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Abstract

Based on a variety of ground-based and satellite-derived observational data, we studied a flood-rainstorm event that occurred
over northeastern Sichuan, China, from the 8th to the 14th of September 2014. Four periods of mesoscale convective system
(MCS) activity were found during a mutual evolution process of an 850-hPa basin inverted trough (BIT) and 850-hPa basin
low vortex (BLV). Among them, the first three periods occurred in an alternating evolution of the BIT and BLV (called the
first stage), and then, the fourth period was stimulated by continuous activity of the BLV (called the second stage). During
the first stage, MCSs enhanced (weakened) under the situation of the BIT (BLV), and then during the second stage MCSs
developed to their strongest levels. Further analysis of the reasons behind the enhancement and weakening of MCSs revealed
an obvious characteristic of upper level (lower level) positive (negative) divergence in the BIT situation of the first stage and
BLV situation of the second stage. By comparison, under the BLV situation of the first stage, the vertical helicity was larger
in the upward airflow of the zonal circulation, and the direction of the wet Q-vector was toward the ascending airflow in the
vertical direction. In the horizontal direction, the negative divergence of the wet Q-vector corresponded to the position of
water vapor flux convergence. In addition, in the early development of convection, sounding data showed a humidity profile of
dry upper and wet lower levels, as well as a larger value of convective available potential energy, which triggered convective
activity under the favorable dynamic conditions of atmosphere. When the above characteristics weakened, the convective
activity also weakened. Therefore, the formation of multiple convective systems was closely related to the adjustment in
atmospheric conditions around the BIT and BLV.

1 Introduction

The Tibetan Plateau, China, is the world’s highest altitude
land area and, owing to its particular topography and the
unique thermodynamic characteristics of the overlying
atmosphere, often gives rise to the occurrence of mesoscale
vortices over its main body leeward slope in the east (Tao
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and Ding 1981). Among these weather systems, the Tibetan
Plateau vortex (TPV), at 500 hPa (Shen et al. 1986; Wang
1987; Wang and Orlanski 1987; Yu and Gao 2009; Yu et al.
2014, 2016), and southwest China vortex (SWCV) (Lu 1986;
Kuo et al. 1986, 1988), at 700 hPa and below, are the most
representative. In summer, due to the frequent activity of
mesoscale vortices over and moving away from the Tibetan
Plateau, flood-level rainstorm events often occur over the
Sichuan basin (SB) and other regions along the Yangtze
River; for example: the occurrence of heavy rain events over
the SB in mid-July 1981 (Kuo et al. 1988); heavy rainfall
and disastrous flooding of the Yangtze River in 1998 (Bei
et al. 2002; Cheng et al. 2001); a long-term heavy rainfall
event over south China in mid-June 2008, which was closely
related to SWCV activity (Fu et al. 2011; Chen et al. 2015);
the heavy rainstorm of 21-22 July 2012 in the eastern part
of the Sichuan—Chongqing basin—also closely related to the
SWCYV (Chen and Li 2013); and an extreme rainstorm in the
eastern SB, stimulated by interaction between the SWCV
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and TPV (Cheng et al. 2016). These cases demonstrate the
importance of TPV and SWCYV activity for the occurrence
of strong precipitation. Therefore, understanding the struc-
ture and developmental mechanisms of these vortices, as
well as successfully forecasting their tracks, has long been a
key concern of meteorological research in China, and many
studies have been carried out in this regard, achieving some
fruitful results in aiding our understanding of these vortex
systems (Wu and Chen 1985; Wang 1987; Chen and Luo
2003; Wang and Gao 2003; Li et al. 2011, 2014a, b, c; Yu
and Gao 2009). Most recently, several studies have used the
latest data to reveal some interesting new facts related to
these two vortices (Xiang et al. 2013; Li and Deng 2013;
Wang and Tan 2014; Li et al. 2014c¢; Lin 2015; Cheng et al.
2016; Feng et al. 2016; Ni et al. 2017). In fact, the TPV and
SWCYV belong to categories of mesoscale vortices of differ-
ent heights (Yu et al. 2016). Plus, compared to the TPV, the
spatial range for SWCV formation is greater, occurring not
only over the eastern leeward slope of the Tibetan Plateau,
but also over the SB. When an SWCYV forms over the SB, it
is called a basin low vortex (BLV) (Lu 1986).

The BLV and basin inverted trough (BIT) are common
weather systems that induce rainstorms over Sichuan, often
appearing in the 850-hPa wind field. Because of the unique
terrain of the SB, and other factors, and coupled with the
limitations (i.e., sparseness) of observational data (Li et al.
2015), to track and identify these systems are more difficult
compared with the same tasks for the SWCV. Sometimes,
a BLV is not a completely closed circulation system, like a
typhoon or high-altitude cold vortex, so its closed contours
are often not analyzed and only display the cyclonic flow
field. If the situation is one of northeasterly winds in the
western SB and southeasterly winds in the eastern SB, this
cyclonic flow field is referred to as the BIT (Li and Gao
2007). Under favorable conditions, some BITs will evolve
into BLVs, or both BLVs and BITs will appear alternately,
persisting for around 3-5 days and resulting in continuous
rainy weather or even rainstorm events in the SB. Among
the previous studies, few have revealed the relationships
between the BLV and BIT. In fact, sometimes, a BIT will
evolve into a BLV. However, the BLV and its impact on the
heavy rain in weather forecasts is generally of more concern,
with the relationship between the BIT and BLV in the early
stages of development, and their alternating evolution, in
the context of the impacts of the rainstorm, often ignored.

