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ABSTRACT

It was found that the heavy rainfall event along the Meiyu front in the lower reaches of the Yangtze River
on 23 June 2009 was connected with a mesoscale disturbance vortex, which originated from the planetary
boundary layer (PBL) and developed upward later and was discovered by using the Shuman-Shapiro filtering
method. The mesoscale disturbance vortex in the PBL (PMDV) in this process corresponded well to the
short-time rainstorm in the Doppler radar echo. Analysis of the high-resolution simulation results from
the Advanced Weather Research and Forecasting Model (ARW) showed that there were several surface
disturbances along the southern warm section of the Meiyu front prior to the generation of the PMDV.
The PMDV interacted with the mesoscale convective system (MCS) and intensified the local convective
precipitation. The north and southwest flows in the PBL converged at the time of the PMDV formation.
Meanwhile, a southwesterly jet on the top of the PBL to the south side of the vortex reinforced the ascending
motion and convergence. Hence, it is concluded that the PMDV was generated when the strong cold air
flows north of the shear line encountered the southwest flow south of the shear line. The convergence line
in the PBL, the intensification of the southwest wind, and the southward aggression of the north wind were
critical for the development of the PMDV. The release of latent heat was found crucial for the formation of
the PMDV as it facilitated the convergence at low levels.
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1. Introduction

Mesoscale convective systems (MCSs) character-

ized usually by extensive trailing stratiform regions

could modify their local environments with strong and

persistent mesoscale circulations rooted in deep layers

of diabatic heating and cooling. Sometimes, there are

mesoscale convective vortices (MCVs) in these circu-

lations (Johnston, 1981; Raymond and Jiang, 1990;

Knievel and Johnson, 2002). MCV was first defined

by Zhang and Fritsch (1987) and later by Zhang (1992)

as: a significant concentration of positive relative vor-

ticity of magnitude at least that of the local Coriolis

parameter, eventually leading to the formation of a

closed circulation. Most MCVs have horizontal scales

of several hundred kilometers and time scales of hours

to days. MCVs are most likely to occur in a weak flow,

weak vertical wind shear, weak background relative

vorticity, and strong vertical and horizontal moisture

gradients (Bartels and Maddox, 1991). MCVs play

an important role in organizing convection, reinforc-

ing MCSs, and causing extreme rainfall (Schumacher

and Johnson, 2008, 2009).

James and Johnson (2010) investigated 45 MCVs

that developed along MCSs and found that 28 (62%)

of them were accompanied by mesolows at the sur-
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face, and they could be further categorized into

three groups according to the precipitation organiza-

tion and associated mesolows: rearinflow-jet MCVs,

collapsing-stratiform-region MCVs, and vertically co-

herent MCVs. The remaining 17 (38%) of the cases

did not contain a surface mesolow. Two repeating pat-

terns of MCVs for the associated precipitation orga-

nization were identified for the remaining 17 cases:

remnant-circulation MCVs and cold-pool-dominated

MCVs.

For the formation of MCV, various conclusions

have been drawn. Some researchers proposed that low-

to-mid level convergence was the main cause for the

formation of MCV (Zhang and Fritsch, 1988; Menard

and Fritsch, 1989; Olsson and Cotton, 1997). Ver-

linde and Cotton (1990) found that the formation of

MCV could result from multiple convective updrafts

and tipping, i.e., the convergence at mid levels as well

as the tipping of rear-inflow horizontal vorticity (Bran-

des, 1990; Zhang, 1992; Davis and Weisman, 1994).

Bartels and Maddox (1991) pointed out that the con-

vergence acting on planetary vorticity could generate

MCV. Cram et al. (2002) showed that the main rea-

son for genesis of an MCV was an earlier convergence

followed by a horizontal tipping. Knievel and Johnson

(2003) suggested that the strong upper-level tipping

coupled with mid-level convergence and weak low-level

tipping was the dominating contributor to the gener-

ation of MCV.

