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ABSTRACT

This study examines a subtropical oceanic mesoscale convective vortex (MCV) that occurred from

1800 UTC 4 June to 1200 UTC 6 June 2008 during intensive observing period (IOP) 6 of the Southwest

Monsoon Experiment (SoWMEX) and the Terrain-influenced Monsoon Rainfall Experiment (TiMREX). A

dissipating mesoscale convective system reorganized within a nearly barotropic vorticity strip, which formed

as a southwesterly low-level jet developed to the south of subsiding easterly flow over the southern Taiwan

Strait. A cyclonic circulation was revealed on the northern edge of the mesoscale rainband with a horizontal

scale of 200 km. An inner subvortex, on a scale of 25–30 km with maximum shear vorticity of 3 3 1023 s21,

was embedded in the stronger convection. The vortex-relative southerly flow helped create local potential

instability favorable for downshear convection enhancement. Strong low-level convergence suggests that

stretching occurred within the MCV. Higher ue air, associated with significant potential and conditional in-

stability, and high reflectivity signatures near the vortex center suggest that deep moist convection was re-

sponsible for the vortex stretching. Dry rear inflow penetrated into the MCV and suppressed convection in the

upshear direction. A mesolow was also roughly observed within the larger vortex. The presence of intense

vertical wind shear in the higher troposphere limited the vortex vertical extent to about 6 km.

1. Introduction

a. Background

The joint Taiwan–United States multiagency South-

west Monsoon Experiment (SoWMEX) and Terrain-

influenced Monsoon Rainfall Experiment (TiMREX)

observed several heavy rainfall events over southern

Taiwan and the South China Sea during the period from

15 May to 30 June 2008 (Jou et al. 2010). During this

time, the mei-yu front is often present near Taiwan and

is typically characterized by a horizontal shear zone from

the low troposphere up to 700 hPa with a moderate–weak

temperature gradient over Taiwan and southern China

(Chen and Chang 1980). Southwesterly monsoon flow,

located along the south side of the mei-yu front, typically

transports high equivalent potential temperature ue

northeastward, creating an environment with strong

horizontal gradients of moisture and wind shear (Chen

and Yu 1988; Jou and Deng 1992). Mei-yu fronts are

often accompanied by cloud bands elongated along the

front and a series of mesoscale disturbances growing

along the horizontal shear zone (Fang 1985; Ninomiya

et al. 1988a,b; Chen 1992; Ding 1992; Li et al. 1993; Kuo

and Horng 1994; Du and Cho 1996; Li et al. 1997; Chang

et al. 1998, 2000; Chen 2004; Yamasaki 2005; Chen et al.

2008). In this sense, the mei-yu front is sometimes
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better characterized as a narrow strip of cyclonic vor-

ticity and humidity contrast than a true atmospheric

front.

b. Overview of the 5–6 June MCV

One of the objectives of SoWMEX/TiMREX was to

study the dynamic, kinematic, and thermodynamic char-

acteristics of the mesoscale disturbances associated with

the southwest monsoon flow upstream of Taiwan. Me-

soscale disturbances typically move eastward or east-

northeastward along the mei-yu front and can produce

large amounts of precipitation in Taiwan (Chen and Yu

1988; Ray et al. 1991; Lin et al. 1992; Jou and Deng 1998;

Chen et al. 2001; Johnson and Bresch 1991). During in-

tensive observing period (IOP) 6 of SoWMEX/TiMREX

(1800 UTC 4 June–1200 UTC 6 June), a quasi-stationary

mei-yu front with a weak horizontal temperature con-

trast stretched across southern China and the middle

of Taiwan. A series of mesoscale convective systems

(MCSs) occurred south of the front over southern Tai-

wan. One of these MCSs exhibited a comma-shaped

convective system and a clear spiral cloud pattern asso-

ciated with cyclonic circulation on its northwest side,

which was captured by visible satellite images (Fig. 1).

The cyclonic circulation is referred to as a mesoscale con-

vective vortex (MCV). The convection system associated

with the MCV propagated directly toward southern

Taiwan and brought flooding rainfall to the coastal area,

almost 200 mm in 2 h.

c. Review of mesocyclones associated with
mei-yu fronts

Within mei-yu fronts, numerous MCSs, accompanied

by mesoscale cyclones in the lower troposphere, have

been investigated in the vicinity of the Yangtze River

Valley (;308N) (Akiyama 1984a,b; Zhang et al. 2003;

Chen et al. 2008). These include mesoscale disturbances

that originate along the eastern flank of the Tibetan

Plateau called the southwest vortex (Ye 1981; Tao and

Ding 1981; Wu and Chen 1985; Kuo et al. 1986, 1988;

Wang 1987; Wang and Orlanski 1987; Wang et al. 1993;

Chen et al. 1997; Chang et al. 2000) and the meso-beta-

scale vortex over the downstream portion of the Yangtze

River (Geng et al. 2004). The significant increase in

relative vorticity associated with the development of

the southwest vortex has largely been attributed to di-

abatic heating effects due to convection, with about

a 20% contribution from preexisting ambient vorticity

near the mature stage of the MCS (Wang et al. 1993).

Chen et al. (2008) suggested that cyclogenesis was a result

of conditional instability of the second kind (CISK) in

which the frontal potential vorticity (PV) centers and

cumulus convection reinforce each other through a posi-

tive feedback process.

A climatological study by Lee et al. (2006) showed

that 11 tropical or subtropical cyclones have formed

within the mei-yu front during the previous 30 yr. The

incipient low-level disturbances originated over land

and the low-level circulations strengthened while moving

over the open ocean along the stationary mei-yu front.

Increased sea surface temperature (SST), strengthened

northeasterlies (Lee et al. 2006), and the monsoon air

from the boundary layer ahead of the MCS feed deep

convection with outflow from the MCS occurring in me-

soscale upper levels (Zhang et al. 2003) and are consid-

ered to be instrumental for mesoscale oceanic cyclogenesis

in the subtropical region.

Owing to relatively few direct observations, the de-

tailed structure of MCVs associated with the mei-yu

wind shear zone over the subtropical ocean has not

been as well documented as MCVs over continents. The

southwest vortex is frequently observed between 700

and 850 hPa, with a horizontal scale of several hundred

kilometers. In cases of more intense development, the

coherent cyclonic circulation core extends from the

surface layer to 300 hPa with no vertical tilt (Ding et al.

2001). A leeside subtropical MCV, persisting for 24 h

near the southeastern coast of Taiwan on 16 June 1987,

was observed by airborne Doppler radar (Yu et al.