The rainstorm that occurred during 8—14 September 2014
in the eastern SB was not only affected by stable upper level
weather systems, but was also closely related to the alter-
nating evolution of an 850-hPa BLV and BIT. According
to the 12-h sounding wind field data, the 850-hPa wind
over the SB was a BLV at 0000 UTC 8 September, 0000
UTC 9 September, 0000 UTC 10 September, 0000 UTC 11
September, and 0000 UTC 12 September to 0000 UTC 14
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September; but a BIT at 1200 UTC 8 September, 1200 UTC
9 September, 1200 UTC 10 September, and 1200 UTC 11
September. In addition, there was an alternating evolution
between the BLV and BIT from 1200 UTC 8 September to
0000 UTC 12 September (referred to as the first stage of the
rainstorm), and then a maintenance of a BLV from 0000
UTC 12 September to 0000 UTC 14 September (referred
to as the second stage of the rainstorm). From the low-level
atmospheric situation, the 850-hPa wind changed signifi-
cantly in the rainstorm area and there was a mutually alter-
nating evolution between the 850-hPa BIT and BLV. The
activities of mesoscale convective systems (MCSs) were also
obvious, developing under the BIT situation but weakening
under the BLV situation in the first stage of the rainstorm.
In the second stage, MCSs developed strongly and lasted
for around 18 h.

Compared with the real situation, the forecast of the
above-mentioned rainstorm case featured some deviations
in terms of the magnitude of precipitation at the beginning
and end of the event, as well as the heavy rainstorm area
during the second stage. From the perspective of trying to
understand why the evolution of such BIT and BLV systems
can be so inaccurately predicted, in the present study, we
investigated the possible causes of this rainstorm process
and sought to provide results that can act as a reference for
similar rainstorm forecasts in the future. Following this
introduction, Sect. 2 describes the data and methods; Sect. 3
analyzes the rainstorm distribution and its impact systems;
Sect. 4 analyzes characteristics of four periods of convective
cloud in the rainstorm; Sect. 5 explains the differences in
conditions between the BIT and BLV; and Sect. 6 concludes
the study.

2 Data and methods
The data used in this study were as follows:

(1) Sounding observational data at 0000 UTC and 1200
UTC;

(2) FNL (final) operational global analysis data of the
National Centers for Environmental Prediction
(NCEP), with a spatial resolution of 1°X 1° and tem-
poral resolution of 6 h (0000 UTC, 0600 UTC, 1200
UTC, and 1800 UTC each day; hereafter referred to as
NCEP_fnl; http://rda.ucar.edu/datasets/ds083.2/);

(3) Brightness temperature (Tb) data from the thermal
IR channel (10.5-12.5 micron) of FY2D geostation-
ary weather satellite provided by the Meteorological
Satellite Center of the China Meteorological Admin-
istration, with a spatial resolution of 0.1°x0.1° grids
(http://www.nsmc.org.cn/NSMC/Home/Index.html);
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(4) Observational precipitation data provided by China
Meteorological Administration;

(5) Forecast data, mainly from the European Centre for
Medium-Range Weather Forecasts.

The methods used included non-geostrophic wet Q-vector
diagnostics (Davis-Jones 1991; Zhang 1998), and vertical
helicity (Lilly 1986; Lu and Gao 2003). In the P-coordinate
system, the wet Q-vector is written as follows:
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h= g(ﬁ ) C”; u and v are the zonal and meridional com-

ponents of \7,1, respectively; @ is the potential temperature, p

is the pressure, and the Coriolis parameter fis assumed to be

constant. Equations (2) and (3) show that the wet Q-vector

depends on the differential effects of horizontal and vertical

wind shear, the product of the horizontal wind gradient, the

potential temperature gradient, and the non-adiabatic effect.
The helicity is defined as follows:
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where V = ui + vj + wk; V X V is three-dimensional vorti-
city; (a) is x-helicity, (b) is y-helicity, and (c) is z-helicity
(also called vertical helicity, VH):
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Here, w is the vertical velocity of the P-coordinate sys-

tem, w is the vertical velocity of the Z-coordinate system, p

is atmospheric density, and g is the gravitational acceleration
constant.

3 Rainstorm distribution and its impact
systems

Based on the data of hourly rainfall and lightning observa-
tions (figure omitted), the most prominent features of the
rainstorm were a relatively long duration, dense lightning

