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ABSTRACT

Regions around Dabie Mountain (DBM) in the Yangtze River basin (YRB) are the source of a me-

soscale vortex: the Dabie vortex (DBV). Based on a 14-yr statistical study, 11 long-lived heavy-rain-

producing DBVs were composited for convection-permitting semi-idealized simulations. A control

simulation, initialized 12 h before the composite vortex formation, successfully reproduced a DBV, with

all the salient characteristics of the 11 events. Sensitivity experiments were designed to understand the

impacts of large-scale environmental conditions, regional topography, and latent heating on DBV for-

mation. The main results were as follows: (i) Supposition of a 500-hPa shortwave trough with an east–

west-oriented lower-level transversal trough around the DBM is crucial for the formation of vortices. A

nocturnal lower-level jet on the southern side of the transversal trough accelerates DBV formation by

enhancing convergence, triggering/sustaining convection, and producing cyclonic vorticity. (ii) During

the simulation period, the topography east of the second-step mountain ranges, including the DBM,

significantly affects nearby precipitation and convective activity, whereas this is not crucial for DBV

formation. (iii) Latent heating is not required for generating DBVs, but it enhances the intensity, lon-

gevity, and eastward progression of these vortices along the shear line associated with the transversal

trough. (iv) The vorticity budget suggests the convergence-related (horizontal) shrinking and vertical

transport dominate the cyclonic-vorticity increase associated with DBVs, whereas tilting and horizontal

transport mainly act in the opposite manner.

1. Introduction

Statistical and climatological studies (Yang et al. 2010;

Zhang et al. 2015) have shown that regions around

Dabie Mountain (DBM) over the Yangtze River basin

(YRB) in central east China (Fig. 1a) are an important

vortex source. The vortices originate around DBM, are

typically of the meso-a scale (Orlanski 1975), and have

been named Dabie vortices (DBVs) (Fu et al. 2016;

Zhang et al. 2015). This type of vortex is particularly

noteworthy, because (i) it has a high frequency of oc-

currence [with a mean monthly frequency of occurrence

of ;12.2 (Fu et al. 2016)], (ii) it is extremely likely to

trigger precipitation [;92% of DBVs induce rainfall

events (Fu et al. 2016)], and (iii) long-lived DBVs can

last for several days and continuously trigger heavyCorresponding author: Shen-Ming Fu, fusm@mail.iap.ac.cn
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rainfall events (Table 1), resulting in severe flood di-

sasters over the YRB (Fu et al. 2013; Sun et al. 2010).

However, it is not known why the region around DBM is

the source of DBVs, nor whether the topographic fea-

tures around DBM (Fig. 1a) provide the decisive condi-

tions for the formation of this vortex.Moreover, although

it is closely related to precipitation, how latent heating

affects the formation of DBVs is still unclear. Thus, the

primary objective of this study was to address these

three issues.

Owing to heavy rainfall events, flooding and water-

logging disasters often occur over the YRB in central

east China—for example, the 1931 YRB flood (Tao

1980) and the 1998 YRB flood (Zhao et al. 2004). The

mesoscale vortices account for a considerable pro-

portion of the heavy precipitation in this region (Ding

1993; Tao 1980; Zhao et al. 2004). Previous studies have

mainly focused on two types of vortices: that is, the

southwest vortex (SWV), which originates from the Si-

chuan basin (SCB; Fig. 1a) (Lu 1986), and the DBV that

forms around DBM. Both types of vortex appear fre-

quently in summer (Fu et al. 2016). It has been suggested

that the topography of the Sichuan basin east of the

Tibetan Plateau provides advantageous conditions for

SWV formation through frictional convergence (Lu

1986). This might be a reason why the regions around

the Sichuan basin are the source of SWVs. For the

DBVs, why they frequently form around DBM is still a

mystery. Some studies have speculated that the topog-

raphy around DBM contributes to DBV formation

through orographic lifting (Hu and Pan 1996; Zhou and

Li 2010). However, whether the topography around

DBM is a decisive factor in DBV formation remains

unclear. Many DBVs are associated with a midlevel

FIG. 1. Terrain height (shading) used for the semi-idealized simulations (d03). The blue rectangle marks the source

region of the DBV.

TABLE 1. Initiation time, life span, and maximum 6-hourly

observed precipitation of the long-lived DBVs.

No.

Initiation

time

Life

span (h)

Maximum

precipitation (mm)

1 1800 UTC 13 Jul 2001 72 93

2 1800 UTC 09 Aug 2001 108 23

3 1200 UTC 18 Jun 2004 72 24

4 0600 UTC 10 Jul 2004 78 57

5 0000 UTC 22 Aug 2005 84 51

6 0000 UTC 27 Jun 2007 78 76

7 0000 UTC 09 Jul 2008 96 53

8 0000 UTC 14 Aug 2008 66 56

9 0600 UTC 16 Aug 2008 72 87

10 0000 UTC 30 Aug 2008 78 88

11 1200 UTC 06 Jun 2013 120 102
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shortwave trough (Hu and Pan 1996; Zhang et al. 2015)

and a lower-level jet (LLJ) (Gao and Xu 2001; Sun et al.

2010; Zhou and Li 2010), which provides favorable

conditions (e.g., ascent and moisture transport) for

heavy precipitation. In related weather analyses, latent

heating is regarded as a key factor in the formation (Gao

andXu 2001; Sun et al. 2010) and longevity of DBVs (Fu

et al. 2016). However, no other studies have confirmed

this or have shown how latent heating affects DBVs.

Similar to the mesoscale convective vortices (MCVs),

which are known to form within the trailing stratiform

region of MCSs (Bartels and Maddox 1991; Davis et al.

2004; Galarneau et al. 2009), a cold pool is also often

found at lower levels of the DBVs. Previous studies

(Clark et al. 2010; Kirk 2003; Knievel and Johnson 2003;

Olsson and Cotton 1997; Zhang 1992) have shown that a

cold pool can affect MCV evolution through its in-

teraction with convection and convergence (e.g., via

tilting and stretching related vorticity production).

However, for DBVs, how the cold pool influences their

formation still needs to be answered.

The remainder of this paper is organized as follows.

Section 2 describes the dataset, model configuration,

semi-idealized1 simulation design, and vorticity bud-

get method. Section 3 explains the simulation verifi-

cation, synoptic-scale background conditions for

vortex formation, and the evolution of convective

activity and kinematic features during the formation

stage (the period from no DBV to DBV formation;

i.e., from t 5 0 to t 5 11 h). Section 4 presents the

vortex-averaged features and vorticity budget. Sensi-

tivity experiments regarding the latent heating/cooling and

topography are discussed in section 5. Section 6 provides a

possible cause of the formation of DBVs. Finally, a con-

clusion and discussion is given in section 7.

2. Data, setup and design of semi-idealized
simulations, and methodology

a. Data and configuration of the model

Multiscale processes leading to the formation of DBVs

were simulated using a one-way triple-nested (27, 9, and

3km), convection-permitting version of the Advanced

Research WRF (Skamarock et al. 2008). The domains

(d01, d02, d03)2 consisted of 301 3 241, 421 3 361, and

811 3 721 grid points, respectively (not shown), with

30 vertical levels in the vertical and model top at 50hPa.