1999). The vortex had an average relative vorticity of

7 3 1024 s21 at 2.5 km MSL, with a diameter less than

70 km and a vertical scale that extended to 7 km. The

FIG. 1. Visible satellite image shows a comma-shaped convection

(labeled ‘‘C’’) and the spiral cloud pattern (labeled ‘‘S’’) associated

with cyclonic circulation at 2257 UTC 4 Jun 2008.
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vortex was intimately coupled to convective precipitation,

rather than stratiform precipitation, within a developing

MCS. A numerical study by Zhang et al. (2003) showed

that a subtropical oceanic MCV, accompanied by a mes-

olow, was well developed below 500 hPa in the trailing

stratiform region behind the leading convective line.

d. Objective and outline of paper

To investigate the associated subsynoptic features and

structure of the MCV over the subtropical ocean, three

dropsonde flight missions were conducted during IOP 6

of SoWMEX/TiMREX along with 3-hourly launches

from a dense array of soundings over and near Taiwan.

The unique aspect of this study is the analysis of these

enhanced observations to determine the structure of the

subtropical oceanic MCV.

The data sources used in the study are stated in section

2. The characteristics of the environment and the kine-

matic and thermodynamic structure of the subtropical

oceanic MCV are described in section 3. The context

of the findings for the present case is discussed in section

4 along with a comparison to midlatitude continental

MCVs. Section 5 summarizes the results with a sche-

matic diagram.

2. Data and analysis methods

The principal data used in this study are atmospheric

sounding data, radar radial velocity and composite reflec-

tivity, satellite images, and global analyses. The National

Centers for Environmental Prediction (NCEP) final op-

erational global analysis data (FNL) from the period of

3–6 June 2008 were used to describe the synoptic envi-

ronment. The data are available every 6 h with hori-

zontal grid spacing of 1.08 3 1.08 and 26 mandatory

levels from 1000 to 10 hPa. Fields utilized in the present

analysis are sea level pressure, geopotential height,

temperature, sea surface temperature, relative humid-

ity, and u and y winds. Half-hourly visible images dur-

ing daytime and IR images during nighttime from the

Multi-functional Transport Satellite (MTSAT) of the Japan

Meteorological Agency (JMA) were used. The water va-

por channel data were also used to diagnose the humidity

distribution in the midtroposphere.

A multiradar reflectivity composite (Chang et al.

2009) and the radial velocity data from the Cigu radar

are used for tracking the motion, precipitation, and ki-

nematic structure of the vortex. The Cigu radar is a

Gematronik 1500S Doppler radar, with specifications

similar to the Weather Surveillance Radar-1988 Doppler

(WSR-88D). Located at 23.1478N, 120.0868E (Fig. 2), this

radar is capable of detecting the radial velocity within

a 230-km range. The radial velocity data are used in

depicting the MCV dipole feature. The quality control

(QC) process involved ground clutter removal and wind

field unfolding.

Quality-controlled sounding data from thirteen 3-hourly

rawinsonde sites (including ship soundings) and drop-

sondes deployed from the Astra SPX jet during IOP 6

of SoWMEX/TiMREX were the principal data sources

in the present case (Fig. 2). The sounding data were

subjected to four major QC steps and are hence known as

level-IV data (Ciesielski et al. 2010). First, an internal

consistency check was used to set flagged or bad data

to a missing value; it included gross limit checks on all

parameters and rate-of-change checks on temperature,

pressure, and ascent rate (Loehrer et al. 1996). The

raw data were processed via the Atmospheric Sounding

Processing Environment (ASPEN), which analyzed the

data, performed smoothing, and removed suspect data

points. Then, in step two, time series and scatterplots of

the data were created to check the range of values of

pressure, temperature, and relative humidity. The sound-

ings were also visually evaluated on the skew T–logp dia-

grams for outliers or other obvious problems. An essential

QC step is humidity bias correction, including using in-

tercomparison datasets to develop a humidity correc-

tion for the Vaisala RS80 system and a daytime dry

bias correction for the Vaisala RS92 system. Finally, the

FIG. 2. Doppler radar network of Taiwan Central Weather Bu-

reau (stars; Cigu radar is marked), 3-hourly rawinsonde sites

(squares), ship-sounding location (triangles; numbers indicate the

launch time), and dropsonde location (circles; the numbers indicate

the flight mission).
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‘‘buddy check’’ was used in which rawinsondes adjacent

in time and in close proximity to each other were visually

inspected to ensure continuity of features. Dropsondes

possessed fewer questionable or bad data (both were

less than 5%) than rawinsonde sites, but they also had

a higher percentage of missing data: 26% of height data

were missing, with 19% wind data missing on mission 8

and 10% of RH values missing on mission 9.

To calculate the convective available potential energy

(CAPE) and convective inhibition (CIN) from parcel

theory, we used a mixed parcel—either an average over

the lowest 50 hPa or below the lifting condensation level

(LCL), whichever was lower. To accommodate the fact

that the average flight level was about 160 hPa (;14 km),

the first available data level of dropsondes was only

slightly above 200 hPa; therefore, CAPE was computed

from all positive buoyancy at or below 200 hPa for both

rawinsondes and dropsondes. This level was typically

well below the parcel equilibrium level (;150 hPa

during SoWMEX/TiMREX).

The speed and direction of the oceanic vortex mo-

tion were estimated from radar animations to be about

5.7 m s21 from 2518 toward the east-northeast. Based

on the translation speed, all data from flight mission 8

(2145–2347 UTC 4 June 2008) were time–space cor-

rected to 0000 UTC 5 June, and the maximum dis-

placement was about 46 km. The data of flight mission

9 (0516–0629 UTC 5 June 2008) were not time–space

corrected because the movement of the lower-tropospheric

portion of the vortex was indeterminate.

The MCV had an estimated radius of maximum wind

R of about 100 km, with a maximum wind V close to

20 m s21; the vertical shear across the depth (;6 km) of

the vortex (Du) was 3 m s21. The relevant time scales

are the inertial period 2pR/V, about 9 h, the shear time

scale 2R/Du, about 18 h, and the advective time scale

2R/U, about 10 h, with U 5 5.7 m s21. All of these time

scales vary between 9 and 18 h. The typical time (;61 h)

and space (;625 km) corrections were much smaller than

the characteristic time and space scales of the vortex.

Both plan views and vertical cross sections using the

same sounding data were constructed to examine the

MCV structure. The perturbation fields are computed

by subtracting the four quadrants’ mean relative to the

vortex center. Questionable soundings with a majority

of data missing or with profiles obviously unrepresenta-

tive of mesoscale variations (e.g., soundings dropped into

convective elements) were not utilized in the MCV anal-

ysis. The mesoscale analyses and derivatives were con-

structed by 2D interpolation on a 0.58 3 0.58 grid using all

the available dropsonde and rawinsonde observations. The

east–west vertical cross sections used the gridded values on

the axis crossing the 850-hPa cyclonic circulation center.

A dropsonde without winds in the boundary layer was also

used. (The region where these missing data affected de-

rivative computations is hatched in Fig. 15.) Because of the

resolution of sounding observations (about 0.88–18), the

asymmetric observations distributed with a northeast–

southwest orientation, and a higher percentage of missing

data, the sampling uncertainties of the mesoscale structure

in the present case should be considered.