activity, high precipitation efficiency, a rainstorm area that
was relatively concentrated, and a level of accumulative
precipitation that remained high throughout in the whole
process. Figure 1 shows the 24-h accumulative precipita-
tion recorded by automatic weather stations and Table 1
shows number of stations (SN) for each category of 24-h
accumulated precipitation, from which it can be seen that,
from 1200 UTC 8 September to 1200 UTC 9 September, the
rainstorm occurred at Bazhong, Guangyuan, Nanchong, and
Suining. The SN recording above 50 mm reached 215 and
the maximum precipitation amount was 258.9 mm. From
1200 UTC 9 September to 1200 UTC 10 September, the
rainstorm area was located over Bazhong and Guangyuan,
with an SN of 66 for above 50 mm, and a maximum of
242.9 mm. From 1200 UTC 10 September to 1200 UTC 11
September, the rainstorm area was located over Bazhong,
Nanchong, Guangyuan, and Suining, with the SN reach-
ing 223 for above 50 mm, and a maximum of 295.3 mm.
From 1200 UTC 11 September to 1200 UTC 12 September,
the rainstorm was concentrated over Bazhong, Nanchong,
Ya’an, Leshan, Neijiang, and Zigong, with the SN reaching
315 for above 50 mm, and the maximum was 234 mm. From
1200 UTC 12 September to 1200 UTC 13 September, the
rainstorm area was concentrated over Dazhou, Guang’an,
Bazhong, and Nanchong, with the SN reaching 494 for above
50 mm, and the maximum was 295.1 mm. From 1200 UTC
13 September to 1200 UTC 14 September, the SN for both
amounts markedly reduced as the rainstorm came toward its
end. During the course of this rainstorm event, in addition
to the range of precipitation being narrow on the second and
third days, other prominent features included the range being
much larger on the other 4 days and the rainstorm being
characterized by a long duration and a concentrated area.

Usually, rainstorms of long duration in this region are
stimulated directly by a precipitation system against the
background of a subtropical high ridge, long trough, shear
line, static front, and large-scale low-pressure systems. By
summarizing the circulation characteristics at 500, 700, and
850 hPa (Fig. 2), the atmospheric situation of the present
rainstorm case had the following characteristics:

(1) The circulation situation of “west-low—east-high”
at the middle level was maintained over the Sichuan
for about a week, which constituted the background
against which this persistent rainstorm formed. During
the precipitation process, the 500-hPa western Pacific
subtropical high (WPSH; Duan et al. 2017) stabilized
near 108°~109°E, and westerly troughs frequently
moved over its northwest side. The configuration of
troughs and the WPSH formed an “east-high/west-low”
circulation background mode and, from the evolution-
ary distribution at 12-h intervals, precipitating clouds
mainly were located over the Sichuan and there were
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UTC 10 September to 1200 UTC 11 September; e 1200 UTC

convective systems with Tb values of less than —52 °C
developing in the cloud band.

In the low-level wind field, there was a branch of south-
west airflow of 6-14 m s~! from Yunnan to the basin
at 700 hPa that configured with northerly winds of
6-8 m s~! in southern Gansu to form a shear line, thus
providing favorable conditions for water vapor conver-
gence. At 850 hPa, there was a cyclonic flow field in
the SB, but the rotational characteristics of the wind
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Suining, Guang’an, Neijiang, Zigong, Leshan, and Ya’an

changed noticeably, revealing two main forms of BIT
and BLV circulation, such as from 1200 UTC 8 Sep-
tember to 0000 UTC 12 September. The 850-hPa wind
field showed a mainly alternating evolution of the BIT
(at night) and BLV (during daytime), corresponding to
the strong precipitation being mainly concentrated in
the BIT period (figure omitted). From 1200 UTC 12
September to 0000 UTC 14 September, a deeper BLV
was maintained, which not only existed at 850 hPa but
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Table 1 Number of stations for each category of 24-h accumulated
precipitation

Statistical period
(1200 UTC-1200

Number of stations (SN)

UTC) 50.0-99.9 mm 100.0- The max (mm)
250.0 mm
8-9 September 161 54 258.9
9-10 September 46 24 249.2
10-11 September 175 48 295.3
11-12 September 261 54 234.0
12-13 September 267 227 295.1
13-14 September 42 0 84.5

also extended to 700 hPa and stimulated the strongest
spell of precipitation throughout the whole process.
Therefore, from the observed systems of impact—
mainly in the background of the 500-hPa WPSH and
westerly troughs—the MCSs of this event developed
strongly in the BLV and BIT, and then created the
rainstorm. Although the BLV persisted throughout the
entire precipitation process, the strong precipitation
of the first stage was mainly caused by the adjustment
from BIT to BLV, whilst the second stage was caused
by the development of the BLV.

In the forecast, only moderate-to-strong rainfall was
shown over the northeastern part of Sichuan, and at 1200
UTC 8 September, before the occurrence of the rainstorm,
the low-level wind field of the sounding showed a BIT,
with the 700-hPa southwesterly wind reaching 4—10 m s~
but not the low-level jet. Although the satellite image
showed that there was a clear convective cloud belt from
the Plateau of western Sichuan (PWS) to the north of the
SB, from the subsequent evolution (Fig. 2a), the MCSs
that created the rainstorm were caused by the growth of
several small convective systems near the BIT and moved
northward to the rain area, while the cloud belts over the
PWS weakened. Therefore, based on the forecast field and
sounding situation, only moderate-to-strong rain was pre-
dicted over the northeastern part of the SB, and the lack
of analysis of the MCSs near the BIT led to the leakage of
the rainstorm. During 9—11 September, because the atmos-
pheric circulation was similar to that of 8 September, it
was better to forecast the rainstorm during this period. In
the forecast from 0000 UTC 12 September to 0000 UTC
14 September, such as the atmospheric circulation at 1200
UTC 12 September, whilst the satellite image (Fig. 2i)
showed that there were cloud belts around the SWCYV, in
the subsequent evolution only the MCSs that were located
in the east of the SWCV developed strongly, which rep-
resented a significant deviation between the forecast and
the real situation.

Therefore, we can see that forecasting this rainstorm was
a difficult task. To help alleviate the difficulties for similar
cases in the future, we next analyzed the possible causes of
the rainstorm in terms of the convective activity, configura-
tion of weather systems, diagnosis of physical quantities, the
sounding structure, and so on.

