and 4(h)). The horizontal scale of these systems was about 1–50 km, and the precipitation caused by them was stronger compared to the precipitation around this area. For instance, on two occasions near the small-scale vortices, the 1 h precipitation in the vortex center was greater than 10 mm, with the maximum reaching 15.5 mm and 11.3 mm, respectively. For the shear line and LLJ, because their horizontal scales were larger than the small-scale vortices, the precipitation range of >10 mm/h was also larger.
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(h)
Figure 4: Base reflectivity of Nanchong radar (dBZ) and corresponding 3 km height wind field of radar echo inversion (g and h) (m·s−1) at (a–c, and g) 0105 UTC 27 October 2014, (d–f, and h) 1157 UTC 27 October 2014 (solid line—shear line; L—low vortex; solid-line arrows—small-scale LLJ) at the elevation of 0.5° (a, d), 1.5° (b, e), and 2.4° (c, f).


Clearly, the vortex, trough, and shear line existed as different scale disturbances due to the different resolution of the observational data, and weather systems of all scales resulted in the occurrence of the rainstorm via their interaction. To a large extent, the configuration of large-scale and medium-scale weather systems had the major influence on the distribution of the precipitation, while the small-scale systems mainly affected the local precipitation area and intensity. Therefore, within the large-scale circulation, there were still smaller-scale systems in the MCS, which is reflective of the multiscale characteristics of this severe rainstorm.
The next step, therefore, was to investigate how, under the influence of the weather systems of various scales, the strong rainstorm enhanced during the evolution from the inverted trough into the vortex and then weakened in the period of the vortex until the phenomenon known as “existing vortex without cloud” appeared. Below, the vertical circulation distribution and variation in physical quantities in the rainstorm area are further analyzed.
5. System Configuration and Physical Structure over the Rainstorm Area
Besides the condition of abundant water vapor, the formation of a rainstorm also depends on strong upward motion, which is closely related with the atmospheric thermal and dynamic conditions and other externally forced conditions. Therefore, analysis of the thermodynamic effects over the rainstorm area was necessary. Against the complex terrain background in Sichuan, routine observational data are sparse, which often makes it difficult to describe the inverted trough, SWCV, and MCS structure in the SB region. So, using relatively high-resolution data that can better reflect the weather systems at play is very important.
Here, based on NCEP_FNL data, Figure 5 shows the 850 hPa wind field and physical quantity distributions during the evolution from the inverted trough toward the SWCV. The shading is the 24 h variable temperature, the contours lines are values of the PEPT, and the dashed lines are the divergence. In the early stage of the 850 hPa inverted trough (Figure 5(a)), the low-level wind over the SB was convergent but the wind speed was weak (4–6 m/s). The area north of 32°N featured significantly negative temperature variation (below −2°C), and the PEPT was 52–56°C. When the inverted trough formed (Figure 5(b)), southeasterly wind over the rainstorm area strengthened and the maximum wind speed reached 16 m/s. Also, there was a positive temperature variation of 2–4°C in the central wind speed area, the wind convergence became stronger (maximum: −6 × 10−5 s−1), and the PEPT was 56–60°C. The negative temperature variation in the northern SB expanded toward the south, and the thermodynamic conditions became conducive to the occurrence of strong precipitation.


	
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
	
	
		
			
			
			
			
			
		
		
			
			
			
			
			
		
		
			
			
			
			
			
		
		
			
			
			
			
			
		
		
			
			
			
			
		
	
	
		
		
			
		
			
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
			
		
			
		
			
			
		
		
			
			
		
		
			
		
		
			
		
		
			
		
		
			
			
		
	

(a)


	
		
	
	
		
			
				
					
				
			
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
			
			
			
			
			
		
		
			
			
			
			
			
		
		
			
			
			
			
			
		
		
			
			
			
			
			
		
		
			
			
			
			
		
	
	
		
		
			
		
			
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
			
		
			
		
			
			
		
		
			
			
		