3. Subtropical oceanic mesoscale convective vortex

a. Overview of mesoscale disturbances

During 4–5 June 2008, a mei-yu front was situated

across the middle of Taiwan, the Taiwan Strait, and

southern China (Fig. 3). At 2313 UTC 3 June (Fig. 3a),

three mesoscale disturbances were aligned along the

mei-yu front with a wavelength of approximately 600 km.

MCS III, located on the western portion of the mei-yu

frontal cloud band, had a cyclonic circulation as evi-

denced in observations from the Hong Kong radar data

around 0000 UTC 4 June (radar data not shown). Con-

vection within each of these MCSs dispersed as they

migrated eastward on 4 June (Fig. 3b).

Animation of half-hourly IR satellite images (not

shown) indicated that the cloud top of MCS III decreased

and the smallest area of low cloud-top temperature

(,200 K) occurred at 1457 UTC 4 June. The convection

was then reestablished, becoming the so-called MCS III9

(Fig. 3c). Later, the visible satellite images revealed

a clear spiral cloud pattern associated with a cyclonic

circulation on the northwest periphery of the consoli-

dated comma-shaped cloud (Figs. 1, 3d, 11). MCS III9 and

its associated MCV changed direction to a northeastward

path, and its convection reached southern Taiwan after

2300 UTC. Around 0600 UTC 5 June, MCS III9 decayed

over Taiwan’s terrain with the MCV becoming difficult

to define (Fig. 3e). On 6 June, the remnant cyclonic dis-

turbance and its associated convection reorganized again

over the ocean northeast of Taiwan (Fig. 3f).

The MCV’s track is shown in Fig. 4. The satellite images

demonstrate that the cloud structure of MCS III9 devel-

oped rapidly between 1800 UTC 4 June and 0000 UTC

5 June. In this region, the ocean surface temperature was

at or greater than 288C. Farther to the northeast, ocean

surface temperatures were around 278C.

b. Synoptic environment and ambient vorticity strip

The antecedent synoptic conditions are shown in Fig. 5.

As the MCV developed, the mei-yu front, located across

Taiwan and the Taiwan Strait, was characterized by

horizontal wind shear at 850–700 hPa. A midtropospheric

trough passed between 1208 and 1308E, which was well to
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the north of the mei-yu front. Very weak pressure and

temperature gradients were present in the vicinity of

Taiwan. Humidity contrasts occurred through the hori-

zontal shear zone, with the highest mixing ratios of water

vapor found within the southwesterly flow.

Zonally averaged (118.58–1208E) Hovmöller dia-

grams of geopotential height, zonal wind, temperature,

mixing ratio, and relative vorticity at 850 hPa from

the NCEP FNL analyses during 3–7 June 2008 are

presented in Fig. 6. A pressure trough and a strong

temperature gradient passed between 308 and 358N at

the beginning of the event (Figs. 6a,c) and then the

height gradient weakened on later days. Strong west-

erlies were evident south of the midlatitude trough on

FIG. 3. Satellite images at (a) 2313 UTC 3 Jun, (b) 1130 UTC 4 Jun, (c) 1830 UTC 4 Jun, (d) 2330 UTC 4 Jun,

(e) 0630 UTC 5 Jun, and (f) 0157 UTC 6 Jun 2008; (a),(d),(e), and (f) are visible images, whereas (b) and (c) are IR

images. Roman numerals refer to three mesoscale disturbances.
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3–4 June (Fig. 6b). In the wake of the midlatitude

trough, there was warming and drying between 258

and 308N (Figs. 6c,d). Farther south, a persistent cy-

clonic shear zone lay near 248N. This mei-yu wind

shear zone, which was collocated with cooler tem-

peratures (below 188C; Fig. 6c), strengthened late in

the day on 4 June. Accompanied by an increasing low-

level westerly flow (Fig. 6b), the moist extent widened

on 5 June (Fig. 6d). A strip of positive relative vor-

ticity characterized the wind shear zone. The vorticity

strengthened on 5 June and its horizontal scale ex-

tended to about 500 km (Fig. 6e).

The 1000–500-hPa thickness fields at 1200 UTC 4 June

and 0000 UTC 5 June (Fig. 7) show the northerly flow

passing through the isobaric thickness line north of the

Taiwan Strait. North of this area, the northwesterly flow

led to cold advection. The northeasterly and easterly

flow subsided between 238 and 258N, and farther south,

the westerly-southwesterly jet attained a local maximum

of 15 m s21, creating a channel with ue air greater than

340 K at 700 hPa. The high ue channel extended for

more than 2000 km between 288N to the east and 228N

on the west end. The easterly subsidence warming con-

tributed to decreasing the temperature contrast across

the mei-yu front and resulted in a relatively barotropic

environment with primarily a gradient in water vapor

mixing ratio (Figs. 6, 7).

The developing mesoscale cyclonic disturbances were

biased toward the zone of high ue air (Fig. 7). At 0000 UTC

5 June, the vortex near 1258E (associated with MCS I)

weakened while the other two vortices over the Taiwan

Strait merged (MCS III9) and strengthened. Because

there were no direct observations over the ocean on 4

June near these features, the magnitude of the vorticity

should be interpreted with caution.

FIG. 4. Weekly average SST (2–8 Jun 2008) and MCV track (gray dots are tracked from IR

satellite images; black dots are tracked from radar radial velocity).

FIG. 5. The 500-hPa geopotential height (thick solid line; contour

interval 40 m), and 700-hPa mixing ratio (gray shading with in-

terval 2 g kg21) at 1800 UTC 4 Jun 2008. The dotted line indicates

the horizontal wind shift axis and the areas enclosed within thin

lines indicate southwesterly winds .12.5 m s21 at 850 hPa.
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c. Distribution of thermodynamic parameters and
precipitation

As determined from the two dropsonde flights during

the day on 5 June (around 0000 and 0600 UTC), the

CAPE in the vicinity of the MCV center was less than

1500 J kg21 (Fig. 8). The positive area on the skew

T–logp diagrams was generally thin through a deep layer

and the CAPE was relatively small, which is a typical

feature of storm environments over the tropical and

subtropical oceans (Lucas et al. 1994; LeMone et al.

1998). At 0000 UTC 5 June (Fig. 8a), the dropsonde with

the highest CAPE (2375 J kg21) descended through

the southwesterly flow to the southwest of the MCV, in

close proximity to vigorous convective cells. There were

two dropsondes located on the southeastern periphery of

the MCV that were characterized by modest CAPE

(794 and 1291 J kg21, respectively) and almost no CIN. A

similar situation existed at 0600 UTC (Fig. 8b); a drop-

sonde also revealed moderate CAPE and little CIN near

the southern coast of Taiwan. These locations were near

the convective clouds and had relatively higher water

vapor content. The soundings, which were located to the

rear and on the northern periphery of the MCV center,

demonstrated either small CAPE or larger CIN and

corresponded to a dry environment. At 0600 UTC, the

FIG. 6. Zonally (118.58–1208E) averaged Hovmöller diagrams of

(a) geopotential height, (b) zonal wind, (c) temperature, (d)

mixing ratio, and (e) relative vorticity at 850 hPa during 3–7 Jun

2008.