4 Characteristics of four periods
of convective cloud in the rainstorm

The MCSs that develop near mesoscale vortices are usu-
ally the cause of the associated rainstorms (Schumacher and
Johnson 2005, 2008; Sun et al. 2010; He et al. 2016; Chen
and Li 2013, Chen et al. 2015). In the rainstorm process of
the present study, the activity of MCSs was obvious and
showed phase changes. Using the hourly Tb satellite data to
analyze the convective activity, there were four periods of
MCS activity during this process, three of which involved
the alternating evolution of the BIT and BLV, and the fourth
was influenced by a deep SWCV. Figures 3, 4, 5 show the
distribution of Tb during the alternating evolution of the
BIT and BLV. In the first period of activity (Fig. 4), when
the BIT was evolving toward the BLV, there were MCSs in
the northern part of the PWS and SB at 1600 UTC 8 Sep-
tember, with Tb values of less than — 60 °C in the cold cloud
zone where the convective systems of region A were born.
In the subsequent evolution, to 1900 UTC 8 September, old
convective systems of the PWS gradually weakened, and
newly born convective systems developed in the SB to form
larger MCSs. The horizontal scale of the MCSs in region
A was larger than 100 km (f-scale characteristic) and had
moved to the north of the SB by 2100 UTC 9 September.
After 0000 UTC 9 September was the period when the BLV
evolved toward the BIT, in which the MCSs gradually weak-
ened up to 0500 UTC 9 September. The cold cloud area of
the convective systems had greatly reduced and disappeared
by 0700 UTC 9 September, bringing the MCS activity of
the first period to an end. The second period of convective
activity developed from an isolated cloud. At 1200 UTC 10
September, MCSs generated in the middle part of the SB
(figure omitted) and became middle f-scale systems with Tb
values of less than — 60 °C. The area of cold cloud then grew
and moved northward and, from 1900 UTC 10 September to
1200 UTC 10 September, the MCSs strengthened. They then
weakened after 0000 UTC 11 September and, by 0500 UTC
11 September, the cold cloud area of the MCSs had disap-
peared and this second period of convection came to a close.
The third period of convection, similar to the first period,
was stimulated by the development of several small convec-
tive clouds merging in the SB. At 1900 UTC 11 September,
the MCSs became strong, before weakening—especially so
(i-e., at a fast rate) after 0000 UTC 12 September. It is clear
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Fig.2 500-hPa geopotential
height field (contours; units:
gpdam), 700-hPa (red), and
850-hPa (black) wind vectors
(units: m s™"), and Tb (shaded;
units: °C). Solid line: 850-hPa
BIT; D: 850-hPa BLV: a 1200
UTC 8 September; b 0000 UTC
9 September; ¢ 1200 UTC 9
September; d 0000 UTC 10
September; e 1200 UTC 10
September; f 0000 UTC 11
September; g 1200 UTC 11

) 78—
by = 185824 578

Vd

September; h 0000 UTC 12

September; i 1200 UTC 12
September; j 0000 UTC 13
September; k 1200 UTC 13
September; and 1 0000 UTC 14
September

that these three periods of convective activity basically fol-
lowed a pattern, whereby there was development under the
BIT situation, but weakening under the BLV situation. In
addition, the life cycles of the MCSs reached 12 h, and the
horizontal scale of Tb values being less than — 60 °C was
between 100 and 200 km. Given that the process of the BIT
(BLV) evolving toward the BLV (BIT) took place mainly
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at night (during the day), corresponding to enhancement
(weakening) of the associated MCSs, it is clear that there
was a prominent pattern of diurnal variation related to the
three periods of convective activity.

Figure 6 shows the Tb distribution for the fourth period
of convection, whose development was closely related to
SWCYV activity. At 1600 UTC 12 September, there were
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Fig.2 (continued) ' 580~ ; S 578
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Fig.3 Tb distribution in the first period of MCS activity (units: °C)
(a—d evolution from the BIT to BLV; e-h evolution from the BLV to
BIT) at a 1600 UTC 8 September, b 1900 UTC 8 September, ¢ 2100

MCSs around the SWCV manifesting in the shape of a
hollow circle. The MCSs of largest area were in region D,
where the Tb values were less than — 60 °C. In the sub-
sequent evolution, to 1900 UTC 12 September, the MCSs
of region D that were direct rainstorm systems strength-
ened, whilst the rest of the clouds weakened, with the
MCSs developing most strongly and reaching their most
exuberant period by 2100 UTC 12 September. They then

104°E 108°E

. r-3
100°E 104°E 100°E 104°E 108°E

UTC 8 September, d 0000 UTC 9 September, e 0200 UTC 9 Septem-
ber, £ 0500 UTC 9 September, g 0700 UTC 9 September, and h 1000
UTC 9 September

weakened after 0500 UTC 13 September. Compared with
the three periods of convective activity in the first stage,
this was the longest MCS episode and the SN for induced
rainstorms was the highest. In addition, the strong MCS
stage was mainly concentrated in both the early and later
morning hours, so the diurnal variation was not as promi-
nent compared with the previous three periods of convec-
tive activity.
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Fig.5 Tb distribution in the second period of MCS activity (units:
°C) (a—d evolution from BIT to BLV; e-h evolution from BLV to
BIT) at a 1600 UTC 11 September, b 1900 UTC 11 September, ¢