		
			
		
		
			
		
		
			
		
		
			
			
		
	
	
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
	

(b)


	
		
	
	
		
			
				
					
						
					
				
			
		
		
			
				
					
						
					
				
			
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
	
	
		
			
			
			
			
			
		
		
			
			
			
			
			
		
		
			
			
			
			
			
		
		
			
			
			
			
			
		
		
			
			
			
			
		
	
	
		
		
			
		
			
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
			
		
			
		
			
			
		
		
			
			
		
		
			
		
		
			
		
		
			
		
		
			
			
		
	

(c)


	
		
	
	
		
			
				
					
				
			
		
	
	
		
			
				
					
				
			
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
	
	
		
		
			
		
			
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
			
		
			
		
			
			
		
		
			
			
		
		
			
		
		
			
		
		
			
		
		
			
			
		
	

(d)
Figure 5: 850 hPa wind field (m·s−1), 24-h temperature variation (shaded, °C), divergence value of less than −2 × 10−5 s−1 (color dashed line), and PEPT distribution (black solid line, °C) at (a) 1800 UTC 26 October 2014, (b) 0000 UTC 27 October 2014, (c) 1200 UTC 27 October 2014, and (d) 0000 UTC 28 October 2014. L—SWCV; J—LLJ. The thick solid line (black) and the curve with an arrow in (b)—inverted trough and its airflow direction; the thick solid line (red) in (d)—shear line; grey area—terrain of Tibetan Plateau.


When the SWCV formed (Figure 5(c)), the LLJ on the right-hand side of the SWCV was still present, low-level convergence enhanced slightly (maximum: −8 × 10−5 s−1), the PEPT was 56–60°C, and the negative temperature variation began to affect the northern part of the SWCV. When the vortex circulation weakened (Figure 5(d)), the negative temperature variation had invaded the SWCV center, the PEPT was 50–55°C, the LLJ on the right-hand side of the vortex weakened and moved toward the south, and the rainstorm weather over SB ended gradually.
It is clear that during the strengthening of precipitation, the low-level wind field always remained as an LLJ, there was positive temperature variation in the LLJ area, and the wind convergence significantly enhanced compared to the approaching rainstorm. Correspondingly, the number of stations with >10 mm/h and frequent hourly lightning flashes reached a peak. During the weakening of the rainstorm, the LLJ moved toward the south of the SB, negative temperature variation invaded the SWCV center, and the positive temperature variation weakened near the LLJ.
The configuration of the upper-level jet (ULJ) [41] and LLJ (Figure 6) was that during the conversion of the inverted trough into the SWCV (Figures 6(a)–6(c)), the 200 hPa ULJ was always located over the south of Sichuan and the 850 hPa LLJ expanded gradually, with both intersecting in the SB area. Also, there was a positive vorticity belt on the north side of the ULJ (central value of 9 × 10−5 s−1), the left-hand side of the LLJ was also a positive vorticity center, and the MCS could develop near the intersection of the two jets. During the weakening of the vortex circulation (Figure 6(d)), the ULJ appeared to break over the SB, the LLJ retreated toward the south, the ULJ and LLJ no longer intersected and, correspondingly, the MCS weakened.
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(d)
Figure 6: 200 hPa ULJ (black wind vectors, m·s−1), geopotential height (solid line, gpdam), and vorticity (shading, 10−5 s−1), and 850 hPa LLJ (green wind vectors, m·s−1) and vorticity (dotted line, 10−5 s−1), at (a) 0000 UTC 27 October 2014, (b) 0600 UTC 27 October 2014, (c) 1200 UTC 27 October 2014, and (d) 0000 UTC 28 October 2014. Black thick solid line—ULJ axis, blue thick solid line—LLJ axis.