FIG. 7. The 1000–500 hPa thickness (solid line; contour in-

terval 3 dam), and 700-hPa equivalent potential temperature

(dashed line; contour interval 5 K), relative vorticity (gray

shading with intervals of 5 3 1025 s21) and wind barbs at (a)

1200 UTC 4 Jun and (b) 0000 UTC 5 Jun 2008.
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dry air extended into the MCV center. Thus, there were

two different regimes: organized and deep moist con-

vection on the east and southeast side of the vortex, and

clear air or scattered clouds to the west and northwest.

Figure 9 shows a dropsonde skew T–logp diagram

from each of these regimes. Dropsonde A (Fig. 9a) was

moist through the troposphere (indeed, it was in the

MCS) with a nearly saturated boundary layer. Drop-

sonde A possessed smaller spikes, some with weak

superadiabatic layers and near-zero lapse-rate layers

nearby, suggesting sampling of the convective scale

environment in which strong updrafts and downdrafts

were causing a mixing of air from different layers.

The prevailing southwesterly monsoon flow rotated to

southerly inflow on this flank of the MCV. The lower-

tropospheric winds were primarily southerly with some

evidence of an increase with height. The wind direc-

tion, veering and backing twice with height below

500 hPa, also suggests a significant influence of con-

vection. The wind speed increased above 500 hPa, and

the vertical wind shear between 500 and 200 hPa was

12.9 m s21. Since dropsonde A was strongly influenced

by convective-scale features, it is excluded from mesoscale

FIG. 8. CAPE (upper values) and CIN (bottom values) distri-

bution superimposed on water vapor channel satellite images at

(a) 0000 UTC and (b) 0600 UTC 5 Jun 2008. The 3 symbols denote

the location of the 850-hPa MCV center; A and B denote the lo-

cations of the two dropsondes shown in Fig. 9.

FIG. 9. Skew T–logp diagram from the dropsondes at locations (a) A

at 2338 UTC and (b) B at 2309 UTC 4 Jun 2008 shown in Fig. 8.
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weather analyses. The profile from dropsonde B (Fig. 9b)

exhibited a capping inversion above 900 hPa that was

responsible for greater CIN and only scattered, low

clouds in this area. In addition, the boundary layer was

rather dry, well-mixed, and slightly warmer than that in

dropsonde A.

During a portion of the observing period, a meso-

scale rainband formed featuring an intense bow-shaped

leading line of convection and a broad stratiform pre-

cipitation shield on the upshear flank of the vortex dur-

ing 2300 UTC 4 June and 0100 UTC 5 June (Fig. 10). The

northward-moving convection collided with the south-

west terrain of Taiwan, which contributed to flooding

rains along the coastal plain around 0300–0600 UTC

5 June. At the same time, a leeside convective precipi-

tation area developed.

FIG. 10. Hybrid radar reflectivity (dBZ) showing the hourly evolution of the MCS every 1 h from

2300 UTC 4 Jun to 0600 UTC 5 Jun 2008.
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d. The kinematic and thermodynamic structure
of the subtropical oceanic MCV

In the mesoscale analyses at 0000 UTC and 0600 UTC

5 June, a cyclonic circulation associated with the MCV

was apparent at 925–700 hPa (Figs. 11–13). The gradient

of virtual potential temperature uy at 925 hPa was about

1 K (100 km)21 at 0000 UTC (Fig. 11a), while on the

northeast periphery of the MCV, uy was lower. The wind

direction crossed the isentropes from warm to cold air,

implying warm advection, and upgliding motion oc-

curred within the strong southerly flow associated with

the MCV circulation. This weak upgliding was nearly

collocated with the main convection. In addition, an

enhanced uy gradient was presented near the coast at

0600 UTC (Fig. 11b), where the isentropic ascending

motion may have contributed to flooding rain along the

coastal area instead of on the terrain slope farther in-

land.

The 850- and 700-hPa maps show a mesolow within

the cyclonic circulation, slightly biased to the northern

periphery at 0000 UTC 5 June (Figs. 12a, 13a). The cy-

clonic circulation was located offshore from the Taiwan

coast at 0600 UTC, and the mesolow deepened and

shifted to the eastern periphery of the MCV (Figs. 12b,

13b). The northward-propagating convective cells co-

incided with the southerly and southwesterly winds.

According to the reflectivity, the strong southerly wind

observation was either within or very close to the MCS,

suggesting that simple gradient wind balance might not

be expected on this flank.

FIG. 11. Horizontal wind (barbs) and virtual potential temperature

(dashed lines) at 925 hPa at (a) 0000 UTC and (b) 0600 UTC 5 Jun

2008. The 3 symbols denote the location of the 850-hPa MCV center.

FIG. 12. Horizontal wind (barbs), geopotential height (solid lines),

and virtual temperature (dotted lines) at 850 hPa at (a) 0000 UTC

and (b) 0600 UTC 5 Jun 2008. The 3 symbols denote the location of

the MCV center. Gray shading highlights reflectivity .20 dBZ (light

gray) and .35 dBZ (medium gray) at 1.5 km.
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The temperature gradient within the lower tropo-

sphere over the analysis region was weak. Correspond-

ing to approximate thermal wind balance, the average

vertical wind shear between 500 and 925 hPa was only

about 3.3 m s21 and directed from 2818 at 0000 UTC.

This value of vertical wind shear would be in thermal

wind balance with a temperature gradient of roughly

1.28C (1000 km)21. The virtual temperature gradient at

850 hPa was greater, about 28C (1000 km)21 directed

toward the southwest at 0000 UTC (Fig. 12a). Six hours

later, the central area of the mesolow warmed, partly

obscuring the overall temperature gradient (Fig. 12b).

At 0600 UTC, the wind shear was 3 m s21 from 3518.

Mesoscale maps at 700 hPa show the locally higher ue

area collocated with a southwesterly wind at 0000 UTC

(Fig. 13a) and with a southerly wind at 0600 UTC (Fig. 13b).

A pronounced ue contrast is present on the north side of the

MCV, and there was a localized area of lower ue behind

the main convection at 0000 UTC. Weak warm advection

occurred on the northwest periphery.

The cyclonic circulation over the lower-tropospheric

MCV center was negligible at 500 hPa (Fig. 14). Cy-

clonic vorticity at 500 hPa may be inferred along an

arc extending from northeast to east of the MCV, then

trailing back to slightly south and southwestward of

the MCV. Six hours later, the cyclonic circulation at

500 hPa is also shifted to the east of the MCV, but by

a smaller amount than earlier. Warm advection on the

east flank was present especially between 700 and

500 hPa. The wind direction veered with height and

a northerly wind was revealed at 500 hPa. A large hu-

midity contrast was apparent to the north of the MCV.