Figure 7 shows the vorticity, divergence, and vertical
velocity distributions of the MCSs in the strengthening and
weakening stages of the four periods of convective activ-
ity, to reflect their dynamic variation. As can be seen, there
was a prominent characteristic of upper level (lower level)
positive (negative) divergence in the cloud area of MCSs
during the strong development period, and this was not
only a dynamic characteristic of the MCSs but also of the
rainstorm produced. At 1800 UTC 8 September, during the
first period of convection, there was negative divergence
up to —4x 107> s7!, positive vorticity up to 7x 107> s,
and vertical velocity up to —7x 107! Pa s™!. At 1800 UTC
10 September, during the second period of convection, the
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2100 UTC 11 September, d 0000 UTC 12 September, e 0200 UTC 12
September, £ 0500 UTC 12 September, g 0700 UTC 12 September,
and h 1000 UTC 12 September

negative divergence reached —2x 107> s™!, the positive vor-

ticity 4x 107> s~!, and the vertical velocity —3x 10~ Pas~".
At 1800 UTC 11 September, during the third period of con-
vection, the negative divergence reached —2 X 1073 s~ 1,
the positive vorticity 2x 107 s7!, and the vertical velocity
—3x107! Pas™!. At 0000 UTC 13 September, during the
fourth period of convection, the negative divergence reached
—6%x107 57! the positive vorticity 13 X 107 571, and the
vertical velocity —6x 107! Pa s=!. The variation in these
physical parameters demonstrates that the MCSs of the sec-
ond period were stronger than those during the first stage
and, correspondingly, the SN for large rainstorms was the
highest. In the weakening period, the characteristic of upper



Analysis of the convective characteristics during the mutual evolution of an inverted trough/low... 815

(e)

100°E

104°E 108°E 108°E

=3
104°E 108°E

104°E

100°E 10%4°E 108°E " Ob°F T O%°E " OBE

-60 -50

Fig.6 Tb distribution in the fourth period of MCS activity (units: °C)
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Fig.7 Vorticity, divergence (units: 107 s7!), and vertical veloc-
ity (units: 10! Pa s~!) based on NCEP_fnl data in the MCSs a—d
developing and e-h weakening periods: a 1800 UTC 08 September
(105°E, 31°N); b 1800 UTC 8 September (105°E, 31°N); ¢ 1800

level (lower level) positive (negative) divergence was not so
prominent. In the first stage of convection (Fig. 7e-g), the
vertical speed had been converted to a weak sinking airflow,
the vertical thickness of PV and negative divergence became

UTC 11 September (106°E, 31°N); d 0000 UTC 13 September
(107°E; 31°N); e 0000 UTC 9 September (107°E, 32°N); f 0600 UTC
11 September (107°E, 32°N); g 0600 UTC 12 September (108°E,
32°N); h 1200 UTC 13 September (108°E, 31°N)

thinner, and the Tb increased markedly. In the fourth period
of convection (Fig. 7h), although the lower layer retained
the shallow characteristics of positive vorticity and negative
divergence, the MCSs had further weakened.
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Therefore, an adjustment of upper level (lower level)
positive (negative) divergence was clear during the peri-
ods of MCS enhancement and weakening. In addition, it
demonstrated that if the configuration of a weather system
can establish such a dynamic structure of upper level (lower
level) positive (negative) divergence, it will certainly play
a positive role in the activities of MCSs, and the result is
consistent with the study of Chen and Li (2013). In this
study, we were more interested in what the differences were
in terms of the physical conditions and the positive effects
on MCS activity between the BIT and BLV situations. These
aspects are discussed next.

5 Analysis of the differences in conditions
between the BIT and BLV

5.1 Configuration differences among the impacting
systems

Because of the sparseness of sounding data and difficultly in
calculating the necessary physical quantities, it was neces-
sary to use a different data source. After comparison with
sounding data, we were confident that NCEP_fnl offered a
good reflection of the circulation characteristics of the BIT
and BLV. Meanwhile, taking into account the consistency
of the atmospheric circulation on each day during the first
stage, we analyzed the circulation based on average com-
posites of the BIT and BLYV, separately. In the second stage,
because of the constant SWCYV, we only selected a part of
the period as representative for the analysis.

The elements of atmospheric circulation analyzed in
the upper layer (150-hPa geopotential height and positive
divergence), middle layer (588-gpdam WPSH), and lower
layer (850-hPa wind and negative divergence) were cho-
sen to reflect the configuration differences between the
BIT and BLV (Fig. 8). When the BIT was evolving toward
the BLV (Fig. 8a, b), the 150-hPa geopotential height of
the South Asian high reached 1438 gpdam, and the diver-
gent area was in the rainstorm zone, superimposed on the
negative divergence area at 850 hPa. The structure of the
upper level (lower level) positive (negative) divergence
was formed, with the 500-hPa WPSH at the eastern edge
of the basin and its 588-gpdam line being abnormally sta-
ble. When the BLV evolved toward the BIT (Fig. 8c, d),
the geopotential height values of the SAH were 1436-1438
gpdam; the upper level divergent area was south of 31°N,
but the lower level convergence zone was north of 31°N;
and the position of the upper level (lower level) positive
(negative) divergence tended to coincide, recommenc-
ing the development of MCSs. In the BLV activity of
the second stage (Fig. 8e, f), the convective activity was
the strongest, as was its rainstorm, corresponding to the
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structure of upper level (lower level) positive (negative)
divergence being significantly enhanced; for instance, the
upper level positive divergence value was greater than
7% 107> s7! and the lower level negative convergence
value was less than —2.5x 107> s~!, which was condu-
cive to an enhancement of the “suction effect” of the
atmosphere. Therefore, stimulated by the configuration
of the weather systems, the structure of the upper level
(lower level) positive (negative) divergence was very clear
throughout the rainstorm process.