Past study [42] showed that interaction between upper and lower tropospheric jet streaks is an important factor in the development of organized severe convective storm systems. In this case, why when the ULJ and LLJ intersected over the SB was it conducive to the activities of the MCS and the induction of the rainstorm, when the two jets did not intersect the MCS and its precipitation weakened? Taking a vertical section along the line A-A′ in Figure 6(a), the vertical circulation near the jets (Figure 7) was further analyzed. It can be seen that when the ULJ and LLJ intersected during the rainstorm (Figures 7(a)–7(c)), the ascending branch of vertical circulation at the low level of the SB and the ascending branch below the ULJ axis superimposed upon each other, and this superposition effect promoted the formation of deep upward motion (values of less than −1.0 × 10−2 Pa/s). In addition, the two airflows were in an inclined upward state, which can keep the vertical wind shear from strengthening too much and thus generate a condition that is more conducive to the occurrence of heavy rainfall.
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(d)
Figure 7: Cross section of vertical circulation along line A-A′ in Figure 6(a), in which the solid contours are the horizontal wind speed (“JU” is the ULJ axis), the shaded area is the vertical velocity (10−2 Pa·s−1), the stream line is the synthetic circulation of both horizontal wind (m·s−1) and vertical velocity (10−2 Pa·s−1), the thick solid lines with arrows are the airflow direction, and the black areas are the terrain, at (a) 0000 UTC 27 October 2014, (b) 0600 UTC 27 October 2014, (c) 1200 UTC 27 October 2014, and (d) 0000 UTC 28 October 2014.


During the end of the rainstorm (Figure 7(d)), the two jets no longer intersected, the ascending branch of the vertical circulation at the low level of the SB and the descending branch below the ULJ axis superimposed upon each other, and this configuration suppressed the formation of strong upward motion such that conditions were not conducive to the development of convection. Therefore, although the vortex circulation was still intact at 0000 UTC 28 October 2014, the ULJ over the SB had broken, and the accompanying descending-branch airflow and ascending branch of secondary circulation at the low level of the SB were superimposed upon each other, which inhibited the occurrence of strong precipitation; this was one of the key reasons for the formation of having vortex but with no precipitation cloud in the SB. Therefore, the intersection of the ULJ and LLJ is an important configuration for inducing convection. Once the convection triggered by the ascending branch of secondary circulation develops, it often results in a severe rainstorm. Meanwhile, the LLJ was strengthened or maintained by latent heat release and vertical transport, and this was also why the LLJ horizontal scale was smaller under the situation of the inverted trough but expanded under that of the SWCV.
Further analyzing the characteristics of vorticity and divergence near the jets, Figure 8 shows that during the period when the inverted trough evolved toward the SWCV, the vertical structure of the lower-level (upper-level) convergence (divergence) (LLC and ULD, respectively) maintained, and the positive vorticity gradually strengthened in the midupper level. During the period of the SWCV weakening, the LLC-ULD structure disappeared and the low-level positive vorticity weakened. Specifically, at 0000 UTC 27 October 2014 (Figure 8(a)), the positive vorticity had an inclining distribution from the ground to 200 hPa, with the values in the lower level and upper level reaching 6 × 10−5 s−1 and 1–3 × 10−5 s−1, respectively, and this formed a vertical structure of the LLC-ULD in which convergence reached −4 × 10−5 s−1. During 0600–1200 UTC 27 October 2014 (Figures 8(b) and 8(c)), the LLC-ULD structure still maintained and the positive vorticity further increased at the midupper level (values >9 × 10−5 s−1). This physical structure was conducive to the formation of a pumping effect, which enhanced water vapor convergence at the low level and induced the development of a low-pressure system. When the SWCV weakened at 0000 UTC 28 October 2014 (Figure 8(d)), the LLC-ULD structure disappeared and the positive vorticity weakened at the low level, which was not conducive to the development of the pumping effect and low-pressure system. Thus, the dynamic variation near the jets involved positive vorticity strengthening at the midupper level and maintaining the LLC-ULD vertical structure during the strong precipitation, whereas during the period when the precipitation weakened, the positive vorticity reduced significantly at the low level and the LLC–ULD structure tended to disappear; thus, the dynamic conditions of the rainstorm’s occurrence varied obviously.
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(d)
Figure 8: As in Figure 7 but for the vorticity (shaded, 10−5 s−1) and divergence (contours, 10−5 s−1). “−” is convergence; “+” is divergence.