The dry air penetrated into the rear flank of the MCV

FIG. 13. As in Fig. 12, but at 700 hPa and with equivalent po-

tential temperature (dotted lines) instead of virtual temperature.

Gray shading is for 3 km.

FIG. 14. As in Fig. 12, but at 500 hPa and with RH (dotted lines)

instead of virtual temperature and no shading.
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in the northwesterly and westerly flow, consistent with

Figs. 8 and 9b. In general, the southerly and south-

westerly flow possessed higher humidity relative to

northwesterly flow.

An east–west vertical cross section of the meridional

wind component exhibited a distinct tangential velocity

couplet between 5 km MSL and the boundary layer at

0000 UTC, stretching to 8 km at 0600 UTC 5 June

FIG. 15. East–west vertical cross sections through the MCV center of (a) system-relative meridional wind component with contours in

intervals of 5 m s21 and radar reflectivity (dBZ), (b) system-relative zonal wind component and virtual potential temperature deviation

with shading intervals of 1 K, (c) relative vorticity with contour interval of 5 3 1025 s21 and divergence with shading intervals of 5 3

1025 s21, (d) RH with contour intervals of 10% and equivalent potential temperature with shading interval of 5 K, and (e) geopotential

height deviation with contour intervals of 10 m at (left) 0000 UTC and (right) 0600 UTC 5 Jun 2008. The hatching in (a)–(c) indicates

uncertain bias due to missing low-level wind data.

2378 M O N T H L Y W E A T H E R R E V I E W VOLUME 139



(Fig. 15a). An asymmetric tangential velocity couplet

appeared between 3 km MSL and the boundary layer

with a diameter of about 200–250 km. The maximum

northerly flow occurred below 1 km, and the maximum

southerly flow was between 1 and 3 km at 0000 UTC

before deepening to 5 km by 0600 UTC. The main

convection, in which the 25-dBZ echo extended up

to 8 km MSL, was collocated with southerly flow. A

weaker cyclonic wind shift above the main convection

was revealed at 0000 UTC. The southerly wind at 10–

11 km MSL is likely the signature of the convective

outflow. The MCV apparently became deeper between

0000 and 0600 UTC, probably owing to deep convec-

tion partly within the MCV center (at 0000 UTC). The

main convection moved ahead of the MCV center at

0600 UTC, and heavy precipitation occurred over

coastal areas. An eastward-tilted cyclonic circulation

above the mountain level was evident at 0600 UTC.

The system-relative zonal winds exhibited relatively

weaker and shallower front-to-rear flow penetrating

through the lower portion of the vortex at 0000 UTC

(Fig. 15b). Isentropic ascent (Raymond and Jiang 1990;

Trier and Davis 2007) of the easterly flow below 850 hPa

appeared as the low-level uy deviation decreased

westward between 1198 and 1218E. At 0600 UTC, the

low-level uy deviation minimum in the vicinity around

120.48E enhanced the uy gradient farther south, leading

to favorable conditions for isentropic upglide. The lo-

cation of the primary convection was near this upgliding

region, and a deep warm core, corresponding with the

convection, was revealed in the mid to upper tropo-

sphere at 0600 UTC. The system-relative1 westerly flow

above the front-to-rear flow at 0600 UTC was stronger

and deeper in contrast to 0000 UTC and penetrated into

the MCV center. Above 500 hPa, the westerly flow in-

creased with height with vertical wind shear between

500 and 200 hPa of 12 m s21 at 0000 UTC and 18 m s21

at 0600 UTC. Downshear, the precipitation appeared to

be mainly stratiform with a brightband signature be-

tween 500 and 700 hPa (Fig. 15a).

FIG. 15. (Continued)

1 The system motion was assumed to be 0 at this time based on

the lack of movement of the vortex in the lowest 2 km.

AUGUST 2011 L A I E T A L . 2379



The maximum mesoscale vorticity exceeded 2.5 3

1024 s21 around 118.58E at 0000 UTC and around

119.38E at 0600 UTC 5 June (Fig. 15c). At 0000 UTC,

the strong cyclonic vorticity extended nearly to 500 hPa

with a nearly upright structure, and a second maximum

was revealed to the east of the lower-tropospheric vor-

tex. Six hours later, the cyclonic vorticity strengthened

and the maximum penetrated down into the boundary

layer. The vorticity structure associated with the MCV

was translated eastward above 700 hPa, yet remained

upright throughout the midtroposphere. Low-level con-

vergence with a magnitude of about one-quarter of the

vorticity was slightly ahead of the vortex center at 0000

UTC. Stronger midtropospheric divergence over the

coastal region was also evident at 0600 UTC. There was

anticyclonic vorticity appearing above 400 hPa and the

minimum occurred eastward of the main convective

region.

High values of equivalent potential temperature in the

boundary layer occurred within the region of cyclonic

vorticity (Fig. 15). Enhanced ue at 850 hPa corresponded

with the strong southerly flow. Potential instability,

conditional instability (Fig. 9a), and high reflectivity

(Fig. 13a) within the region of low-level convergence

suggest that the stretching of vorticity was due to deep

moist convection within the MCV. Noticeable low RH

between 850 and 500 hPa (Figs. 14, 15d) and sparse

precipitation in the upshear region of the MCV (Figs. 10,

13, 15) reflected the dry air transport.

At 0000 UTC, the mesolow below the 700-hPa warm

perturbation (Fig. 15e) was collocated with the low-level

vortex (Fig. 15c); the other warm perturbation in the

high troposphere and a mesolow below it reflect the

MCS structure with a warm anvil (Fig. 15b). The warm

perturbation in the upper troposphere deepened (Fig. 15b)

and the lower-tropospheric mesolow strengthened at

0600 UTC (Fig. 15e). The gradient of geopotential height

increased between 119.58 and 1218E in association with the

intensification of southerly flow (Fig. 15a).

e. Radial velocity dipole and subvortex

According to the radial velocity from the Cigu radar

0.58 plan position indicator (PPI; not shown) and 1.48

PPI (Fig. 16), a subvortex appears embedded in the

MCV circulation. Two horizontal scales are evident in

the dipole pattern of radial velocity. Consistent with the

sounding analysis (Figs. 11a–13a, 15a), the MCV circu-

lation observed on the northern edge of the mesoscale

rainband is roughly 160–200 km across, although it is

difficult to be precise because the receding velocities are

mainly in clear air. Within the MCV circulation, an inner

dipole, with a horizontal scale of only 25–30 km, was

first observed at 2200 UTC 4 June and became indistinct

after 0230 UTC 5 June (Fig. 17). During this period, the

inner subvortex moved eastward along 22.28N, and the

velocity dipole was asymmetric, similar to the tangential

wind structure of the MCV. A stronger receding branch

dominated at higher altitudes with stronger flow ap-

proaching the radar at lower levels. This asymmetry may

be simply a superposition of the small-scale vortex onto

the larger-scale southwesterly flow associated with the

MCV and the environment. The maximum shear vor-

ticity of about 3 3 1023 s21 occurred at 2300 UTC 4 June

at 4.5 km MSL (Fig. 17b).