The WRF single-moment 6-class microphysics scheme

(WSM6) (Hong and Lim 2006), the Yonsei University

(YSU) planetary boundary layer scheme (Noh et al.

2001), and the Noah land surface model (Chen and

Dudhia 2001) were used in all three domains. The Kain–

Fritsch cumulus parameterization (Kain 2004) was only

used in d01 and was turned off in d02 and d03. A com-

parative test showed that the simulation results of d03were

not sensitive to the use of a cumulus scheme in d02.

The National Centers for Environmental Prediction

(NCEP) Climate Forecast System Reanalysis (CFSR)

0.58 3 0.58 data (Saha et al. 2010) were used as the initial

and boundary conditions for the semi-idealized simula-

tions. Rain gauge–based 6-h accumulated precipitation

data from the China Meteorological Administration were

used to evaluate the simulated precipitation associated

with DBVs.

b. Design of semi-idealized simulations

Fu et al. (2016) conducted a 14-yr (2000–13) statis-

tical analysis of summertime DBVs using the 0.58 3
0.58NCEP CFSR data. They classified DBVs into four

types according to whether obvious precipitation oc-

curred and whether a closed surface low center ap-

peared within a 6-h period before the formation of a

vortex. These four types were referred to as pre-

cipitation and surface low (PL), precipitation only

(PN), surface low only (NL), and no precipitation

and no surface low (NN). Among these four vortex

types, PL type had the strongest intensity, largest

three-dimensional size, longest lifetime, and heaviest

precipitation.

FIG. 2. Tracks of the 11 long-lived PL-DBVs (thin black solid

lines), the averaged moving track [thick blue line with open circles

(6-h interval), where the large blue open circle represents the lo-

cation of initiation], and the simulated moving track in the ORIG

run [thick red line with open circles (6-h interval), where the large

red open circle represents the location of formation]. The black

dashed rectangle marks the DBV source region.

1 A semi-idealized simulation means an idealized simulation

based on real situations.
2 In this study, all analyses used the output from d03, except for

the large-scale features, which were based on the output from d01.
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Using 42 h as the threshold for the longevity of a

DBV, Fu et al. (2016) selected 11 long-lived PL-DBVs

from all 43 PL-DBV events. These long-lived events all

induced torrential precipitation during their lifetime

(Table 1) and mainly moved northeastward (Fig. 2).

Previous case studies (Gao and Xu 2001; Sun et al.

2010; Zhou and Li 2010) have suggested some common

characteristics among DBVs during their formation

stage, which could explain why the regions around

DBM act as a source for this type of vortex. Therefore,

the initial and boundary conditions for the semi-

idealized simulations were determined by the com-

posite of these long-lived events. To mainly focus on

the formation stage, the semi-idealized simulations ran

for 36 h (i.e., 12 h before the formation of a vortex and

24 h after its initiation).

The formation time of each DBV was defined as

Vn(0), where n represents the number of vortices, and

V denotes a sample variable. The time series Vn(22),

Vn(21), Vn(0), Vn(1), Vn(2), Vn(3), and Vn(4),

with an interval of 6 h, represents the period from

12 h before the initiation of a vortex n to 24 h

after its formation. For the 11 long-lived PL-DBVs,

the corresponding times were composited (equally

weighted) based on the Euler viewpoint, which re-

sults an ideal 36-h time series. This ideal time series

with a 6-h interval was used as the initial and

boundary conditions for the simulations in Table 2:

original (ORIG), no evaporative cooling (NOEC),

no latent heating (NOLH), fake dry (FAKE), re-

moving DBM (RDBM), and removing topography

east of 1128E (EAST). The start time of the simula-

tion was the temporal average (only the integer

portion) of the start times of all 11 events (Table 1).

For this study, t 5 0 h corresponded to 0600 UTC or

1400 Beijing standard time (BST).

c. Vorticity budget method

The vorticity budget has been widely used to un-

derstand the evolutionary mechanisms of mesoscale

vortices (Davis and Galarneau 2009; Fu et al. 2013,

2015b; Olsson and Cotton 1997; Sun et al. 2010). In this

study, the vorticity budget equation from Kirk (2003)

was used to determine the main factors during the for-

mation of DBVs:

›z

›t
52V

h
� =

h
z|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}

HAV

2 v
›z

›p|ffl{zffl}
VAV

1 k �
�
›V

h

›p
3=

h
v

�
|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

TIL

2 by|{z}
AP

2 (z1 f )=
h
�V

h|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}
STR

1RES, (1)

where z is the relative vorticity; Vh 5 ui1 yj is the

horizontal wind vector; i, j, and k are the unit vectors

pointing to the east, north, and zenith, respectively;

=h 5 (›/›x)i1 (›/›y)j is the horizontal gradient oper-

ator;3 f is the Coriolis parameter; p is the pressure;

v5 dp/dt; and b5 ›f /›y. The terms HAV and VAV

represent the horizontal and vertical advection of

vorticity, respectively; TIL is the tilting effect; AP

represents the planetary vorticity advection, STR is

the stretching effect, and RES is the residual effect

(including the friction). The total effect (TOT) is de-

fined as TOT 5 HAV 1 VAV 1 TIL 1 AP 1 STR,

which does not include friction-related effects.

According to Green’s theorem, the surface integral

of vorticity over a region equals the velocity circula-

tion along its boundary line. This means that a vortex

TABLE 2. List of sensitivity experiments and associated model configurations.

Expt Objectives Latent heating/cooling options Terrain features

ORIG Original semi-idealized run Turn on both the latent

heating and cooling

Original model terrain

(Fig. 1a)

NOEC Sensitivity to zeroing only

the evaporative cooling

Turn off the evaporative

cooling within the cold pool

region (298–358N, 1108–1188E)

As in ORIG

NOLH Sensitivity to zeroing only

the latent heating

Turn off the latent

heating within the cold pool

region (298–358N, 1108–1188E)

As in ORIG

FAKE Sensitivity to latent heating/cooling Turn off both the latent heating and cooling As in ORIG

RDBM Sensitivity to the topography

around DBM

As in ORIG Removing the topography

around DBM (Fig. 1b)

EAST Sensitivity to the topography

to the east of 1128E over China

As in ORIG Removing the topography

to the east of 1128E
(Fig. 1c)

3 To guarantee second-order accuracy, all gradient terms were

calculated using the centered difference form.
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integral/average of vorticity is an effective measurement

for a vortex as awhole. The vortex-averaged vorticity budget

and other key features are discussed in detail in section 4.

3. Overview of the DBV formation stage

a. Verification of the ORIG run

The ORIG run (Table 2) was used to analyze the

formation of DBVs. Following the definition of Fu

et al. (2016), the formation of a DBV was defined only

when a meso-a-scale (200–2000 km) vortex structure

appeared [i.e., a meso-a-scale closed vortex center (di-

ameter larger than 200km and smaller than 2000km) in

the stream field coupled with a significant positive vor-

ticity center ($1024 s21) (Fu et al. 2015a)]. Because the

mean central level of DBVs is;850hPa (Fu et al. 2016),

this level was used as the typical level for analysis. As

Fig. 2 shows, although the simulated DBV formed 1h

earlier (at t 5 11h; i.e., the model had integrated for

11 h) than the composited DBV, the initiation location

of the ORIG-run DBV was very close to that of the

composited DBV. The maximum distance between

each DBV event and the simulated DBVwas;230 km.