Regarding the thermodynamic conditions and considering the importance of the PEPT for the occurrence of the rainstorm, the 24 h variation in PEPT was calculated by , where  is the PEPT at the current time and  is the PEPT 24 h before. Figure 9 shows that  was greater than zero from the ground to below the 200 hPa ULJ during 0000 UTC 27 to 0600 UTC 27 October 2014, with its center located around 500 hPa at more than 10°C. This period was the concentrated time of strong precipitation and lightning occurrence (Figure 1). At 1200 UTC 27 October 2014,  was less than zero from the ground to 800 hPa, but greater than zero from 700 hPa to 200 hPa. This showed the PEPT variation was negative in the low-level atmosphere when the low vortex formed. At 0000 UTC 28 October 2014, the negative  had expanded to 300 hPa and the central value was −6°C. Correspondingly, the precipitation decreased and the number of lightning flashes reduced in this period. The variation in PEPT showed a tendency for the PEPT to increase when the inverted trough evolved toward the SWCV, whereas the PEPT decreased during the SWCV phase and the strong precipitation and lightning activity were in the period of .
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(d)
Figure 9: As in Figure 7 but for  (°C).


Based on the characteristics of dynamic and the thermodynamic structure, the vertical upward motion was analyzed. In general, the occurrence of heavy rainfall, even severe convective weather, has a significant relationship with the vertical ascending motion, heavy rainfall areas often located in ascending motion areas. According to quasigeostrophic theory, the vorticity advection and thermodynamic advection are the main factors impacting upon the vertical velocity. When the positive vorticity advection with height increases (or negative vorticity advection with height decreases), , and in the warm advection area () ω < 0, conditions are conducive to a forced rise; otherwise, there will be a forced sink.
Figure 10 presents cross sections of both vorticity advection (Figures 10(a), 10(c), 10(e), and 10(g)) and PEPT advection (Figures 10(b), 10(d), 10(f), and 10(h)) along the ULJ and LLJ intersection area. Under the 850 hPa inverted trough situation (Figures 10(a) and 10(b)), positive vorticity advection increased with height within 600–200 hPa , with the maximum value of vorticity advection close to the center of the 200 hPa jet. Meanwhile, negative vorticity advection decreased with height within 900–700 hPa and, correspondingly, PEPT advection was positive in the low-level atmosphere and conductive to the formation of upward motion. Up until 0600 UTC 27 October 2014 (Figures 10(c) and 10(d)), low-level vorticity advection was negative to the south of 32°N and gradually decreased with height but was positive to the north of 32°N and increased with height. Also, the vertical distribution of positive (negative) vorticity advection in the lower (upper) atmosphere satisfied  and still favored the formation of upward motion. For the PEPT advection, there was low-level warm advection north of 32°N and cold advection near 31°N in the midlevel atmosphere, which was conducive to upward motion in the basin.
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(h)
Figure 10: Cross section of vorticity advection (a, c, e, g) and PEPT advection (b, d, f, h) along line A-A′ in Figure 6(a) (black area is the terrain) at (a, b) 0000 UTC 27 October 2014, (c, d) 0600 UTC 27 October 2014, (e, f) 1200 UTC 27 October 2014, and (g, h) 0000 UTC 28 October 2014. In (a) red box area represents rainstorm area.