With respect to the reflectivity field (Fig. 16), the in-

cipient mesovortex was embedded in the northern end

FIG. 16. Cigu radar (star) 1.48 PPI radial velocity (contours in-

terval 4 m s21; dashed lines indicate negative values) super-

imposed on composite radar reflectivity (dBZ) at 3 km (gray

shading) at (a) 2300 UTC 4 Jun and at (b) 0040 UTC 5 Jun 2008.

The dotted circles signify the mesoscale cyclonic circulation from

Figs. 11–13. The cross section sampling in Fig. 15 is marked by

a double-headed arrow in (b).
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of the stronger convective line segment (.40 dBZ) at

the back edge of the mesoscale rainband. Just behind the

intense convection, a weakly bow-shaped reflectivity

pattern accompanied the stronger approaching flow on

the southern side of the small-scale vortex at 2300 UTC

(Fig. 16a). Later yet, as the small-scale vortex gradually

grew in scale (Fig. 17d), the reflectivity in the convective

line weakened and became less organized (Fig. 16b). We

hypothesize that this small-scale vortex is analogous to

line-end vortices observed in other convective systems,

primarily at higher latitudes. The larger-scale cyclonic

vorticity provided by the MCV and mei-yu frontal zone

would strongly favor the development of the cyclonic

vortex as opposed to what might otherwise be a cyclonic–

anticyclonic vortex pair in the absence of background

rotation.

4. Context of findings

The MCV presented in this study occurred within

a preexisting ambient vorticity strip (Figs. 6e, 7) and

apparently resulted from deep, moist, convective pre-

cipitation (Figs. 10, 15a, 16). A subvortex, which was

embedded in the MCV, exhibiting stronger shear vor-

ticity and a shorter life cycle was also closely tied to

stronger convection. For a mei-yu front, preexisting

ambient vorticity, associated with significant horizontal

wind shear and moderate–weak temperature gradients,

is often seen; however, such a consolidated vortex occurs

less frequently.

One-day-average vertical cross sections normal to the

mei-yu front through the Taiwan Strait in Fig. 18 show

the PV evolution over 2 days. The easterly flow in the

present case had subsided, thereby becoming warm and

dry. The isolated PV structure around 228–238N, which

intensified and became vertically stacked, coincided

with increasing barotropic wind shear below 500 hPa

(also see in Figs. 6b,e). Stretching effects and latent

heating due to local organized convection within the

region of upright ambient vorticity contributed to the

concentration and further enhancement of the vorticity

(Fig. 15). In this region, the enhanced cyclonic vorticity

within the mei-yu strip made the vortex formation pro-

cess more efficient. Once generated, we suggest that the

vortex perturbed the strip, generating an undulation on

FIG. 17. Cross sections of Cigu radar radial (system relative) velocity through the velocity dipole extreme with southeast–

northwest (negative–positive direction) orientation every 1 h. The solid lines indicate receding flow and dashed lines indicate

proceeding flow with contour interval of 5 m s21 at (a) 2200 and (b) 2300 UTC 4 Jun; and (c) 0000, (d) 0100, and (e) 0200 UTC 5 Jun

2008.

FIG. 18. Time (1 day) and zonal (118.58–1208E) averages along

meridional cross sections of zonal wind (contour interval 5 m s21;

dashed lines indicate zero and negative values) and potential vor-

ticity (shading starts at 0.5 PVU with a 1-PVU contour interval):

(a) 1800 UTC 3 Jun to 1200 UTC 4 Jun 2008 and (b) 1800 UTC

4 Jun to 1200 UTC 5 Jun 2008.
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a scale of the vortex itself (Figs. 11–13, 16). Based on the

spatial scale of the vortex and the short time scale over

which it appeared to form, it is likely that the energy

source was a diabatic energy conversion, and that the

undulations of the vorticity strip were a result of this

process rather than a catalyst.

In contrast, a typical midlatitude MCV forms within

the stratiform region or at the end of the convective

line (Cotton et al. 1989; Olsson and Cotton 1997; Chen

and Frank 1993), and the midtropospheric warming is

usually associated with condensation heating in the

stratiform region (Zhang and Fritsch 1988). The rear-

inflow jet in the midtroposphere, due to downdrafts

from melting, evaporation, and water loading, results

in strong divergence at low levels (Smull and Houze

1987). Thus, the maximum cyclonic vorticity and the

maximum tangential winds tend to occur between 550

and 600 hPa (Zhang 1992; Fritsch et al. 1994; Bartels

et al. 1997; Davis and Trier 2007). The differences

in the present subtropical oceanic MCV are the very

moist and warm boundary layer and low LCL (Fig. 9)

compared to midlatitude convective environments.

There was also the preexistence of large ambient

vorticity (Fig. 18) and inferred relatively weak evap-

oration cooling (Fig. 15b) in the lower troposphere,

both of which favored vorticity generation in the

subtropical, oceanic vortex at a lower altitude than in

midlatitude MCVs.

In the present case, convection and the associated

vortex may have developed more rapidly because of the

presence of a warm ocean surface (Fig. 4) (Lee et al.

2006). It seems likely that the strong southwesterly flow

south of the mei-yu front would have increased CAPE

and reduced CIN values through enhanced surface

moisture fluxes. Evidence for this is the extreme condi-

tional instability seen in the southernmost dropsonde in

Fig. 8a. This southwesterly flow, modified by the MCV

circulation (Fig. 15a), transports high ue air northward in

the lower troposphere, thereby increasing potential in-

stability ahead of the MCV center (Fig. 15d). Such an

environment is favorable for convection and further

heavy precipitation (Fig. 10). This is similar to the role of

the enhanced nocturnal low-level jet (LLJ) associated

with continental MCVs and their heavy precipitation

(Cotton et al. 1989; Bartels and Maddox 1991; Olsson

and Cotton 1997; Davis and Trier 2002; Trier and Davis

2002; Schumacher and Johnson 2009); such cases tend to

exhibit an asymmetric precipitation structure with me-

soscale rotation.

In addition, the isentropic vertical motion pattern

associated with the vortex-relative zonal flow region

(Fig. 15b) is favorable for downshear ascent in the lower

troposphere and the release of potential instability. The

dry rear inflow in the midtroposphere, which was en-

trained into the MCV center, inhibited deep convec-

tion over its upshear region. This contributed to the

asymmetry of precipitation across the vortex and to the

lack of convection in its center by 0600 UTC 5 June.