Before formation of the simulated vortex, a closed

surface low center and obvious precipitation appeared

around this vortex (Fig. 3). This means the ORIG-run

DBV satisfied the criteria for a PL-type DBV (Fu

et al. 2016).

As Fig. 2 shows, although the moving track of the

simulated DBV differed from that of the composited

vortex, both vortices moved northeastward, as did the

tracks of most of the 11 long-lived PL-DBVs. More-

over, as the simulated DBV moved northeastward

it increased in size and cyclonic vorticity intensified

(Fig. 4). This is consistent with the main evolutionary

trends of these 11 long-lived events (Fu et al. 2016).

The ORIG run reproduced the main features of the

11 long-lived PL-DBVs reasonably and was, there-

fore, considered to be representative of this type

of vortex.

b. Synoptic-scale background conditions in the
ORIG run

During the formation stage, a 200-hPa lee trough

was maintained east of the Tibetan Plateau (Fig. 5a).

An upper-level jet (ULJ) appeared4 ahead of the

base of the 200-hPa trough. The formation location

of the DBV was around the right entrance region

of this ULJ, where its associated secondary circula-

tion contributed to the development of ascending

motions (facilitated latent heating and vertical vor-

ticity transport) and lower-level convergence (en-

hanced production of cyclonic vorticity through

stretching) (Holton 2004), with both favoring vortex

formation.

In the middle troposphere, a 500-hPa shortwave

trough was maintained on the lee side of the second-

step terrain5 (Fig. 5b). The subtropical high main-

tained its strength over the northwestern Pacific,

FIG. 3. (a) TheORIG-run-simulated sea level pressure (hPa) before the initiation of theDBV. (b)TheORIG-run-simulated

6-h accumulated precipitation (mm) at the same time. The purple triangle marks the initial location of the DBV.

4 In this study, following the definitions of Rose et al. (2004) and

Clark et al. (2009), 25m s21 was used as the threshold of a ULJ.
5 As the dark blue solid lines in Fig. 1a show, the second-step

terrain in China usually refers to the highmountain ranges from the

Da XinganMountains over northeast China to the Yungui Plateau

over southwest China.
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which might have favored the quasi-stationary be-

havior of the 500-hPa trough. Warm advection domi-

nated the regions around DBM. As the wind ahead of

the 500-hPa trough base intensified, warm advection

was enhanced. This promoted ascending motions

through quasigeostrophic forcing (Holton 2004) and

favored a decrease in pressure at lower levels

(Markowski and Richardson 2010), both of which

contributed to the formation of a DBV.

In the lower troposphere, a quasi-stationary trans-

versal trough6 persisted east of the Sichuan basin

(Fig. 6). Compared to a front, the transversal trough

was much wider in range, but had a much weaker tem-

perature gradient (Tao 1980). Because the isothermal

FIG. 4. Evolution of theDBV in theORIG run. Thewind barb stands for thewind at 850 hPa (a full bar represents

5m s21), the shading represents vorticity (1025 s21), the purple dashed ellipses highlight the vortex, and the tilted

purple dashed box marks the southwest–northeast cyclonic and convergent line.

6 A transversal trough is a synoptic-scale low pressure trough,

with an approximate east–west-oriented trough line (Tao 1980).
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lines were nearly perpendicular to the transversal trough,

warm advection dominated this region, which contrib-

uted to the pressure lowering and an enhancement of

ascending motions. An LLJ7 intensified rapidly on the

southern side of the transversal trough. This was a

nocturnal LLJ, with its center located around 850 hPa.

This LLJ had significant vertical shear (not shown) and

featured a significant diurnal variation. According to

Van de Wiel et al. (2010) and He et al. (2016), the diurnal

variation was a key feature for a nocturnal LLJ. Its

maximum intensity appeared at ;0600 BST, whereas the

minimum intensity appeared at ;1700 BST. The in-

tensification of this LLJ from t 5 3 (1700 BST) to 11h

resulted in stronger warm advection and more intense

convergence around the initiation location of the DBV,

both of which favored the formation of a vortex.

c. Evolution of convective activity in the ORIG run

An echo with a composite reflectivity ,35 dBZ ap-

peared around DBM at t 5 3 h (Fig. 7a). This homoge-

neous echo was mainly located ahead of the 500-hPa

shortwave trough base (Fig. 5a), with its top mainly

below 7.5 km and a maximum precipitation rate of

;1mmh21 (not shown). All these features indicate this

was a stratiform echo, which was triggered by the

synoptic-scale lifting of a thick moist layer (not shown).

Owing to the evaporative cooling of falling

precipitation, a cold pool stretching along the stratiform

echo (Fig. 7a) mainly persisted below 825hPa. Ther-

modynamically, the cold pool reduced the rate of pres-

sure lowering at the lower levels (Markowski and

Richardson 2010) and suppressed local convection

through the cooling effect (Schumacher 2009).

During the formation stage, intense convection cells

were generated continuously southwest and south of the

stratiform echo (Fig. 7). These newborn convective ac-

tivity was closely related to a southwest–northeast

stretching, lower-level convergence and cyclonic line

(Figs. 4a,b), which was mainly located along the cold

pool’s southern boundary (Fig. 7). From t5 6 to 12h, the

southwesterly wind ahead of the base of the 500-hPa

trough accelerated gradually (not shown), which fa-

vored the northeastward displacement of the stratiform

echo (Figs. 7b–d). Meanwhile, the LLJ on the southern

side of the transversal trough strengthened and enlarged

northeastward (Figs. 7b–d). Correspondingly, new con-

vection cells intensified, moved northward, and merged

with the stratiform echo, which enhanced the pre-

cipitation. As a result of the enhanced evaporative

cooling (not shown), the cold pool intensified and en-

larged in the southwest–northeast direction. New con-

vective echoes were primarily located around the

southern side of this cold pool (Figs. 7b–d) where con-

vergence was strong. In contrast, the cold pool’s north-

ern side had very few new convective cells, mainly

because of the inhibition of convective activity by

the cooling effect and the lack of an energy supply

(Schumacher 2009). Intensification of the cold pool

caused an increase in height/pressure at lower levels

(Fig. 8). In response to the pressure rising, a northerly

isallobaric wind appeared (Ralph et al. 1998) around the

southern boundary of the DBV (Fig. 8). This reduced

the meridional component of the southwesterly wind

FIG. 5. (a) The 200-hPa geopotential height (black solid lines;

gpm), temperature (red dotted lines; 8C), andwind speeds.25m s21

(a full bar represents 10m s21) at t5 9 h, in the ORIG run. (b) The

500-hPa geopotential height (black solid lines; gpm), temperature

(red dotted lines; 8C), andwind speed.9m s21 (a full bar represents

5m s21) at t5 9 h, in the ORIG run. The green shading is the terrain

height (m), the purple concentric circle marks the formation location

of the DBV, the brown dashed lines are trough lines, and the gray

dotted lines show the range for calculating the meridional mean of

the shortwave trough (see Fig. 19c).