To further understand the airflow structure in the ver-
tical direction, we took both a warped (figure omitted)
and zonal vertical profile along (106°E, 32°N) and dis-
covered that there was rising airflow in the rainstorm
area. In addition, the following characteristics along
the vertical profile at 32°N (Fig. 9) were found: In the
first stage of alternating evolution of the BIT (Fig. 9a, b)
and BLV (Fig. 9c, d), there was a zonally vertical cir-
culation of clockwise rotation in the lower layer and its
ascending branch was located along 104°-~107°E. From
the vertical helicity and vertical velocity distribution,
their values in the BIT situation were slightly larger than
those in the BLYV situation; for instance, vertical veloc-
ity reached 3x 107! Pa s™! and vertical helicity reached
50x 107° Pa s72 to 20 x 107% Pa s™2 in the BIT period,
and vertical velocity reached 3x 107! Pa s~! and vertical
helicity reached 30 x 107 Pa s7% to 20 x 107° Pa s> in the
BLYV period. Therefore, the numerical values and temporal
evolution of MCS intensity were highly consistent; that is,
when vertical helicity and vertical velocity were large, the
convection was more vigorous. In the BLV of the second
stage (Fig. 9e, f), the upward branch of the zonal circula-
tion was deeper and reached 300 hPa, the vertical velocity
value was below —9x 107! Pa s™!, and the vertical helicity
value was 50 x 107% Pa s™. During this period, the convec-
tive cloud was larger and deeper.

Clearly, the main difference between the configuration
of the BIT and BLV was that there was a structure of upper
level (lower level) positive (negative) divergence in the
BIT of the first stage, and the VH in the upward branch
of the zonal vertical circulation was larger compared with
in the BLV period, meaning that the MCSs developed
strongly in the BIT period. In the second stage, the struc-
ture of the upper level (lower level) positive (negative)
divergence further enhanced, and the vertical helicity in
the upward branch of the zonal vertical circulation was
significantly larger than that in the first stage, correspond-
ing to the MCSs being at their strongest during the entire
rainstorm phase. Therefore, the enhancement and weak-
ening of MCSs was closely related to the dynamic adjust-
ment of the weather systems and the upward branch of
zonal vertical circulation in the rainstorm area.
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108°E

-2.5 -2

Fig.8 150-hPa geopotential height field (solid line> 1436 gpdam),
wind field (>30 m s™1), and divergence (units: 1073 57, 588-gpdam
line of the 500-hPa WPSH, 850-hPa wind vector (units: m s_l), and
divergence (shaded area; units: 1073 s_l) based on NCEP_fnl data:
a average composite during 1200 UTC 8-11 September; b average

5.2 Sounding characteristics near the BIT and BLV

We used the sounding data at Wenjiang and Dazhou in
the SB to analyze the convective environment of the first
stage, and the sounding data at Chongqing for the second
stage (Fig. 10). The data revealed a dry upper level and
wet lower level structure in the vicinity of the BIT that

12

composite during 1800 UTC 8-11 September; ¢ average composite
during 0000 UTC 9-12 September; d average composite during 0600
UTC 9-12 September; e 1800 UTC 12 September; f 0000 UTC 13
September

was very obvious, as well as large convective available
potential energy (CAPE) and unstable stratification. At
1200 UTC 8 September at the sounding station of Wenji-
ang (WJSS) (Fig. 10a, b), CAPE=374.2 J kg~ and pre-
cipitable water (PW)=44.6 mm, unstable energy, and water
vapor had increased (compared to 0000 UTC 8 September),
K-index (KI)=36 °C, and lifting index (LI)=—0.33. At the
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Fig. 9 As in Fig. 8 but for vertical helicity (shaded area; units: 107° Pa s_z), vertical velocity (w; dotted line; units: 107! Pa s_l), and the com-
posited circulation according to @ X (— 100) and u (zonal wind; units: m s~!). a—f Depict the vertical section along 32°N based on NCEP_fnl data

sounding station of Dazhou (DZSS), CAPE=3093.8J kg_l,
PW =52.6 mm and, compared to WIJSS, the energy and
water vapor of DZSS were higher, but the saturated wet layer
was relatively thin and focused at 700 hPa. Therefore, in
this favorable convective environment, a rainstorm emerged
in the middle of the basin, and then the rainy area moved
to the northeast of the basin. At 1200 UTC 10 September
(Fig. 10c, d), the values of CAPE and PW were large at
WISS and DZSS, with the PW increasing significantly at
WISS and the CAPE increasing at DZSS. At 1200 UTC 11
September (Fig. 10e, ), the CAPE value reduced, PW val-
ues maintained above 50 mm, and the LI was negative. This
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meant that the lower level of the atmosphere was a favorable
uplift environment and, once there were no longer any large
CAPE values, severe ascending motion [@,,,, ~ (2CAPE)'?]
would have arisen, providing favorable conditions for MCS
growth. In addition, the dry upper level and wet lower level
humidity structure was not obvious in the BLV situation; the
occurrence of high CAPE at WJSS mainly occurred before