When the SWCV formed (Figures 10(e)–10(f)), vorticity advection firstly increased and then decreased with height within 900–500 hPa. Also, vorticity advection gradually increased within 500–200 hPa, and this distribution was mainly in favor of upward motion in the lower-level south of 32°N and upper-level north 32°N. However, cold PEPT advection in the middle level divided the relationship between the lower-level and upper-level warm advection to a certain extent, and this distribution of middle cold and lower warm was conductive to convective instability and ascending motion in low level. Up until 0000 UTC 28 October 2014, vorticity advection and PEPT advection significantly weakened in the heavy rainstorm area, and the dynamic and thermodynamic variations were no longer in favor of vertical upward motion.
Thus, the vertical distribution of both vorticity advection and PEPT advection played a positive role in promoting the formation of the upward branch of vertical circulation located in the intersection area of the ULJ and LLJ. This is because positive vorticity advection not only caused the positive vorticity to maintain on the north side of the ULJ, but also made the upward motion strengthen near the area of the ULJ and LLJ intersection. On the one hand, the low-level warm advection was beneficial to upward motion, while on the other hand, the configuration with the midlevel cold advection led to the atmosphere over rainstorm area is in a convective unstable state.
In terms of horizontal advection changes, studies have shown that positive vorticity advection in the upper level and warm advection in the lower level have important implications in determining the severe weather process. Miller [43] considered strong positive vorticity advection at 500 hPa to be the most important parameter for severe weather forecasts, and the research of Hales [44] showed that considering the vorticity advection at 250 hPa and horizontal shear can possibly help determine the occurrence of the severe weather area. Maddox and Doswell [45] also pointed out that, when the vorticity field in midlevel troposphere weakens, the warm advection in the low level should be considered as an important factor for forecasting severe weather. Based on the above understanding, we analyzed the 500 hPa vorticity advection and 850 hPa PEPT advection to reflect the advection forcing interaction (Figure 11).


	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	

(a)


	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
	
	
		
	
		
	
		
	
	
		
	
		
	
		
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
	
	
		
	
	
		
	
	
		
		
		
	

(b)


	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	

(c)


	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
	
	
	
		
	
		
	
		
	
	
		
	
		
	
		
	
	
	
		
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
		
		
	
	
		
	
	
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	

(d)


	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	

(e)


	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
		
	
	
		
			
		
	

(f)


	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
	

(g)


	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
		
	
	
		
			
		
	

(h)
Figure 11: 500 hPa vorticity advection (a, c, e, g) (10−9 s−2) and 850 hPa PEPT advection (b, d, f, h) (10−4 K·s−1) at (a, b) 0000 UTC 27 October 2014, (c, d) 0600 UTC 27 October 2014, (e, f) 1200 UTC 27 October 2014, and (g, h) 0000 UTC 28 October 2014. In (e), A—Luzhou; B—Panzhihua.