7 LLJs over the United States differ significantly from those over

China;Wei et al. (2014) developed an adaptive criterion for LLJs over

China. This criterion has a lower limit of wind speed of 6m s21.

Therefore, 6m s21 was also used as the lower limit for an LLJ in the

present study.
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around the northern boundary of the LLJ, which en-

hanced convergence in that location.

d. Evolution of kinematic characteristics in the ORIG
run

Latent heating dominated the 825–250-hPa layer (not

shown), which favored the formation of a DBV by

producing positive potential vorticity [this is associated

with lower-level cyclonic wind perturbations according

to the piecewise potential vorticity inversion (Davis

1992; Fu et al. 2014)], enhancing convection, and

causing a decrease in pressure. From t 5 9 to 12h,

around 1128E, the lower-level northerly wind zone in-

creased and enlarged eastward (Figs. 9c,d), with the zero

isotach entering the center of the DBV by t 5 11 h (this

implies DBV formation). During the formation stage,

the lower levels around DBM featured intensifying cy-

clonic vorticity (Figs. 9a–d), strengthening convergence

(Figs. 9e–h), and increasing ascending motions. An east-

erly wind dominated the layer from the surface to

;2000m above (Figs. 9e–h), which mainly represented

the planetary boundary layer, whereas a westerly wind

dominated the levels above this layer. The easterly wind

zone shrank from t 5 3 to 12h (Figs. 9e–h), which was

consistent with the lower-level wind reversal process of

the mountain–plains solenoid during the same period

(Sun and Zhang 2012). This wind reversal process favored

the enhancement of lower-level convergence around

DBM (the westerly wind perturbation replaced the east-

erly wind perturbation west of DBM and converged with

the remaining easterly wind perturbation around DBM),

which also contributed to DBV formation.

4. Mechanisms underlying the formation of the
ORIG-run DBV

An area covering the main body of the DBV was

determined to be the key region (red dashed box in

Fig. 10a). It was used to show the overall features of the

DBV. A sensitivity test was applied to this key region;

see the smaller blue dashed box and the larger purple

dashed box in Fig. 10a, the length and width of which

FIG. 6. The 700-hPa geopotential height (black solid lines; gpm) and temperature (red dotted lines; 8C), as well as
the wind speed.8m s21 at 850 hPa (a full bar represents 5m s21) in theORIG run. The brown shading is the terrain

height (m), the gray box shows the key region of the DBV, the gray cross marks the center of the DBV, and the

green dashed lines are trough lines.
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were ;10 grid points smaller and ;7 grid points larger,

respectively, than the key region. Comparisons show the

area-averaged vorticity, divergence, vertical velocity,

and temperature all had similar variations within the

three boxes (not shown). Moreover, the area-averaged

terms of the vorticity budget equation showed the

same effects and relative importance within the three

boxes (not shown). Therefore, the key region was

FIG. 7. The composite radar reflectivity (shading; dBZ), the 850-hPawind field (a full bar represents 5m s21), and

the 950-hPa temperature (black solid lines; 8C; $248C is marked by thick lines and #238C is represented by thin

lines) in the ORIG run. The red box shows the key region of the DBV, the red cross marks the center of the DBV,

and the thick purple dashed lines show the main body of the convergent and cyclonic line.

FIG. 8. Hourly variation (the later timeminus the earlier time) in the 850-hPa geopotential height (shading; gpm) and

the corresponding isallobaric wind (a full bar is 10m s21) in theORIG run. The blue crossmarks the center of theDBV,

the gray box shows the key region, and the open blue arrow shows the primary direction of the isallobaric wind.
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insensitive to relatively small changes, which assured

its representativeness.

a. Variations of vortex-averaged (key-region
averaged) features

The period before the formation of a DBV could be

divided into three stages (Fig. 11a). The first stage

occurred before hour 4 (not shown), during which a

quasi-stationary shear line intensified gradually around

DBM (the key-region-average vorticity increased at a

rate of ;0.7 3 1026 s21 h21). The key region was cov-

ered by a stratiform echo and the convective activity was

weak (Fig. 7a). The second stage occurred from t5 5 to

9 h (Fig. 11a), during which the cyclonic vorticity within

FIG. 9. (a)–(d) Vorticity (shading; 1025 s21), height deviation relative to the zonal mean in the whole range of d03

(black lines; m), and the meridional wind (red lines; m s21) along 31.78N (the central latitude of the center of the

DBV) in the ORIG run. (e)–(h) Divergence (shading; 1025 s21), vertical velocity (black lines; cm s21), and zonal

wind speed (red lines; m s21) along 31.78N in the ORIG run. The purple triangles mark the center of the DBV and

the black open arrow shows the primary direction of the vertical motion.
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the key region increased rapidly (;3.0 3 1026 s21h21)

and the convective activity also developed quickly

(Figs. 7b,c). The rapid growth in cyclonic vorticity mainly

corresponded to an enhancement of the lower-level shear

line around DBM (Fig. 12). The third stage was from t5 9

to 11h (Fig. 11a), during which the key-region-averaged

vorticity remained strong but varied slowly (;0.3 3 1026

s21h21), and the convectionwas active (Fig. 7d). TheDBV

formed in the third stage, which was characterized by slow-

changing strong cyclonic vorticity. As the solid purple line

in Fig. 12 shows, around the key region’s western boundary

there was a southwest–northeast stretching shear line. At

t 5 10h, a meso-b-scale vortex (labeled ‘‘A’’) formed

and moved northeastward along the shear line (Fig. 12c).

Meanwhile, another meso-b-scale vortex (labeled ‘‘B’’)

formed within the key region and maintained a quasi-

stationary position. From t 5 10.5h onward, vortex A be-

gan to merge with vortex B (Fig. 12d), which enlarged the

area of vortex B. By t 5 11h, vortex A had completely

merged into vortex B, which resulted in DBV formation

(Fig. 10a). Todefine the formationof aDBV, twoconditions

should be satisfied. A significant positive vorticity center

($1024 s21) was established from t 5 9h onward (not

shown), and ameso-a-scale closed vortex centerwas created

after the appearance of a northerly wind around the middle

section of the key region’s western boundary (Fig. 10a).

Thus, the appearance of northerlywind could be regarded as

an indicator of the formation of the ORIG-run DBV.