The middle and lower reaches of the Yangtze

River (MLYR) was one of the three main convec-

tive areas in China (Tao et al., 1998). The Meiyu

frontal heavy rainfall often leads to devastating flood-

ing over the MLYR in warm seasons. The heavy rain-

fall was usually caused by the MCS and mesoscale vor-

tex which formed, propagated, and organized along

the front (Zhang and Tan, 2009). Previous studies

showed that there are two kinds of vortex systems as-

sociated with the Meiyu front. One was an east prop-

agating southwest vortex and the other was locally

generated mesoscale vortex under favorable thermo-

dynamic and dynamic conditions (Sun and Du, 1996;

Hu and Pan, 1996; Gao and Xu, 2001; Dong and Zhao,

2004).

For the locally generated mesoscale vortex along

the Meiyu front, Zhai et al. (2003) investigated the

small scale vortices in the planetary boundary layer

(PBL) and found that the mesoscale convergence in

the PBL was the initial dynamical condition that trig-

gered the meso-γ-scale vortex. A convergence line ap-

peared prior to the vorticity. Zhai et al. (2007) fur-

ther pointed out that sometimes several weak small

mesoscale vortices in the PBL could form a vortex

group along the Meiyu front over the MLYR. They

were usually accompanied by surface low trough or

mesoscale low centers and were responsible for heavy

rainfall.

However, it is usually hard to observe these vor-

tices directly as they are characterized with small spa-

tial scale, short life span and they develop only in the

PBL. In this study, we investigate the development

and structure of the mesoscale disturbance in the PBL

(PMDV) along Meiyu front on 23 June 2009 by em-

ploying intensive surface observation data from auto-

mated surface observing system and a high-resolution

numerical model.

2. Data and method

Several datasets were combined in this study, in-

cluding (1) 12-h temporal and about 300-km horizon-

tal resolution sounding data, (2) hourly observations

by the East China automated surface observing sys-

tem, (3) 6-h temporal and 20–25-km horizontal reso-

lution regional spectral model (RSM) data compiled

by the Japan Meteorological Business Support Cen-

ter (obtained from the Key Laboratory of Mesoscale

Severe Weather, Ministry of Education, Nanjing Uni-

versity), and (4) Jiujiang Doppler radar data.

To reveal mesoscale features more distinctly, the

Shuman-Shapiro filtering method (Zhang et al., 2007;

Qin, 2010) was used. This filtering method can de-

compose a meteorological element f into a large-scale

element f and mesoscale element f ′. Hence, f can be

rewritten as f = f ± f ′. Then, if we chose an appro-

priate filtering coefficient and a filtering algorithm to

eliminate undulation, we can obtain a smoothed field.

The disturbed field could be obtained through subtr-
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action of the smoothed field from the original. A nine-

point filter was applied (Fig. 1), which is written as
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where s1= 1/2 and s2= 2/3. The lengths of the grid

and undulation were set to 100 and 300 km, respec-

tively.

Fig. 1. Grid layout of the nine-point filtering algorithm.

3. Synoptic overview

For the 500-hPa geopotential height field at 0000

UTC 23 July 2009 (Fig. 2a), there were several short-

wave troughs (thick dashed line) moving eastward in

the westerly wind belt. The cold air associated with

the shortwave troughs invaded the MLYR and pro-

duced heavy rainfall over parts of Anhui and Zhejiang

provinces from 23 to 24 July 2009. Heavy rainfall areas

(shaded in Fig. 2b) were located over the south of the

Dabie Mountains in Anhui Province and northwestern

Zhejiang Province. The rainfall mainly occurred from

2000 UTC 23 to 0400 UTC 24 July 2009. The 24-h

precipitation at many stations exceeded 100 mm, and

the maximum value reached 197 mm at Dongzhi (DZ)

city (black dot in Fig. 2b).