At 0000 UTC 27 October 2014, the 500 hPa vorticity advection was positive over the rainstorm area (value of 3 × 10−9 s−2). Then, up until 0600 UTC 27 October 2014, the positive vorticity advection of the heavy rainstorm area weakened, but there were two strong positive vorticity advection zones on the north and south sides of rainfall areas (values of 3 × 10−9 s−2). Between 1200 UTC 27 and 0000 UTC 28 October 2014, the positive vorticity advection was in the area from Luzhou to Panzhihua, where it no longer affected the heavy rainstorm zone, and there was a process by which positive vorticity advection weakened in the heavy rain.
From the PEPT advection, during 0000–1200 UTC 27 October 2014, warm advection maintained in the heavy rainstorm. However, up until 0000 UTC 28 October 2014, warm advection was east of 108°E and cold advection affected the heavy rain area. Therefore, when the inverted trough evolved toward the SWCV, although the positive vorticity advection of the middle troposphere weakened in the heavy rain area, the warm advection strengthened in the lower troposphere, and this change remained conducive to upward motion. This in turn meant that the convective activity was maintained, because the temperature advection field is a forced item of the quasigeostrophic ω equation. When positive vorticity advection weakens, its role may become even more important, and when warm advection occurs in the unstable stratification region, it may have a significant impact on the severe weather.
6. Favorable Conditions for the Occurrence of the Heavy Rainstorm
6.1. LLJ and Water Vapor Transport
In the strong upward movement, as a wide range of the heavy rainstorm process, the water vapor is an important condition. Since the water vapor transport in the present case was focused in the lower troposphere, we further analyzed the 850 hPa water vapor (Figure 12). During the early period of the inverted trough’s formation (Figure 12(a)), the water vapor flux vector was small and convergence was weak. When the inverted trough had formed (Figure 12(b)), the wind field of the eastern basin that was influenced by the large-scale easterly wind enhanced as the LLJ. Also, the water vapor flux vector reached its maximum, and the convergence value reached −0.5 × 10−5 kg·m−2·hPa−1·s−1 at the position of its turn. When the low vortex had formed (Figure 12(c)), the large-value area of the vapor flux vector was in the right-hand front of the SWCV and the LLJ continued to be maintained. Water vapor convergence was over the whole basin, but more obvious in the SWCV region, with a value of −0.6 × 10−5 kg·m−2·hPa−1·s−1. Up until 0000 UTC 28 October 2014, the SWCV remained in the heavy rainstorm area, but due to the jet with water vapor convergence retreating toward the south, this resulted in the low vortex having no rain. Therefore, the LLJ provided water vapor conditions in which the “head” area of the water vapor flux vector or the vector turning point was the large-value zone of moisture convergence, as well as a region of the heavy rainstorm.
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(d)
Figure 12: 850 hPa water vapor flux vector (arrows, kg·m−1·hPa−1·s−1) and its divergence (dashed line, 10−5 kg·m−2·hPa−1·s−1) and the area (filled) with wind speed >12 m·s−1 at (a) 0000 UTC 27 October 2014, (b) 0600 UTC 27 October 2014, (c) 1200 UTC 27 October 2014, and (d) 0000 UTC 28 October 2014.


6.2. Trigger Conditions and Model of Heavy Rainstorm Occurrence
Under the mutual configuration of the water vapor transport and associated weather systems, the occurrence of the heavy rain also needed a trigger. The PEPT profile lines near the LLJ (Figure 13(a)) showed that PEPT increased from the ground to 850 hPa at 1800 UTC 26 October 2014 and atmospheric state was a stable stratification. However, the PEPT reduced with height from 850 hPa to 550 hPa and atmospheric state was an unstable stratification, which showed that there was stable stratification near the ground in the early stage of the inverted trough’s formation.
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(d)
Figure 13: The θse profile line distribution at (106°E 30°N) (K) (a); the CAPE (solid line, J·kg−1), and CIN (dashed line, J·kg−1) (b); the vertical velocity (Pa·s−1) (c); and the vorticity (solid line) and divergence (shading) (10−5 s−1) (d).