The variations of the key-region-averaged divergence

and vertical motions could be divided into two stages,

FIG. 10. The 850-hPa streamlines and vorticity (1025 s21) at the initiation time of the DBV in different semi-

idealized experiments (shown at the left-bottom corner of each panel). The dashed rectangles represent the regions

for calculating the area average. The red dashed line is the central latitude for cross sections (see Fig. 9).
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respectively (Figs. 11b,c): a divergence dominated key

region before 5 h (not shown) and then convergence

dominated this region from t 5 6h onward. In contrast,

the transition from descending to ascending motions

occurred approximately 1 h later than the transition of

divergence. This implies that the lower-level conver-

gence might be an important trigger for the convective

activity. As the LLJ enhanced and enlarged northward,

convergence north of the LLJ intensified, moved

northward, and entered the key region by t 5 6h

(Fig. 13f). This caused the condition of the key region to

change from divergence to convergence (Fig. 11b). As a

result, under abundant moisture conditions (Figs. 13b–d),

from t 5 6h onward, convection (Figs. 7b–d) and pre-

cipitation began to increase significantly around the key

region (Figs. 13b–d). Correspondingly, because of the

FIG. 11. Key-region-averaged (a) vorticity (1025 s21), (b) divergence (1025 s21), (c) vertical velocity (cm s21),

(d) geopotential height (gpm), (e) temperature (8C), (f) wind speed (m s21), (g) zonal wind speed (m s21), and

(h) meridional wind speed (m s21) at 850 hPa, from the ORIG, EAST, and RDBM experiments.
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evaporative cooling of falling precipitation, the cold

pool intensified (Figs. 13f–h), which contributed to

lower-level pressure/height rising. However, as Fig. 11d

shows, instead of pressure rising, the key-region-averaged

geopotential height lowered before t 5 6h. This was be-

cause, except for the cold pool–related pressure-rising

effects, the key region was also affected by pressure-

lowering effects from the warm advection associated with

the shortwave trough (Fig. 5b) and transversal trough

(Fig. 6), as well as by latent heating. Before t 5 6h,

pressure-lowering effects dominated the key region.

Then, from t5 7h onward, because of the enhancement of

the cold pool8 (Figs. 13f–h), pressure-rising effects over-

whelmed pressure-lowering effects. Thus, the key region

mainly featured a rise in height/pressure (Fig. 11d). This

triggered a northerly isallobaric wind around the

southern boundary of the key region (Fig. 8), contrib-

uting to the intensification of convergence.

Before the formation of a DBV, the key-region-

averaged zonal, meridional, and horizontal wind all

decreased in intensity (Figs. 11f–h). When a DBV

formed (t 5 11h), the key-region-averaged zonal and

meridional wind was close to zero. This indicates that

the DBV had an approximately central symmetry. Be-

cause the steering flow was weak, the DBV would

maintain quasi-stationary behavior immediately after

formation, which can be confirmed by Figs. 4b and 4c.

b. Vorticity budgets during the formation stage

As Fig. 14 shows, the balance of the vorticity budget

equation was good after ignoring friction-related effects.

The key region experienced a significant increase in

cyclonic vorticity (Fig. 11a), mainly because of the

convergence-related STR andVAV. This was consistent

with the results of calculations for PL-DBVs reported by

Fu et al. (2016). The VAV term, which is determined by

the vertical motion and the vertical gradient of vorticity

(section 2c) remained positive (Fig. 14), with notable

FIG. 12. The 850-hPa streamlines and vorticity (shading; 1025 s21) in the ORIG run, where the purple solid and

dashed lines mark the shear line; labels ‘‘A’’ and ‘‘B’’ mark the small vortices (blue dashed boxes outline

their ranges).

8 Because t 5 7 h corresponded to 2100 BST, which was ;1 h

after sunset and had no shortwave radiation input, the diurnal cycle

of temperature in the lower troposphere also contributed to the

cooling within the key region.
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FIG. 13. (a)–(d) Hourly precipitation (shading;mm), lower-level (950–850hPa) averaged relative humidity (red

dashed lines; %), and 850-hPa wind barbs (blue bars; a full bar is 4ms21) in the ORIG run. (e)–(h) Lower-level

(950–850hPa) averaged temperature (shading; 8C), and 850-hPawind speed (black solid lines; m s21) in theORIG

run. The gray boxmarks key region of theDBV, the gray crossmarks location of initiation of theORIG-runDBV,

and the thick black dotted lines in (a) show the range for calculating the zonal mean of the lower-level transversal

trough (Figs. 19a,b).
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changes in the vorticity sources and transport directions.

As the red line in Fig. 11c shows, before t 5 7 h, de-

scending motions dominated the key region. During this

period, in the lower troposphere, the cyclonic vorticity

above 850 hPa was stronger than that below 850hPa

(not shown). Thus, before t5 7 h, the positive VAV was

mainly due to the downward transport of a high cyclonic

vorticity above 850 hPa. After t 5 7 h, following the

northward enlargement of the LLJ, lower-level con-

vergence was enhanced within the key region (Figs. 9g,h)

and ascending motions appeared (Fig. 11c). Strong

cyclonic-vorticity cells appeared below 850hPa, mainly

owing to the convergence-related STR in the northern

terminus of the LLJ (not shown). During this period,

upward motions transported the strong cyclonic vorticity

below 850hPa upward (not shown), which also resulted

in a positive VAV.

Before the formation of a DBV, TIL and HAV pri-

marily reduced cyclonic vorticity within the key region

(Fig. 14), which was detrimental to the formation of a

vortex. The key region served as a source of cyclonic

vorticity, exporting cyclonic vorticity (HAV , 0)

mainly through its northern boundary, the southern

section of its eastern boundary, and the northern sec-

tion of its western boundary (not shown). The inward

transport of cyclonic vorticity also appeared via the

southern boundary of the key region. The strong

southwest–northeast-oriented cyclonic-vorticity line

around the southern boundary of the DBV (Figs. 4a,b)

was its main cyclonic-vorticity source. This inward

transport partially offset the cyclonic-vorticity loss

within the key region.

TIL was weak before t 5 6 h (Fig. 14) because con-

vective activity around the key region was inactive

(Fig. 7a). From t 5 6 h onward, convection around the

southern boundary of the key region intensified rapidly

(Figs. 7b–d). As a result, TIL increased significantly

(Fig. 14). Time-averaged (from t 5 6 to 11 h when TIL

was strong) horizontal vorticity and ascending motions

were used to show how tilting affected the variation of

vorticity (Fig. 15). The key region was further divided

evenly into four parts, within which horizontal vorticity

was averaged. As Figs. 15a and 15b show, the horizontal

vorticity vector mainly pointed northwestward, with

the y-direction component (hvy) stronger than the

x-direction component (hvx). This was consistent with

the vertical wind shear of the key region (Fig. 15d). The

intensity of hvx increased to the west (boxes 1 and 3 had a

stronger hvx), while the intensity of hvy decreased to the

north (hvy was stronger in boxes 3 and 4). Boxes with

stronger horizontal vorticity (i.e., boxes 1, 3, and 4) were

analyzed. For the westward-pointing hvx (Fig. 15a), the

zonal distribution of vertical motions determined the effect

of tilting. As Fig. 15c shows, ascendingmotions within box 6

(which equals box 1 plus box 3) were weaker than those in

boxes 1 and 3. Therefore, hvxwithin boxes 1 and 3was lifted

relative to box 6, which resulted in anticyclonic vorticity

within boxes 1 and 3. For the northward pointing hvy
(Fig. 15b), the meridional distribution of vertical motions

determined the tilting effect. Because box 5 (that equals box

3 plus box 4) had stronger ascending motions than those

within boxes 3 and 4 (Fig. 15c), hvy within boxes 3 and 4

was lowered relative to box 5, which produced anticyclonic

vorticity within boxes 3 and 4. These results were confirmed

by the averages of TIL within the corresponding boxes.