At 0000 UTC 24 July 2009 (Fig. 3a), a conflu-

ence line was formed by a northerly flow coming from

the west of the low vortex over Jiangsu Province and

a westerly flow over Zhejiang Province at 925 hPa in

the observed streamline field. A stationary front at

the surface (thick solid line) extended from southern

Hubei Province and the junction of Anhui and Jiangxi

provinces to the middle of Zhejiang Province. There

were two southwest low-level jets (marked “J”) to the

Fig. 2. Observed patterns of (a) 500-hPa geopotential height (contours; gpm) at 0000 UTC 23 July 2009 and (b) 24-h

accumulative precipitation (shaded; mm) from 1200 UTC 23 to 1200 UTC 24 July 2009. The thick dashed lines in (a)

indicate troughs. ZJ, HB, AH, JS, and JX in (b) represent Zhejiang, Hubei, Anhui, Jiangsu, and Jiangxi provinces,

respectively. DZ represents the city of Dongzhi. Boxes in (a) are the nested simulation domains.
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Fig. 3. Observed streamline (fine solid line) and wind speed (thick solid; m s−1) fields based on sounding data at (a)

850 and (b) 925 hPa at 0000 UTC 24 July 2009. “J” represents the center of the jets. The thickest solid line indicates

the position of the Meiyu front.

south of the confluence line with axle velocities exceed-

ing 14 m s−1. Heavy rainfall was located just north

of the stationary front. The low-level jet (LLJ) and

confluence line could also be found at 850 hPa, but

there was no low-level vortex over Jiangsu Province.

Typical weather systems associated with the es-

tablishment of the Meiyu front and heavy rainfall are

shortwave troughs moving eastward, a shear line, a

low-level jet (LLJ), and a stationary front at the sur-

face (Zhu et al., 2000). Rainfall is most likely to occur

under these favorable large-scale synoptic conditions.

Then, following the eastward movement of the low vor-

tex and the southward motion of the shear line, the

rainstorm moves from southern Anhui and northern

Zhejiang to the coastal area of southeastern Zhejiang,

after which it finally dissipates over the sea.

As shown in Fig. 2b, the distribution of the pre-

cipitation in the mesoscale rainfall belt was nonuni-

form. There were several mesoscale rainstorm centers

in the rainfall belt. Besides the shear line, MCSs in the

Meiyu front could also be connected to these mesoscale

rainstorm centers. Previous studies have found that

there were usually mesoscale vortices, MCSs, and

other mesoscale systems embedded in the shear line

of the Meiyu front. These features could directly trig-

ger rainstorms (Yamada et al., 2003).

Figure 3 shows that there were low-level vortices

and shear lines in the PBL. However, further analy-

sis is needed to assess whether there were MCSs or

mesoscale vortices along the shear line. The Shuman-

Shapiro filtering method (Fig. 1) was applied to the

925–850-hPa streamline fields at 0000 UTC 24 July

2009 (Fig. 3), to eliminate the large-scale systems

and retain meso- and small-scale systems. Figure 4a

shows that a mesoscale vortex (marked “C”) of spa-

tial scale less than 100 km was located along the

shear line at 925 hPa and it is hereafter called the

PMDV in this study. With reference to Fig. 2b,

the PMDV is located near DZ city. The next hourly

accumulative precipitation with maximum value of

30 mm (shaded in Fig. 4a) appeared around the

PMDV. However, there was no vortex on the 850-

hPa filtered streamline field near this region (Fig.

4b). Instead, there was a shear line with simi-

lar structure to the field before the filtering (see

Fig. 3).

The filtering method was also applied to the 6-

h temporal and 20–25-km horizontal resolution RSM

data at 0000 UTC 24 July 2009. We found that there

was a mesoscale vortex near DZ city in the 925-hPa

streamline field (Fig. 4c), with a diameter of about

100 km, at the same location as the PMDV in Fig.

4a. Similarly, there was only a shear line, but not a

mesoscale vortex in the 850-hPa streamline field at the

same time (Fig. 4d).

The mesoscale vortex in Fig. 4 could also be obs-
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Fig. 4. Filtered streamline fields from (a) 6-h sounding data at 925 hPa, (b) sounding data at 850 hPa, (c) RSM data

at 925 hPa, and (d) RSM data at 850 hPa at 0000 UTC 24 July 2009. The shaded area in (a) represents the next hourly

precipitation (mm). The symbol “C” indicates the position of the vortex.

erved at lower levels. The surface streamline field (Fig.