Fig. 10 Distribution of the T-log P chart near the a—f BIT and g-h
BLV: a, b 1200 UTC 8 September; ¢, d 1200 UTC 10 September; e,
f 1200 UTC 11 September; g 1200 UTC 12 September; h 0000 UTC
13 September
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Fig. 11 As in Fig. 9 but for the wet Q-vector (units: 107" m hPa~! s72) and its divergence (units: 10716 hPa~! s3) distribution based on NCEP_

fnl data

1200 UTC 9 September, with the values from 0000 UTC
10 September to 1200 UTC 12 September being close to
zero. Although the CAPE value at DZSS existed at 0800
UTC, compared to those at 1200 UTC, they were smaller.
Therefore, from the convective environment of the sounding
chart, the differences in physical conditions between 1200
UTC and 0800 UTC were that the CAPE values and humid-
ity structure (i.e., dry upper level and wet lower level) were
more favorable in the BIT situation.

In terms of the sounding physical quantities of the sec-
ond stage, the sounding station at Chongqing (CQSS) was
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taken as the representative station for analysis (Fig. 10g, h).
Compared to the low vortex environment of the first stage,
the sounding physical quantities were more conducive to the
development of MCSs, because a dry upper level and wet
lower level structure was again observed, along with large
CAPE values, PW values greater than 50 mm, and KI values
above 40 °C. Clearly, in both the BLV or BIT situation, if the
above characteristics in terms of sounding physical quanti-
ties are observed, strong MCS activity will occur. Therefore,
this humidity structure (i.e., dry upper level and wet lower
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vl iy o
100°E 102°E

Fig.12 Vectors (units: kg m~™' hPa™' s7!) and divergence
(1073 kg m~2 hPa~! s7!) of 850-hPa water vapor flux and wet Q-vec-
tor divergence (shaded area; units: 107" hPa~! s_3) based on NCEP_
fnl data, in which the arrow is the water vapor flux vector, the dashed

level) and the occurrence of large CAPE can be used as an
important basis for judging the development of convection.

5.3 Local forcing effect for ascending motion

The above analysis shows that there were favorable thermo-
dynamic conditions for convection—and especially, strong
ascending motion was necessary. In this next part of the
study, we used a diagnostic quantity (non-geostrophic wet
Q-vector; NGWQV) to analyze the ascending motion.

iy ) 15
L, "p g pr 4 n

6°N -+ f 1 7
100°E 102°E

line is the divergence of water vapor flux, and “D” is the BLV: a, b
BIT in the first stage; ¢, d BLV of the first stage; e, f BLV of the sec-
ond stage

Regarding the Q-vector, its concept was first proposed
by Hoskins et al. (1978), who deduced the @ equation of
the Q-vector divergence expression. Then, much later,
Davis-Jones (1991) developed a generalized Q-vector (@*)
and deduced the w equation of the @* divergence expres-
sion. However, these Q-vectors are only obtained under the
assumed condition that the atmosphere is adiabatic, when,
in fact, the atmosphere is non-adiabatic in the process of the
condensation latent-heat release of precipitation. To further
consider the condensation latent heat of the atmosphere,
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Fig. 13 Schematic illustrations of the a weather system configuration
and b corresponding environmental field for the occurrence of the
rainstorm. Depicted in a is the 150-hPa airflow (=30 m s71), 850-hPa
airflow (>10 m s™!), and 500-hPa WT (westerly trough); “D” is the

Zhang (1998) deduced the NGWQV expression, and then,
Yue and Shou (2008), Yue et al. (2003, 2015) used it to diag-
nose the heavy rain area and provide a modified expression.

According to the formulation [Eq. (6)] of the non-geo-
strophic @ equation, its forcing item is the wet Q-vector
(Zhang 1998):

0w
op?

Vi(ow) + 252 = -2V - 0", ©)
When the omega field shows a wave feature, the following
can be obtained:

V(ow) x —o. (7)

Equation (7) can be used to diagnose the vertical motion
as follows: if V - é*<0 (V. é*>0), then w <0 (w>0),
which is conductive to ascending (descending) motion. Fig-
ure 11 shows the NGWQYV and its divergence profile along
32°N, from which it can be seen that, for either BIT or BLV
circulation, the wet Q-vector divergence along 105°~108°E
was negative at the low level, and its vector direction points
to the ascending branch of zonal vertical circulation. Com-
pared to the vertical velocity (dotted line in Fig. 9), the nega-
tive divergence region of the wet Q-vector and the region of
vertical velocity were basically the same, albeit with differ-
ences in terms of their vertical position. In the first stage,
the negative divergence of the wet Q-vector (Fig. 11a, b)
in the BIT circulation was very similar in terms of height
as the vertical velocity (Fig. 9a, b), whereas the negative
divergence of the wet Q-vector (Fig. 11c, d) in the BLV
circulation was not (Fig. 9c, d). For instance, at 0000 UTC
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BLV or SWCV. Depicted in b is the g (specific humidity), the V - @
(divergence of the wet Q-vector), CAPE, PW, and V . gV (conver-
gence of water vapor flux)

9-12 September, the average vertical velocity was mainly
within 700-450 hPa, whereas the negative divergence of
the wet Q-vector was mainly below 700 hPa. At 0600 UTC
9-12 September, the average vertical velocity was very small
and the negative divergence of the wet Q-vector was mainly
below 650 hPa. In the second stage, the negative divergence
of the wet Q-vector enhanced and its center values exceeded
10x 107! hPa~! s>, In the ascending branch of the zonal
vertical circulation, the characteristic of deep negative diver-
gence of the wet Q-vector was reflected and, up to 300 hPa
and above, also had the same vertical height as the vertical
velocity (Fig. 9e, f). This indicates that when the negative
divergence of the wet Q-vector is superimposed on the ver-
tical ascending velocity, the convective development of the
rainstorm area is favored. On the contrary, if the negative
divergence of the low-level NGWQV is weak and does not
superimpose on the vertical velocity, the convection is weak-
ened or not obvious. This reflects the importance of negative
divergence Q-vectors in a rainstorm of this type.