At 0000 UTC 27 October 2014, the PEPT reduced with height form near the ground to 600 hPa and atmospheric state was in an unstable stratification. Notably, the atmosphere became unstable from the ground to 850 hPa when the inverted trough formed. At 0600 UTC 27 October 2014, the PEPT profile line was consistent with that at 0000 UTC 27 October 2014, and this period was the time during which the heavy rainstorm occurred and there was frequent lightning activity. At 1200 UTC 27 October 2014, the atmospheric stratification was in a stable state from the land surface to 750 hPa but was unstable from 750 hPa to 500 hPa. This indicated that the atmosphere was unstable at the top of the SWCV, but stable at its foot. At 1800 UTC 27 October 2014, the PEPT profile line was consistent with that at 1200 UTC 27 October 2014. Then, at 0000 UTC 28 October 2014, the PEPT profile line became more stable from the surface to 800 hPa.
As seen from the convective available potential energy (CAPE) and convective inhibition (CIN) evolution (Figure 13(b)), there was a certain CIN in the early stage of the inverted trough’s formation; plus, the CAPE was small. When the inverted trough formed, the CIN decreased and the CAPE increased rapidly. These changes not only provided the favorable conditions for convective development, but also, with the occurrence of strong precipitation and the effect of thunderstorms on the instability of unstable energy dissipation, the CAPE gradually decreased and approached zero at 0000 UTC 28 October 2014. Therefore, the strong precipitation process occurred in the period of larger CAPE and smaller CIN, demonstrating the importance of unstable energy conversion for the heavy rainstorm.
Because the CAPE conversion had an effect on upward motion, theoretically, the maximum vertical speed and CAPE have the relationship [46] ωmax ≈ (2CAPE)1/2, meaning when CAPE is larger, it is more favorable to upward motion and, in particular, it can cause a heavy rainstorm in an area of adequate water vapor.
Before 0000 UTC 27 October 2014 (Figure 13(c)), the velocity of vertical ascent was low and focused in the low-level atmosphere. During 0000 UTC 27 to 1800 UTC 27 October 2014, the vertical velocity strengthened and reached its maximum at 0600 UTC 27 October 2014. Correspondingly, the relative humidity became more intense, with the greater than 90% scope reaching 200 hPa.
From the vorticity and divergence distribution (Figure 13(d)), it is clear that these too increased during the period of strengthening precipitation. The increasing positive vorticity was focused in the middle troposphere (400–600 hPa) and the convergence enhanced in the lower levels (900–750 hPa), forming a structure composed of intense positive vorticity and convergence in the troposphere. In the lower level, the maximum divergence value was −6 × 10−5 s−1 and the maximum positive vorticity was 6 × 10−5 s−1, whereas in the upper level, the divergence value was 3 × 10−5 s−1 and the positive vorticity was 10 × 10−5 s−1. These physical conditions played a crucial role in the heavy rainstorm process.
We further analyzed the 850 hPa wet zone and atmospheric column precipitable water (Figure 14). At 1800 UTC 26 October 2014, with the heavy rain approaching (not shown), the heavy rainstorm area in the basin was a wet zone (temperature dew-point difference less than 5°C) and the precipitable water value reached 30–35 mm. However, the temperature dew-point difference was more than 10°C in the northeastern part of the basin. The change in the horizontal gradient of humidity was large, forming a dew-point front (it is an air mass boundary marked by a strong moisture gradient, also called dry line) [47, 48], which was one of the trigger systems in this heavy rainstorm. Up until 0000 UTC 27 October 2014, the dew-point front remained at the northeastern edge of the basin, and there was a similar “tongue” of high precipitable water (maximum of 50 mm) forming from low latitudes to the wet area of the basin (abbreviation: wet tongue). During 0600–1200 UTC 27 October 2014, the dew-point front and wet tongue remained in the basin. At 0000 UTC 28 October 2014, the basin was still a wet area but the dew-point front had disappeared; that is, the dew-point front and the greater than 40 mm precipitable water zone had maintained during the approach and occurrence of the heavy rainstorm. Influenced by the dew-point front and interaction of the ULJ and LLJ, an upward motion was built in the wet zone and descent in a dry area, forming a vertical circulation system (Figure 7). Therefore, the dew-point front led to the increase in the humidity gradient and stimulated upward motion near the LLJ in the wet zone. Moreover, the MCS activities were in part on the wet side of the dew-point front.
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(d)
Figure 14: 850 hPa temperature dew-point difference (contours, °C) and the precipitable water (colored area, mm) at (a) 0000 UTC 27 October 2014, (b) 0600 UTC 27 October 2014, (c) 1200 UTC 27 October 2014, and (d) 0000 UTC 28 October 2014.