5) was analyzed using hourly observations from the

East China automated surface observing system.

Figure 5a shows the distribution of the surface

weather stations, wind field (barbs), and terrain (con-

tours) at 1800 UTC 23 July 2009, while Fig. 5b shows

the surface streamline field at the same time. In Fig.

5b, several surface disturbance vortices can be seen

to the south of the Dabie Mountain (DBS) (vortices

C1 and C2) and between the DBS and Huang moun-

tain (HS) (vortex C3) prior to the occurrence of the

PMDV. The front and the MCS stayed on the north-

ern side, and the surface disturbances occurred on the

southern warm section of the Meiyu front. Two hours

later (Fig. 5c), the surface vortices gathered gradu-

ally as the north wind enhanced and the MCS intensi-

fied. Vortex C1 in Fig. 5b disappeared (it could have

dissipated or merged with vortex C2), but vortex C3

moved southward and began to influence DZ city. Past

hourly accumulative precipitation of 10 mm (shaded)

appeared near the DBS and HS, while C2 and C3 were

staying at the edge of the DBS. Hence, the outflow of

MCS may have impacted C2 and C3.

With the enhancement of north wind and south-
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Fig. 5. Distributions of (a) automatic surface weather station wind field and terrain at 1800 UTC and hourly surface

streamline field at (b) 1800 UTC, (c) 2000 UTC, (d) 2100 UTC, (e) 2200 UTC 23 July, and (f) 0100 UTC 24 July 2009.

The contours in (a) indicate the terrain (m). The shading represents the past hourly precipitation (mm). DBS and HS

represent the Dabie and Huang mountains, respectively.

west flow, the surface disturbance vortices became

steady. A new vortex C4 appeared in the vicinity of

DZ city. It was likely to have been generated by the

merging of C2 and C3, as seen from the streamline

field at 2100 UTC 23 July 2009 (Fig. 5d). At the

same time, rainfall started to intensify and the rain-

fall centers near HS and DBS in Fig. 5c merged and

formed a unified rain belt lying north of C4. After the

formation of C4, the precipitation in DZ intensified

suddenly. At 2200 UTC 23 July 2009 (Fig. 5e), the

past hourly accumulative precipitation increased from

10 mm to more than 20 mm. Vortex C4 remained ac-

tive for several hours and developed together with the

MCS. At 0100 UTC 24 July 2009 (Fig. 5f), the en-
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closed structure of C4 dissipated but C4 stayed ahead

of the rain belt; in the meantime, the PMDV at 925

hPa (Fig. 4a) showed up.

The above analysis revealed that there were sev-

eral surface disturbances along the southern warm sec-

tion of the Meiyu front. The surface vortices in the

PBL interacted with the MCS. The MCS influenced

the initiation of the vortices while the latter intensi-

fied the local convective precipitation.

We concluded from the above analysis that there

was a mesoscale vortex along the shear line in the PBL

during the rainstorm. This disturbance vortex, with a

horizontal scale of about 100 km, was generated in the

PBL initially and was responsible for the increasingly

heavy rainfall over this region.

4. Numerical simulations

In order to analyze in detail the vortex in the

PBL, the Advanced Weather Research and Forecast-

ing Model (ARW) version 3.1.1 was employed in this

study. The WRF model was a multi-agency effort to

build a new generation mesoscale forecast model and

data assimilation system. As used in this experiment,

WRF is a fully compressible, Euler nonhydrostatic

model using a terrain-following hydrostatic-pressure

vertical coordinate, with vertical grid stretching such

that the vertical levels are closer together near the sur-

face and more spread out aloft. The horizontal grid

is an Arakawa C grid. The third-order Runge-Kutta

scheme with a smaller time step for acoustic and grav-

ity wave modes is used for numerical integration (Ska-

marock et al., 2008).