The meso-b-scale vortices A and B were crucial to the

formation of a DBV (Fig. 12). Therefore, a vorticity bud-

get was applied to these vortices, which was averaged in

the two blue dashed boxes shown in Fig. 12c. The corre-

sponding results were averaged from t 5 9 to 10h (at

30-min intervals) to identify the mechanisms underlying

their formation. As Table 3 details, vortices A and B

formed through different mechanisms. For vortex A, tilt-

ing, which was closely related to the convective activity

dominated cyclonic-vorticity production, whereas stretch-

ing was the most detrimental factor. Other factors, in-

cluding the horizontal and vertical transports of vorticity

and the planetary vorticity advection, mainly had a nega-

tive effect on the formation of vortex A. For vortex B, the

horizontal vorticity transport governed the increase in its

cyclonic vorticity, and upward vorticity transport was

the second most favorable factor. The other parame-

ters (i.e., TIL, AP, and STR) were mainly detrimental

to the formation of vortex B, with tilting having the

most negative effects. Overall, mechanisms governing the

vorticity variation of the meso-b-scale vortices A and B

(Table 3) were different from those governing the

DBV (Fig. 14).

FIG. 14. Key-region-averaged vorticity budget terms at 850 hPa

(10210 s22) in the ORIG run, where LHS is the left-hand-side term

(i.e., the time derivative).
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5. Sensitivity experiments

a. Effects of latent heating/cooling

According to the vertical distribution of latent heating/

cooling, above 825hPa, latent heating was dominant,

while below 825hPa, evaporative cooling was dominant

(not shown). As the FAKE run (Table 2) showed, owing

to the removal of latent heating, in the upper tropo-

sphere, the ULJ east of the 200-hPa trough shrank

northeastward (cf. Figs. 5a and 16a), implying that the key

region was no longer located in the right entrance region

of the ULJ. In the middle troposphere, the FAKE-run

500-hPa shortwave trough shrank westward by ;38 rel-
ative to the ORIG-run trough (cf. Figs. 5b and 16b). This

means that the 500-hPa trough-related favorable quasi-

geostrophic forcings for the vortex formation also moved

westward. Owing to the breakdown of the positive feed-

back between ascending motions and latent heating

(Raymond and Jiang 1990), convection and precipitation

weakened remarkably (cf. Figs. 13c and 17a). This re-

sulted in a reduction in evaporative cooling, and thus the

cold pool weakened in intensity and shrank in range (cf.

Figs. 13g and 17b). The reduction in convective activity

corresponded to a decrease in lower-level convergence

(according to continuity). Therefore, the convergence-

related production of cyclonic vorticity around the key

region weakened in the FAKE run (not shown).

Following the removal of latent heating/cooling, the key

region was no longer favorable for DBV formation in the

FAKE run. Instead, the FAKE-run vortex formed ;28
west of the key region (Figs. 10a,b), which was consistent

with the location of the 500-hPa shortwave trough (cf.

Figs. 5b and 16b). Compared with the ORIG-run DBV,

the FAKE-run vortex had weaker cyclonic vorticity, a

smaller horizontal radius (cf. Figs. 10a and 10b), and a

TABLE 3. Time mean of the area-averaged (within the two boxes

in Fig. 12c) vorticity budget terms (10210 s22) of vortex A and

vortex B at 850 hPa of the ORIG run during their formation stages

(t 5 9–10 h).

HAV VAV TIL AP STR Total

Vortex A 29 25 63 0.04 215 34

Vortex B 110 20 278 20.32 212 40

FIG. 15. (a)–(c) Time-averaged (t 5 6–11 h) horizontal vorticity vector and vertical motions at 850 hPa in the

ORIG run, where hvx and hvy represent the x- and y-direction components, respectively; solid purple arrows show

the intensity of the horizontal vorticity (larger size means larger value), open purple dashed arrows show the mean

horizontal vorticity around key region (thicker means larger intensity), the numbers 1–6 mark the regions for

analysis, the gray dashed box shows the source region of DBVs, and the circles with arrows show the effects of the

termTIL. (d) The lower-level (900–700 hPa) key-region-averaged hodograph, where the open purple dashed arrow

shows the direction of the corresponding horizontal vorticity vector.
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much shorter life span (the FAKE-run DBV formed at

t 5 10 h and disappeared at t 5 28 h). This is consistent

with comparisons between the NN (precipitation is

light) and PL types (precipitation is heavy) of DBVs

documented by Fu et al. (2016). As reported by

Raymond and Jiang (1990), certain MCSs achieve

longevity as a result of interactions between quasi-

balanced vertical motions and the diabatic effects of

moist convection. The breakdown of this interaction

is a possible reason for the much shorter life span of the

FAKE-run DBV. The vorticity budget of this

FAKE-run DBV indicates that the downward trans-

port of cyclonic vorticity was the most favorable factor

for its formation (not shown).

The NOLH run (Table 2) was used to investigate the

effect of latent heating around/within the DBV. In this

run, the cold pool was enhanced, because only evapo-

rative cooling was retained. Neither strong convection

nor heavy precipitation appeared around the key region

(not shown). Convergence around the southern bound-

ary of the key region weakened remarkably because the

LLJ in the NOLH run did not extend as far north as the

FIG. 16. Geopotential height (black solid lines; gpm), temperature (red dotted lines; 8C), and wind speed .25

or 9 m s21 at 200 or 500 hPa (blue wind bar, a full bar represents 10 or 5 m s21 at 200 or 500 hPa, respectively)

at t 5 9 h in the FAKE, RDBM, and EAST runs, where the purple concentric circle shows the center of the

corresponding DBV.
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LLJ did in the ORIG run (not shown). This also reduced

the convective activity in the area south of the key re-

gion (not shown). From t 5 0 to 23h, no DBV formed

because the convergence-related STR and convection-

related VAV for generating a DBV weakened signifi-

cantly in the NOLH run, while the inhibition effect of

the cold pool strengthened. At t 5 24h, a NOLH-run

DBV formed (Fig. 10e), mainly as a result of the

downward transport of cyclonic vorticity (similar to the

FAKE-run DBV). This vortex lasted for ;11h and

dissipated at t 5 35 h. This confirms the result of the

FAKE run—that is, latent heating is not a necessary

condition for the formation of a DBV but is critical for

prolonging its longevity. The similar results for the

FAKE andNOLH runs also indicate that, without latent

heating, the DBV has much lighter precipitation and a

much smaller radius (cf. Figs. 10a and 10e) than that of

the ORIG-run DBV.

FIG. 17. As in Fig. 13, but for three sensitivity experiments:(a),(b) FAKE, (c),(d) RDBM, and (e),(f) EAST runs) at

t 5 9 h. In (a) and (b) the center of the FAKE-run vortex is also shown by a gray cross.
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The NOEC run (Table 2) was used to investigate the

effect of evaporative cooling around/within the DBV. In

contrast to the NOLH run, in the NOEC run, the cold

pool almost disappeared, while convection, precipitation,

and convergence were enhanced significantly (not

shown). All these changes were conducive to trigger a

vortex, and at t5 10 h a DBV formed (Fig. 10f) mainly

through convergence-related STR and convection-

related VAV (similar to the ORIG-run DBV).

b. Effects of the topographic features

The RDBM and EAST runs were designed to clarify

whether the topographic features were a decisive con-

dition for the formation of this DBV source (Table 2).