5. Concluding remarks

During 4–5 June 2008, a mei-yu front, characterized

by strong ue gradients, a distinct horizontal wind shift,

and a weak horizontal temperature variation, was situ-

ated across the middle of Taiwan, the Taiwan Strait, and

southern China. A rain belt persisted along a moderate

southwesterly low-level jet around 208N. Wavy cyclonic

disturbances with active convection migrated eastward

along a vorticity strip defined by a zone of strong hori-

zontal wind shear. A decayed MCS reorganized within

the vorticity strip around 1200 UTC 4 June 2008 and

developed a strong MCV with a diameter of roughly

250 km, and included evidence of an embedded sub-

vortex with a diameter of only 25–30 km. The observed

magnitude of maximum shear vorticity in the subvortex

reached 3 3 1023 s21 at 4.5 km MSL.

Dry, subsiding easterly flow poleward of the mei-yu

front helped create a large contrast in water vapor across

the shear zone with essentially no temperature contrast.

Very moist air in the lower-tropospheric southwesterly

flow provided a convectively unstable environment and

contributed to the heavy precipitation in association

with this MCV. We propose that vortex stretching as-

sociated with the deep convection concentrated the

vorticity within the mei-yu vorticity strip, and hence the

depth of the vortex was closely related to the depth of

this shear zone. The vorticity strip thus provided a fa-

vorable ‘‘reservoir’’ of cyclonic vorticity that could be

tapped by convection.

Figure 19 shows a schematic of the structure and evo-

lution of the subtropical MCV examined in this study.

Stage I is based on the analyses of 0000 UTC 5 June;

the MCV was intensifying and exhibited a near-upright

structure with deep convection occurring near its center.

The strong tangential wind and vorticity, with a cyclonic

circulation diameter of 250 km, was confined below

roughly 5 km MSL. The MCV induced more southerly

and southeasterly flow, which brought the moisture

northward to its east flank and created convective and

conditional instability. Weak isentropic ascent associated

with the vortex-relative easterly flow downshear of the

MCV was nonetheless able to cause a focusing of the

convection due to small convective inhibition, low cloud

base, and low lifting condensation level in the extremely

moist environment. The leading convection organized

into a bow-shaped convective line, with a line-end vortex
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diameter of only 25–30 km evident in the Cigu Doppler

radar. In contrast to the leading convection, there was

only scattered precipitation on the upshear flank of the

vortex and a swirl of low clouds exposed (Fig. 1). The

asymmetric precipitation structure resulted from the dry

system relative rear inflow, much of which came from the

dry air north of the vorticity strip that had a history of

subsidence before entering the subtropics. The low-level

cyclonic circulation center was not located underneath

the deep convection, which would not be optimal for the

vortex to rapidly intensify. Although a tilt was discern-

able, the weaker vertical wind shear below 500 hPa still

allowed for a relatively upright vortex.

The mature phase of the vortex (Fig. 19, stage II)

exhibited a deeper structure with a slight eastward tilt.

The main convection was collocated with low-level

convergence and midlevel divergence placed ahead of

the low-level MCV center. The convective instability

and low-level isentropic ascent enhanced precipitation,

creating flooding over the onshore coastal region instead

of on the terrain slope. Dry inflow on the upshear side of

the vortex entrained into the circulation’s center and

inhibited further convection in the core. Splitting of the

flow, induced by the central mountain range of Taiwan,

resulted in convection eventually forming on the east

side of Taiwan.

This is the first study using the unique dataset from the

East Asian region to examine a subtropical oceanic

MCV in detail. We revealed the associated environ-

mental features and the kinematic and thermodynamic

structure of the MCV with an embedded strong inner

subvortex. This case possessed obviously different char-

acteristics compared to the midlatitude MCV. A critical

unresolved issue is the evolution of the MCS/MCV. The

overarching future objective is to examine the cyclogenesis

and evolution of the MCV over the ocean via high-reso-

lution numerical simulation. Furthermore, the oro-

graphic influence on the structure of the vortex and

precipitation will also be explored in a forthcoming

study.

Acknowledgments. This study was supported by the

National Science Council of Taiwan, under Grants NSC-

98-2745-M-002-007-MY3 and NSC-100-2915-I-002-018.

The authors thank all participants involved in the

planning and field phases of SoWMEX/TiMREX. Ac-

cess to the satellite and radar data was provided by the

Center Weather Bureau of Taiwan and the data pro-

cessing was assisted by Nick C.-C. Tong and Ultimate

C.-J. Jung (NTU). We also thank Paul Ciesielski (Col-

orado State University), Junhong Wang (NCAR), and

Shao-Chin Huang (Chinese Culture University) for

their support of the SoWMEX/TiMREX sounding data

quality control. This work benefited from constructive

suggestions of the internal review by Stanley Trier

(NCAR) and two anonymous reviewers.

REFERENCES

Akiyama, T., 1984a: A medium-scale cloud cluster in a Baiu front.

Part I: Evolution process and a fine structure. J. Meteor. Soc.

Japan, 62, 485–504.

——, 1984b: A medium-scale cloud cluster in a Baiu front. Part II:

Thermal and kinematics fields and heat budget. J. Meteor. Soc.

Japan, 62, 505–520.

Bartels, D. L., and R. A. Maddox, 1991: Midlevel cyclonic vortices

generated by mesoscale convective systems. Mon. Wea. Rev.,

119, 104–118.

——, J. M. Brown, and E. I. Tollerud, 1997: Structure of a mid-

tropospheric vortex induced by a mesoscale convective sys-

tem. Mon. Wea. Rev., 125, 193–211.

Chang, C. P., S. C. Hou, H. C. Kuo, and G. T. J. Chen, 1998: The

development of an intense East Asian summer monsoon dis-

turbance with strong vertical coupling. Mon. Wea. Rev., 126,

2692–2712.

——, L. Yi, and G. T. J. Chen, 2000: A numerical simulation of

vortex development during the 1992 East Asian summer

FIG. 19. Schematic diagram of two stages of the present sub-

tropical MCV: stage (top) I and (bottom) II. The cyclonic vortices

are shown by light gray and the dark gray indicates the subvortex.

The mesolow and mesohigh are labeled L and H, respectively. The

warm core is labeled W. The cylindrical arrows show the flow

coming from the moist LLJ. Horizontal arrows indicate the vortex-

relative zonal inflow. The zonal vertical wind shear places the lift

along a vertical line. The dashed line indicates the low-level isen-

tropic surface.

AUGUST 2011 L A I E T A L . 2383



monsoon onset using the Navy Regional model. Mon. Wea.

Rev., 128, 1604–1631.

Chang, P.-L., P.-F. Lin, B.J.-D. Jou, and J. Zhang, 2009: An appli-

cation of reflectivity climatology in constructing radar hybrid

scans over complex terrain. J. Atmos. Oceanic Technol., 26,

1315–1327.

Chen, G. T.-J., 1992: Mesoscale features observed in the Taiwan

Mei-yu season. J. Meteor. Soc. Japan, 70, 497–516.