The model adopted the WMS5 microphysics

scheme (Hong et al., 2004; Hong and Lim, 2006), and

Grell-3D cumulus convection parameterization scheme

(Grell and Devenyi, 2002). RRTM scheme (Mlawer et

al., 1997) and Dudhia scheme (Dudhia, 1989) were

used for long wave radiation and shortwave radiation,

respectively. The PBL parameterization followed the

Mellor-Yamada-Janjic (MYJ) scheme (Janjic, 1990,

1996, 2002). The model domain covers a coarse mesh

(D01) of 45-km grid spacing centered at 30◦N, 117◦E,

a fine mesh (D02) of 15-km resolution, and a finer mesh

(D03) of 5-km resolution (Fig. 2a). Because D01 oc-

cupies an area larger than that of Fig. 2a, only D02

and D03 are shown in Fig. 2a. Twenty-seven σ levels

are set up in the vertical direction. The simulation by

the WRF model is started at 0000 UTC 23 July and

ended at 1200 UTC 24 July 2009. The NCEP FNL

(Final) Operational Global Analysis data are taken as

the initial and lateral boundary conditions.

5. Simulation results

5.1 Verification

Figure 6 shows the simulated and observed pre-

cipitation. In the observation, the heavy rainfall belt

(shaded in Fig. 6a) had a center to the west of the HS,

with maximum 24-h precipitation exceeding 190 mm.

Another precipitation center was seen in the eastern

part of the rain belt, with maximum precipitation of

120 mm located in the HZ area. The simulated 24-

h precipitation (contours in Fig. 6a) was generally

consistent with the observation. The simulated heavy

rainfall had a center to the west of the HS with maxi-

mum precipitation of 200 mm. Similarly, a comparison

between Figs. 6b and 6c shows that the simulated 3-h

precipitation (contours) was similar to the observation

(shaded).

The simulated past hourly accumulative precipi-

tation of DZ city (black dot in Fig. 2b) was also com-

pared with the observation (Fig. 7). The observed

precipitation (dashed line) increased at 2100 UTC 23

July 2009. It reached a peak of 30 mm at 2300 UTC

and thereafter became weaker gradually. The precipi-

tation process was consistent with the surface stream-

line evolution (Fig. 5). The precipitation of DZ city

suddenly intensified at 2100 UTC after the formation

of vortex C4. In the simulation, the preciitation (solid

line) increased from 2100 UTC 23 July 2009, peaked

at 45 mm at 0000 UTC 24 July 2009, and then weak-

ened gradually. The simulated precipitation was more

intense than the observation but lagged by about 1 h.

To highlight the features of the disturbance vor-

tex, we analyzed the simulated mesoscale vortex of

the box range shown in Fig. 4a. A distinct mesoscale

vortex located southwest of the HS (see Fig. 5a) on
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Fig. 6. Observed (shaded) and simulated (contours) accumulative precipitation (a) from 1200 UTC 23 to 1200 UTC 24

July 2009; (b) from 2100 UTC 23 to 0000 UTC 24 July 2009, and (c) from 0000 UTC 24 to 0300 UTC 24 July 2009. HZ

represents the city of Hangzhou; DBS, MFS, and HS represent the Dabie, Mufu, and Huang mountains, respectively.

the σ-level (σ = 0.946) streamline field could be seen

at 0200 UTC 24 July (marked “C” in Fig. 8a). The

position and horizontal scale of the vortex were found

to be close to those in the observed 925-hPa filtered

streamline field (Fig. 4a). The observed constant al-

titude plan position indicator (CAPPI) echo of the

Jiujiang Doppler radar at 0100 UTC 24 July 2009 was

overlaid in Fig. 8a (shaded). As can be seen, the

vortex was accompanied by strong convective activity,

with the center of the radar echo band exceeding 50

dBZ. These results suggested that there was an inher-

ent relationship between the PMDV and MCS. They

also indicated that there was indeed a PMDV located

in the shear line between the center of the observed

past hourly accumulative precipitation and the vortex

center (Fig. 8b).

The above results illustrate that the simulation

generally captured the basic characteristics of the

Meiyu frontal rainstorm process and could be used for

further analysis.