Comparisons among Figs. 5a, 16c, and 16e indicated

that, during the simulation period, the upper-level

weather systems were insensitive to the topographic

features around DBM and east of 1128E. In the middle

troposphere, the 500-hPa shortwave troughs in the

ORIG, RDBM, and EAST runs (including location,

orientation, intensity, and wind speed) also had no ob-

vious differences (cf. Figs. 5b, 16d, and 16f). Therefore,

around the key region, favorable upper- and midlevel

conditions for the formation of DBVs were maintained

after modifying the topography. The most obvious

changes in response to topographic modifications ap-

peared in the lower troposphere (Fig. 18). Removing the

topography resulted in obvious changes in precipitation,

temperature, relative humidity, and wind fields (cf.

Figs. 13c, 13g, 17c–f, and 18c–h). Topography usually has

complex influences on weather systems through its dy-

namical (e.g., lifting and friction) and thermodynamical

(e.g., sensible/latent heat flux) effects (Wang and Tan

2014). However, during the simulation period, the

topographic modifications did not cause significant

changes in the location, orientation, or intensity of the

lower-level transversal troughs (cf. Figs. 13c, 17c, and

17e), implying that the key region still retained favor-

able conditions for the formation of DBVs. Corre-

spondingly, vortices in the ORIG, RDBM, and EAST

runs formed in almost the same location and had a very

similar orientation (cf. Figs. 10a, 10c, and 10d). There-

fore, the key regionwas also used to calculate the overall

features of the vortices in the RDBM and EAST runs.

Both the RDBM- and EAST-run DBVs formed at

t 5 10 h—that is, approximately 1 h earlier than the

ORIG-run vortex. The key-region-averaged cy-

clonic vorticity in these three simulations varied

with a similar trend and intensity (Fig. 11a). This

means that the DBV strength was insensitive to de-

tailed topographic features. Similarly, there were no

obvious changes in the average geopotential height,

temperature, and wind in the key region in response to

the topographic modifications (Figs. 11d–h). In contrast,

the key-region-averaged divergence and vertical veloc-

ity clearly changed. The removal of the topography

around DBM resulted in an increase (decrease) in zonal

wind in the western (eastern) part of the key region

(Fig. 18e). This configuration enhanced the RDBM-run

convergence within the key region. Moreover, around

the middle section of the key region’s southern bound-

ary, meridional wind increased, whereas in other parts it

mainly weakened (Fig. 18g), which also contributed to

the intensification of convergence. Similar situations

also occurred in the EAST run (Figs. 18f,h), although

there was a weaker intensity (Fig. 11b). Corresponding

to the variation in convergence, the key-region-

averaged ascending motions also intensified after the

topography was removed (Fig. 11c).

STR and VAV were the determining factors in the

formation of the ORIG-run DBV (Fig. 14). For the

RDBM- and EAST-run DBVs, these two terms were

also dominant, but they were stronger mainly owing

to the increase in convergence and ascending motions

(Figs. 11b,c). The negative effects of HAV and TIL also

increased in the RDBM and EAST runs, offsetting the

positive effects of STR and VAV, which resulted in the

growth rates of cyclonic vorticity in these two simula-

tions being very close to that of theORIG run (Fig. 11a).

6. Possible cause of the DBV source conditions

As section 5a shows, the longitude of a DBV showed a

significant response to the location of the 500-hPa

shortwave trough. To further confirm this result, a me-

ridional mean of the shortwave trough (within the lati-

tudes shown in Fig. 5b) is provided in the right column

in Fig. 19. It is obvious that the longitude of the DBV

center was strongly related to the location of the mean

trough line. The changes in the eastward (westward)

location of the 500-hPa shortwave trough corresponded

to the eastward (westward) location variations of DBVs.

Similarly, the latitude of a DBV displayed clear re-

sponses to the latitude of the lower-level transversal

trough (left column in Fig. 19). The northward and

southward movements of the transversal trough were

consistent with the changes in the northward and

southward locations of DBVs, respectively. In contrast,

the size of the DBV was not obviously related to the

location and intensity of the shortwave trough and the

transversal trough (middle column in Fig. 19).

The DBVs tended to form ;138 ahead of the trough

line of the 500-hPa shortwave trough (right column in

Fig. 19), where quasigeostrophic forcings associated

with warm advection and cyclonic-vorticity advection

were favorable. The DBVs also tended to form in the
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FIG. 18. The 850-hPa differences (shading) (a),(c),(e),(g) between the RDBM run and the ORIG run

and (b),(d),(f),(h) between the EAST runs and the ORIG run at t 5 9 h, where the red cross marks the

center of theDBV in theORIG run, the black solid lines are the 850-hPa geopotential height (gpm) in the

ORIG run, and the purple dashed line is its trough line.
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transversal trough’s northern section (left column in

Fig. 19), where there were cyclonic-vorticity maxima

and divergence minima (middle column in Fig. 19).

The low pressure/height and high cyclonic vorticity

provided a favorable base state for vortex formation.

Similarly, Smith (1984) and Schär (1990) also suggested

the importance of a preexisting lower-level shear line in

the lee cyclogenesis.

All six semi-idealized simulations (Table 2) showed

the superposition of a 500-hPa shortwave trough on the

FIG. 19. The time-averaged (from the vortex’s formation to 6 h earlier) (left) zonal-mean (in the longitude range shown in Fig. 13a)

850-hPa geopotential height (gpm), (center) zonal-mean 850-hPa vorticity and divergence (1025 s21), and (right) the meridional-mean (in

the latitude range shown in Fig. 5b) 500-hPa geopotential height (gpm). The colors represent ORIG, RDBM, and EAST (red), FAKE

(blue), and NOEC (green) runs. In (left), the colored dashed lines are the mean trough lines of the lower-level transversal trough, and the

colored rectangles show the location of the DBV’s center. In (center), the colored rectangles show the location of the DBV’s center. In

(right), the colored dashed lines are the mean trough lines of the shortwave trough, and the colored rectangles show the location of the

vortex center (bigger size means bigger vortex).
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lee side of the second-step terrain and a lower-level

transversal trough was a necessary condition for the

formation of DBVs. A composite study of 100 DBVs

during the formation stage (Zhang et al. 2015) also

confirmed this result. In the warm season, the sub-

tropical high over the northwestern Pacific maximizes in

intensity and range, with its mean ridge line located

around 248N (Tao 1980; Zhao et al. 2004). A lower-level

high/ridge appears repeatedly northeast of the Sichuan

basin (;358N) (Tao 1980), mainly owing to the lower-

level anticyclonic vorticity produced by the friction

around the northern edge of the Tibetan Plateau (Cheng

1986; Chi 1965). A lower-level transversal trough

frequently appears between the subtropical high and

lower-level high/ridge, with its trough line swinging

around DBM (Cheng 1986; Tao 1980; Zhang et al. 2015;

Zhao et al. 2004). This provides favorable conditions for

the formation of a vortex around DBM. As a type of lee

trough, a 500-hPa shortwave trough frequently forms

through interactions between the atmosphere and the

thermodynamic/dynamic effects of the Tibetan Plateau

(Duan and Wu 2005; Ye 1952). After formation, the lee

trough moves eastward and superposes the lower-level

transversal trough downstream. Because this superpo-

sition frequently appears around DBM, the source

conditions of the DBVs occur in this region. Therefore,

the DBV source conditions are mainly determined by

interactions between the large-scale environmental

conditions and the effects of the Tibetan Plateau, rather

than the specific topographic features around DBM.