In short, from the above analysis, a schematic illustration of the occurrence of this heavy rainstorm can be summarized as follows (Figure 15):(1)Weather system configuration: The 200 hPa ULJ (≥40 m/s) and 850 hPa LLJ (12–16 m/s) intersected in the heavy rainstorm area of SB, and there was inclined upward motion in the direction of the two branch jets’ intersection. A weak vertical circulation system was near the LLJ, with the ascending branch on the wet-zone side of the 850 hPa dew-point front and the descending branch in the dry zone of the northern side of the dew-point front.(2)Physical impact factors of vertical upward movement: the diagnostic analysis of ω equation shows the vertical upward movement was caused by both the vorticity advection and low-level warm advection superimposed upon the ascending branch of the vertical circulation in the wet zone. The convergence of the water vapor flux increased and unstable stratification strengthened.(3)The CPAE value increased and the CIN value decreased, and there was a weak vertical circulation system in the lower levels produced by the combined action of the dew-point front and lower-layer wet zone.(4)There was MCS activity in the heavy rainstorm area featuring Tb values of less than −40°C and a radar echo of 35–50 dBZ in the cold-cloud area. Also, a smaller-scale vortex, shear, and low-level jets were observed in the MCS.
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(b)
Figure 15: A schematic illustration of weather system configuration (a) and schematic diagram of the vertical circulation (b) in this abnormal heavy rainfall. In (a), LLJ—low-level jet; ULJ—upper-level jet; the solid contours—500 hPa geopotential height (units: gpdam); the broken contours—the contours of pseudoequivalent potential temperature (, units: °C). In (b), Ju—the ULJ axis.


7. Conclusion
Through analysis of a heavy rain event that occurred on 27 October 2014 in the SB, China, the following conclusions regarding this abnormally heavy rainstorm can be drawn:(1)When the 850 hPa basin trough evolved toward the SWCV, strong upward motion formed via the interaction between the ULJ and LLJ, and this was the main reason for the occurrence of the heavy rain. Influenced by the large-scale circulation of the subtropical high and westerly trough, two cloud bands formed in the northeastern part of the Tibetan Plateau and the south side of the Tibetan Plateau, respectively. Owing to the trough, LLJ, and low vortex affecting the heavy rainstorm area, an MCS with Tb values of 40–50°C formed, and it was a direct system. The MCS strengthened under the situation of the inverted trough, gradually weakened as the inverted trough evolved toward the low vortex, and lasted about 8 h. During the period of SWCV circulation in the basin, the MCS gradually moved eastward out of the basin and formed the phenomenon known as “vortex but no cloud.” In the MCS, there were also smaller-scale systems like small-scale vortices, shears, and jets, which possessed β-middle and γ-middle characteristics. The localized rainfall caused by these systems was very strong and usually was a strong precipitation center. Therefore, large-scale weather systems affected the range of the precipitation’s configuration, while the smaller-scale systems affected the intensity of rainfall.(2)The heavy rainfall strengthened in the inverted trough and weakened during the low vortex. The cause of the strengthening of precipitation was that there was inclined upward motion in the intersection of the ULJ and LLJ. On the one hand, the upward motion was related to the vorticity advection with height and low-level warm advection, whilst on the other hand, the dew-point front near the LLJ was also beneficial to the ascending branch of the vertical circulation. Meanwhile, the LLJ “head” was a large-value area of water vapor convergence and provided abundant moisture for heavy rainfall. The reason for the weakening of the precipitation was that the ULJ was interrupt in the SB. The upper airflow presented downdrafts and its superposition with the ascending branch of low-level vertical circulation, this airflow structure inhibited the development of strong upward motion. In addition, the LLJ of the basin retreated southward and the dew-point front disappeared, meaning the moisture convergence weakened and the occurrence of heavy rainfall was no longer supported.(3)The trigger conditions of the heavy rain were that when the heavy rain began, the CAPE increased and the CIN decreased rapidly, which provided unstable energy for the occurrence of heavy rain. When the heavy rain weakened toward the end of the event, the CAPE and CIN reduced. During this process, the side of the dew-point front in the wet area appeared as a wet tongue and the atmospheric stratification was in an unstable state. Under the influence of the dew-point front, the wet layer thickened and contributed to the development of the MCS, and then the heavy rainstorm and thunderstorm occurred. Based on the above analysis, a schematic illustration of the occurrence of this heavy rainstorm was produced.
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