5.2 Analysis of the PBL streamline field

Analysis of the lower troposphere σ-level fields on

24 July 2009 showed that the vortex was initiated in
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Fig. 7. Observed (dashed) and simulated (solid) past

hourly accumulative precipitation (mm) at Dongzhi sta-

tion.

the PBL and developed upward later. The mesoscale

vortex was first clearly observed at the level of σ =

0.946. A shear line (bold dashed line) was located to

the south of Anqing (AQ) and the JHS in the wind

field at 2100 UTC 23 July 2009 (Fig. 9a). The south

of the shear line was dominated by the meiobar (fine

dashed line). Prior to the formation of the PMDV, at

2200 UTC 23 July (Fig. 9b), the region of the meiobar

located to the northeast of MFS shrank and became a

mesolow when the shear line moved southward. There

was a disturbance vortex C1 located on the southern

edge of the mesolow and another disturbance vortex

C2 in the mesolow. We also found that C2 was close

in location to vortex C4 at 2100 UTC 23 July 2009

(Fig. 5d). Meanwhile, an allobaric belt formed to the

north of Jinjiang, which was composed of several sur-

face negative allobaric centers (bold solid line) with

hourly maximum values of –0.2 hPa. At this time,

there was rainfall with hourly accumulative precipita-

tion of about 15 mm in DZ city, as seen from Fig. 7.

With the southward movement of the shear line,

the north wind intensified steadily. One hour later

(Fig. 9c), the disturbance vortex C2 kept on streng-

thening, with the maximum vorticity exceeding 1.2×

10−3 s−1 (shaded), whereas C1 had already vanished.

A new disturbance vortex C3 with maximum vorticity

exceeding 0.8×10−3 s−1 was generated to the north-

east of C2. A short-term storm also appeared (Fig.

7), with hourly accumulative precipitation of 45 mm

(from 2300 UTC 23 to 0000 UTC 24 July 2009) at

DZ city, which was in the neighborhood of vortex C3.

Fig. 8. Simulated streamline fields at σ = 0.946 at 0200 UTC 24 July 2009 overlaid with (a) the observed CAPPI echo

(shaded; dBZ) of the Jiujiang Doppler radar at 0100 UTC 24 July 2009 and (b) the observed past hourly accumulative

precipitation (shaded; mm) at 0200 UTC 24 July 2009.
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Fig. 9. Simulated streamline fields at σ = 0.946 at (a) 2100 UTC, (b) 2200 UTC, (c) 2300 UTC 23 July, (d) 0000

UTC, (e) 0100 UTC, and (f) 0200 UTC 24 July 2009. The shading represents vorticity (×10−5 s−1). The bold solid line

indicates the surface allobar during the past one hour (hPa). The fine dashed line indicates the sea level pressure (hPa).

The thick dashed line indicates the position of the shear line. JJ, DZ, and AQ indicate the cities of Jiujiang, Dongzhi,

and Anqing, respectively. DBS and JHS indicate the Dabie and Jiuhua mountains, respectively.

This suggested that a great increase in precipitation

in DZ would have been closely related to vortex C3.

Vortices C2 and C3 matched well with the past hourly

surface negative allobaric belt. The surface allobar in-

tensified gradually ahead of vortices with a value of

–1.2 hPa. The next hourly vorticity centers and vor-

tices occurred over this allobaric belt one hour later

(Fig. 9d). At this time, vortex C2 remained unstable

and could not form a closed circulation. Then, vor-

tex C3 continued to move southward and intensified,

with the center value of vorticity reaching 1.2×10−3

s−1. There appeared to be a clearly closed center on

the streamline field, indicating the formation of the

mesoscale vortex C3.
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Later (see in Fig. 9e), vortices C2 and C3 con-

tinually moved southward, with the hourly surface al-

lobaric belt lying in their front. As the allobaric belt

intensified, the vortices gradually enhanced and be-

came attracted to each other. At 0200 UTC 24 July

2009 (Fig. 9f), C2 merged into C3 and the surface

vortices entered the mature stage. These could all be

conducive to the subsequent strong PMDV.

During this process, the development and evolu-

tion of the mesoscale vortices were always accompa-

nied by a surface mesolow (fine dashed line in Fig.