7. Conclusions and discussion

In this study, using semi-idealized simulations based

on a composite of 11 long-lived torrential-precipitation-

producing PL-DBVs, a schematic model of the formation

of a DBV was derived. As Fig. 20 shows, the formation

of a DBV is the result of various factors, including qua-

sigeostrophic forcings associated with the 500-hPa

shortwave trough, a favorable base state (low pressure

and high cyclonic vorticity) related to the lower-level

transversal trough, and the accelerating effect of the

nocturnal LLJ (transporting moisture, enhancing con-

vergence, triggering or ensuring the persistence of con-

vective activity, and producing cyclonic vorticity). An

additional calculation of the quasigeostrophic omega

equation (Holton 2004; Rantanen et al. 2017) confirmed

that, around the DBM, the quasigeostrophic forcing

mechanisms mainly contributed to ascending motions

(not shown), but they were not the primary cause of the

intense ascending motions in this region. Overall, the

ascending motion induced by the temperature advection

was stronger than that induced by the vorticity advection.

The vorticity budget indicated that convergence-related

FIG. 20. Schematic illustration of the configuration of the 500-hPa shortwave lee trough and

subtropical high (thick gray lines, where the dashed thick gray line represents the trough line),

as well as the 850-hPa transversal trough (thick green line, where the dashed thick green line

stands for the trough line) and the LLJ (blue arrow). The circle with a horizontal line and the

circle with a dot represent the convergence and ascending motions, respectively. The dashed

purple box marks the key region of DBV, and the gray dashed box shows the source region

of DBVs.
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(horizontal) shrinking and convection-related vertical

transport dominated the increase in cyclonic vorticity

associated with the DBV, whereas the tilting effect and

outward cyclonic-vorticity transport acted in the opposite

manner. Except for the intensity of cyclonic vorticity, its

redistribution through transport was also vital for the

formation of a DBV. The merging of two meso-b-scale

vortices due to TIL and HAV1VAV, respectively, was

the key feature in the redistribution of vorticity, and di-

rectly resulted in the formation of a DBV.

A possible cause of the formation of the DBV source

conditions was provided by this study: the 500-hPa lee

shortwave trough and the lower-level transversal trough

were the dominant factors in determining the location of

the conditions leading to formation of DBVs. When

they appeared in the same period, a DBV was likely to

be generated. Because these two weather systems fre-

quently occur in regions around the DBM during the

warm season (Cheng 1986; Tao 1980; Zhao et al. 2004),

the region around DBM becomes a vortex source.

Therefore, the formation of the vortex source conditions

is mainly due to interactions between the large-scale

environmental conditions and the effects of the Tibetan

Plateau. In contrast, the formation of the SWV source

conditions around the Sichuan basin is significantly dif-

ferent to those of theDBV, becausemany SWVs form in

the absence of a 500-hPa lee trough and without a lower-

level transversal trough (Lu 1986; Zhang et al. 2015).

The topographic features of the Tibetan Plateau are

likely to be the decisive factors in SWV formation (by

producing topographically induced vorticity streams)

(Wang and Tan 2014).

During the 36-h simulation period, weather systems in

the upper and middle troposphere were insensitive to

the underlying topographic features around DBM. Al-

though the removal of topography enhanced lower-level

convergence and convection around DBM, the lower-

level transversal trough did not display any obvious

variations in location and orientation. This may explain

why the location and orientation of DBVs changed little

after removing the topography. Moreover, because of

the offset among vorticity budget terms, the growth rate

of vortex-averaged cyclonic vorticity changed little,

implying that the intensity of a DBVwas also insensitive

to topographic features. Therefore, the detailed topo-

graphic features around DBM were not a decisive con-

dition for DBV formation during the simulation period.

Under favorable conditions, a dry process can also

produce a DBV (Figs. 10b,e). Compared with the

ORIG-run DBV, the FAKE- and NOLH-run vortices

had much weaker intensities, smaller horizontal radii,

and much shorter life spans. These results were consis-

tent with the results reported by Fu et al. (2016).

Although latent heating was not a necessary condition

for the formation of aDBV, it was critical for prolonging

its longevity. The vorticity budget indicated that down-

ward vorticity transport dominated the increase of cy-

clonic vorticity associated with the vortices in the FAKE

and NOLH runs. This was similar to the results of the

ORIG-run DBV before t 5 7 h, when the convective

activity was weak.

Similar toMCVs, DBVs are also located in themiddle

and lower troposphere, but they have larger radii and

longer lifespans (James and Johnson 2010a,b; Fu et al.

2016). Synoptic-scale conditions in the middle and lower

troposphere during the formation stage of a DBV are

similar to those in the initial stage of mesoscale con-

vective complexes (MCCs) (Cotton et al. 1989; Maddox

1983), and are characterized by a midlevel shortwave

trough and an LLJ, respectively. However, in the upper

troposphere, the DBV is located at the right entrance

region of the ULJ, whereas the composite result of

Maddox (1983) confirmed that the MCC was located in

the right exit region. MCVs tend to form within the

stratiform region and result from intense convective

activity (Davis and Galarneau 2009; Davis and Trier

2007), whereas the simulated DBVs in this study formed

outside the stratiform region. The FAKE and NOLH

runs further confirmed that DBVs can form even with-

out any convective activity. Similar to the vorticity

budget results of many MCVs, vertical vorticity trans-

port (Kirk 2003; Knievel and Johnson 2003) and con-

vergence (Davis and Galarneau 2009; Olsson and

Cotton 1997) are crucial for inducing a DBV. However,

tilting, which is vital for triggering someMCVs (Brandes

1990; Zhang 1992), is generally detrimental for the for-

mation of a DBV. This was also confirmed by a com-

posite study of PL-DBVs (Fu et al. 2016). As a type of

lee cyclone, the formation of DBVs shares some simi-

larities with other types of lee cyclogenesis (McTaggart-

Cowan et al. 2010; Schär 1990; Smith 1984). This includes

the favorable quasigeostrophic forcings associated with

the lee trough and the advantageous initial condition of a

preexisting lower-level shear line. BecauseDBVs form in

the base of the lower-level transversal trough, and no cold

or warm fronts appear during the formation stage, its

baroclinity and baroclinic energy conversion are gen-

erally weaker than typical midlatitude cyclones, which

have significant warm and cold fronts (Fu et al. 2013;

Holton 2004).
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