In addition, in longer rainstorm weather, water vapor is an
important condition—in particular, its convergence is essen-
tial in the forced ascending motion area. Figure 12 further
analyzes the relationship between the 850-hPa water vapor
and the wet Q-vector convergence zone, wherein Fig. 12a—d
represents the wet Q-vector divergence and water vapor
transport in the BIT and BLV of the first stage, respectively.
Figure 12e, f, meanwhile, represents the wet Q-vector diver-
gence and water vapor transport in the BLV of the second
stage. The water vapor flux vector is evident from south to
north, forming a water vapor flux zone during the BIT, and is
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transported by the southeasterly wind. The water vapor con-
vergence zone and wet Q-vector divergence negative zone
are basically coincident, and this would have been highly
favorable for the convective development of wet air. Dur-
ing the BLV period, the convergence of water vapor was
weakened and was inconsistent with the negative divergence
zone of the wet Q-vector, which was not conducive to the
development of strong precipitation.

In the second stage, the convergence of water vapor flux
and wet Q-vector divergence were stronger than those in the
first stage, thus creating a stronger rainstorm. This indicates
that, in the area where low-level water vapor convergence is
significant, if a low-level forced uplift effect emerges, it will
cause more favorable convective activity to develop. On the
other hand, it is also shown that, in this particular case, one
of the main reasons for the reduction in BLV precipitation
in the first three periods of convection, and the enhancement
of BLV precipitation in the fourth period of convection, was
that the convergence and forced uplift effect of the low-level
water vapor changed significantly.

6 Conclusions and discussion

(1) Against a stable large-scale circulation background, the
rainstorm investigated in the present study was caused
by MCSs induced by the alternating evolution of an
inverted trough (i.e., the BIT) and a southwest vortex
(i.e., the BLV), and four periods of convective activ-
ity were observed. During the first stage of heavy rain
(1200 UTC 8 September to 0000 UTC 12 September),
which encompassed the first three periods of convective
activity, MCSs enhanced in the BIT and weakened in
the BLV. The second stage of the storm (0000 UTC 12
September to 0000 UTC 14 September), comprising
the fourth period of convective activity, was caused by
the MCSs induced by the BLV. During the activity of
the MCSs, there were obvious cold cloud areas and Tb
values below — 60 °C in the mature stage. In the cloud
area, the MCSs typically showed characteristics of
upper level (lower level) positive (negative) divergence
and the vertically ascending airflow which was deep,
which was not only the driving force for the mainte-
nance of the MCSs but also one of the mechanisms that
produced rainstorms.

(2) The enhancement and weakening of the MCSs was
closely related to the dynamic adjustment of weather
systems and the upward branch of zonal vertical cir-
culation in the rainstorm area. When the MCSs devel-
oped strongly, the characteristic of upper level (lower
level) positive (negative) divergence was more obvious
and the vertical helicity values were larger compared
with the weakening period. Meanwhile, the stratifi-

cation reflected by the sounding chart indicated that
larger CAPE values and a dry upper level and wet
lower level humidity profile were an important cause
of convective development. When the lower layer of the
atmosphere was in the negative divergence of the non-
geostrophic Q-vector and water vapor convergence, the
environment featuring unstable high energy and high
humidity was conducive to inducing MCSs and caus-
ing rainstorms. Based on this analysis, a conceptual
model of the occurrence of this rainstorm was produced
(Fig. 13). In addition to focusing on the stability of
the weather systems, we also analyzed the upper level
divergence zone and lower level convergence zone. The
divergence zone of the upper layer (Fig. 13a) was often
observed near a significant streamline divergence zone
on the weather map, and the convergence zone of the
lower layer was positioned where the lower level wind
vector turned obviously and at the intersection with
prominent upper level airflow. Furthermore, there was a
dry upper level and wet lower level humidity structure,
along with larger CAPE values (CAPE >500J kg™!, in
this case), and the lower level physical quantities satis-
fied the following diagnosis: V - é<0; PW>45 mm.
Where these conditions were met was usually the rain-
storm area.

(3) Interms of the rainstorm forecast, the most overlooked
aspect was the importance of the evolution of the BIT.
In heavy rainfall events in the Sichuan region, cases
caused by low vortices (i.e., southwest vortices and
Tibetan Plateau vortices) are very common. However,
beyond this, it is necessary to distinguish the relation-
ship between the low vortex and the rainstorm; that is,
the low vortex being generated in the rainstorm or its
activity causing the rainstorm. In the present rainstorm
case, the low vortex of the first stage generated after the
rainstorm, but a strong low vortex caused the rainstorm
during the precipitation process. Compared to the tra-
ditional low vortex rainstorm forecasts, there are both
universality and individuality.
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