9). At the initial stage, the surface mesolow existed

before the appearance of the surface vortex, indicat-

ing that they were two independent systems. With

the development of the vortex, the area of the surface

low reduced and the low tended to overlay the sur-

face vortex, which was favorable for the development

of low-level divergence and mesoscale convection.

From 0500 to 0800 UTC 24 July 2009, the PMDV

continued to move southeastward and began to dissi-

pate (figure omitted). The vortex dominated the area

of heavy rain for 10 h from its initiation to its dissipa-

tion.

5.3 Analysis of the vertical structure

To investigate the spatial features of the vortex

and the influence of the flows at low levels and in the

PBL, we analyzed the vertical cross-sections through

the center of vortex C3 (line AB in Fig. 9c).

Figure 10a shows the horizontal wind component

parallel to the cross-section (contours) and the diver-

gence (shaded) at 2300 UTC 23 July 2009. There was

a strong northeast flow (dashed line) with maximum

velocity of 10 m s−1 to the right side (north) of the

vortex (black triangle) in the PBL. The axis of the

flow only reached 950 hPa in height. Meanwhile, the

southwest flow (bold solid line) prevailed over the left

side (south) of vortex C3 with the center wind speed

of 18 m s−1. The axis of the southwest flow occurred

at 850 hPa and was caused by the confluence of the

southwest and northeast winds, with a strong conver-

gence center of more than –1.4×10−3 s−1 in the PBL.

Consistent with the convergence, there was a strong

“line convection” in the upward area, which could as-

cend up to the mid troposphere. On the other side

of the “line convection”, there was a weak downward

flow. Convergent and ascending motions occurred on

the north side of the vortex in the PBL, but divergent

and descending motions occurred on its south side.

Hence, there was deep convection and rainfall before

vortex C3 appeared. Figure 10b shows the horizon-

tal wind perpendicular to the cross-section (contours)

and the vorticity (shaded) at 2300 UTC 23 July 2009.

Southeast wind in the PBL to both sides of the vortex

was observed, consistent with the circulation of the

vortex at the lower levels. There was a positive vor-

ticity column in the middle of the two southeast flows

with a central value of 1.4×10−3 s−1. It was located

just between the convergence and divergence in the

PBL. The surface vortices (C1, C2, and C3) served as

a precondition for the subsequent development of the

PMDV.

With the enhancement and southward movement

of the northeast flow to the north side of the PMDV,

the PMDV moved southward accordingly. At 0000

UTC 24 July 2009 when vortex C3 formed (Fig. 10c),

the northeast wind (dashed line) stretched to 600 hPa

rapidly with maximum velocity of 10 m s−1 in the

PBL. This could bring short-term storms and increase

the precipitation of the region near the vortex. At

the same time, the southeast current (dashed line in

Fig. 10d) strengthened gradually. Under the combi-

nation of convergence, shear line, and vertical ascend-

ing motion, the PMDV intensified to a central value of

2.2×10−3 s−1 and stretched up to the mid troposphere

(shaded in Fig. 10d).

The above analysis demonstrates that there was

an intimate relationship between the PMDV and

MCS. The meeting of the northern and southwestern

flows in the PBL when the mesoscale vortex formed

generated a strong mesoscale convergence center in the

PBL. Meanwhile, a southwesterly jet located on the

top of the PBL to the south side of the vortex rein-

forced the ascending motion and convergence. Hence,

it could be concluded that the PMDV was generated

when strong cold air flows north of the shear line en-

countered the southwestern flow south of the shear

line. This was accompanied by an intensive velocity
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Fig. 10. Vertical cross-sections passing through the vortex C3 center at (a, b) 2300 UTC 23 July and (c, d) 0000 UTC 24

July 2009. The thick solid and dashed lines in (a, c) indicate the horizontal wind component parallel to the cross-section,

while the thick solid and dashed lines in (b, d) indicate the horizontal wind component (m s−1) perpendicular to the

cross-section. The colored shading in (a, c) represents the convergence (×10−5 s−1), while it represents the vorticity

(×10−5 s−1) in (b, d). The black triangle marks the position of vortex C3. The wind vector indicates the vertical

circulation. Line AB can be seen in Fig. 9c.

gradient. This strong convergence could bring a re-

lease of instable energy favorable for ascending motion.

In return, the PMDV could intensify local convection,

bringing about short-term storms over regions near the

vortex.

5.4 Thermodynamic factors for the vortex

formation

Previous studies have discussed the important

role of latent heat in convection (Shi et al., 1996; Zhu

et al., 1998; Sun and Zhao, 2002; Sun et al., 2002;

Bei et al., 2003). To investigate the influence of latent

heat release on the PMDV, we designed a sensitivity

experiment in which no latent heat release was allowed

(Skamarock et al., 2008). Compared with Fig. 8b, the

results show that only large-scale weather systems re-

mained, and the mesoscale convection and vortices dis-

appeared (Fig. 11). The rainfall area extended more

widely, but the total rainfall sharply reduced. Obvi-

ously, the release of latent heat, which was the crucial
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Fig. 11. Simulated streamline fields from the experiment

without latent heat at σ = 0.946 at 0200 UTC 24 July

2009 and 24-h accumulative precipitation (shaded; mm)

from 1200 UTC 23 to 1200 UTC 24 July 2009.

thermodynamic factor for the formation of the

PMDV, favored the initiation and development of the

mesoscale vortex and had a significant impact on the

convergence at low levels.

6. Conclusions

The precipitation along Meiyu front is usually

unevenly distributed. Sometimes there are one or

more disturbance vortices along the shear line. The

mesoscale vortices are one of the mesoscale systems

that can cause heavy rain. PMDV usually occurs dur-

ing the development of disturbances. However, these

vortices are difficult to be observed as they have small

spatial scale, especially at the initial stage.

In order to investigate the detailed character-

istics of PMDV, the Shuman-Shapiro smooth filter-

ing method and the ARW model were used to an-

alyze the Meiyu frontal heavy rainfall on 23 July

2009. The model simulation was compared to the au-

tomatic weather station data together with Doppler

radar data. The results showed that the model could

realistically capture the basic characteristics of the

mesoscale vortex processes. The main results of this

paper are as follows.

(1) Several mesoscale disturbance vortices could

be observed in the PBL along the Meiyu front in the

lower reaches of the Yangtze River. The vortices in

the PBL could be identified clearly in the wind stream

field at the initial stage and then they developed up-

ward. One disturbance vortex, with a horizontal scale

of about 100 km, was generated in the PBL initially

and was responsible for the heavy rainfall over this re-

gion. To distinguish it from normal vortices, we called

it the PBL mesoscale disturbance vortex (PMDV). By

definition, it was different from an MCV, as it was gen-

erated in the PBL initially and was accompanied with

heavy rainfall.

(2) There were several disturbances along the

southern warm section of the Meiyu front. The

mesoscale vortices in the PBL interacted with the

MCS: the MCS influenced the initiation of vortices;

the mesoscale vortices intensified the MCS and the lo-

cal convective precipitation.

(3) The north and southwest flows in the PBL

converged strongly in the PBL at the time of the

PMDV formation. Meanwhile, a southwesterly jet on

the top of the PBL to the south of the PMDV rein-

forced the ascending motion and convergence. Hence,

it could be concluded that the PMDV was gener-

ated when the jet north of the shear line encountered

the southwesterly flow south of the shear line. This

was accompanied by an intensive velocity gradient.

This strong convergence could bring a release of in-

stability energy favorable to ascending motion. The

PMDV could intensify local convection by bringing

short-term storms over regions near the vortex. Obvi-

ously, the convergence line in the PBL, intensification

of the southwest wind, and southward aggression of

the north wind were important for the development of

the PMDV.

(4) The sensitivity experiment that switched off

latent heat release manifested that only large-scale

weather systems remained, and the mesoscale convec-

tion and vortices disappeared. The range of rainfall

extended more widely, but the total rainfall sharply

reduced. Obviously, the release of latent heat was the

crucial thermodynamic factor for the formation of the



NO.6 SHEN Hangfeng, ZHAI Guoqing, ZHU Ye, et al. 801

PMDV as it had a significant impact on the conver-

gence at low levels.
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