——, 2004: Research on the phenomena of Meiyu during the past

quarter century: An overview. East Asian Monsoon, C. P. Chang,

Ed., Series for Meteorology of East Asia, Vol. 2, World Sci-

entific, 357–403.

——, and C.-P. Chang, 1980: The structure and vorticity budget of

an early summer monsoon trough (mei-yu) over southeastern

China and Japan. Mon. Wea. Rev., 108, 942–953.

——, and C.-C. Yu, 1988: Study of low-level jet and extremely heavy

rainfall over northern Taiwan in the Mei-yu season. Mon. Wea.

Rev., 116, 884–891.

——, W.-H. Huang, and Y.-M. Wang, 2001: The relationship of

mesoscale convective systems and precipitation over northern

Taiwan in Meiyu season. Atmos. Sci., 29, 21–36.

——, C. C. Wang, and S. W. Chang, 2008: A diagnostic case study of

Meiyu frontogenesis and development of wavelike frontal

disturbances in the subtropical environment. Mon. Wea. Rev.,

136, 41–61.

Chen, S. S., and W. M. Frank, 1993: A numerical study of the genesis

of extratropical convective mesovortices. Part I: Evolution and

dynamics. J. Atmos. Sci., 50, 2401–2426.

Chen, Y.-L., X. A. Chen, S. Chen, and Y. H. Kuo, 1997: A nu-

merical study of the low-level jet during TAMEX IOP 5. Mon.

Wea. Rev., 125, 2583–2604.

Ciesielski, P. E., W.-M. Chang, S.-C. Huang, R. H. Johnson, B.J.-D.

Jou, W.-C. Lee, P.-H. Lin, C.-H. Liu, and J. Wang, 2010:

Quality controlled upper-air sounding dataset for TiMREX/

SoWMEX: Development and corrections. J. Atmos. Oceanic

Technol., 27, 1802–1821.

Cotton, W. R., M.-S. Lin, R. L. McAnelly, and C. J. Tremback,

1989: A composite model of mesoscale convective complexes.

Mon. Wea. Rev., 117, 765–783.

Davis, C. A., and S. B. Trier, 2002: Cloud-resolving simulations

of mesoscale vortex intensification and its effect on a serial

mesoscale convective system. Mon. Wea. Rev., 130, 2839–

2858.

——, and ——, 2007: Mesoscale convective vortices observed

during BAMEX. Part I: Kinematic and thermodynamic

structure. Mon. Wea. Rev., 135, 2029–2049.

Ding, Y. H., 1992: Summer monsoon rainfalls in China. J. Meteor.

Soc. Japan, 70, 373–396.

——, Y. Zhang, Q. Ma, and G. Hu, 2001: Analysis of the large-scale

circulation features and synoptic systems in east Asia during

the intensive observation period of GAME/HUBEX. J. Me-

teor. Soc. Japan, 79, 277–300.

Du, J., and H.-R. Cho, 1996: Potential vorticity anomaly and me-

soscale convective systems on the Baiu (Mei-Yu) front.

J. Meteor. Soc. Japan, 74, 891–908.

Fang, Z., 1985: The preliminary study of medium-scale cloud

cluster over Changjiang basin in summer. Adv. Atmos. Sci., 2,

334–340.

Fritsch, J. M., J. D. Murphy, and J. S. Kain, 1994: Warm core vortex

amplification over land. J. Atmos. Sci., 51, 1780–1807.

Geng, B., H. Yamada, K. K. Reddy, H. Uyeda, and Y. Fujiyoshi,

2004: An observational study of the development of a rainband

on a Meiyu front causing heavy rainfall in the downstream

region of the Yangtze River. J. Meteor. Soc. Japan, 82, 1095–

1115.

Johnson, R. H., and J. F. Bresch, 1991: Diagnosed characteristics of

precipitation systems over Taiwan during the May–June 1987

TAMEX. Mon. Wea. Rev., 119, 2540–2557.

Jou, B.J.-D., and S.-M. Deng, 1992: Structure of a low-level jet

and its role in triggering and organizing moist convection

over Taiwan: A TAMEX case study. Terr. Atmos. Oceanic

Sci., 3, 39–58.

——, and ——, 1998: The organization of convection in a Mei-yu

frontal rainband. Terr. Atmos. Oceanic Sci., 4, 533–572.

——, W. C. Lee, and R. H. Johnson, 2010: An overview of

SoWMEX/TiMREX. Selected Papers of the Fourth International

Monsoon Workshop, C. P. Chang, Ed., World Scientific, 1–16.

Kuo, H.-C., and C.-H. Horng, 1994: A study of finite amplitude

barotropic instability. Terr. Atmos. Oceanic Sci., 5, 199–243.

Kuo, Y.-H., L. Cheng, and R. A. Anthes, 1986: Mesocale analyses

of Sichuan flood catastrophe, 11–15 July 1981. Mon. Wea.

Rev., 114, 1984–2003.

——, ——, and J. W. Bao, 1988: Numerical simulation of the 1981

Sichuan flood. Part I: Evolution of a mesoscale southwest

vortex. Mon. Wea. Rev., 116, 2481–2504.

Lee, C.-S., Y.-L. Lin, and K.K.-W. Cheung, 2006: Tropical cyclone

formations in the South China Sea associated with the mei-yu

front. Mon. Wea. Rev., 134, 2670–2687.

LeMone, M., E. J. Zipser, and S. Trier, 1998: The role of environ-

mental shear and thermodynamic conditions in determining the

structure and evolution of mesoscale convective systems during

TOGA COARE. J. Atmos. Sci., 55, 3493–3518.

Li, J., Y.-L. Chen, and W.-C. Lee, 1997: Analysis of a heavy rainfall

event during TAMEX. Mon. Wea. Rev., 125, 1060–1082.

Li, Y.-L., S.-Y. Tao, and C.-X. Du, 1993: An analysis of the meso-

convective cloud clusters in Mei-yu front (in Chinese). J. Appl.

Meteor. Sci., 4, 278–285.

Lin, Y.-J., R. W. Pasken, and H.-W. Chang, 1992: The structure of

a subtropical prefrontal convective rainband. Part I: Meso-

scale kinematic structure determined from dual-Doppler

measurements. Mon. Wea. Rev., 120, 1816–1836.

Loehrer, S. M., T. A. Edmands, and J. A. Moore, 1996: TOGA

COARE upper-air sounding data archive: Development and

quality control procedures. Bull. Amer. Meteor. Soc., 77,

2651–2671.

Lucas, C., E. J. Zipser, and M. A. LeMone, 1994: Convective

available potential energy in the environment of oceanic and

continental clouds: Correction and comments. J. Atmos. Sci.,

51, 3829–3830.

Ninomiya, K., T. Akiyama, and M. Ikawa, 1988a: Evolution and

fine structure of a long-lived meso-a-scale convective system

in Baiu frontal zone. Part I: Evolution and meso-b-scale

characteristics. J. Meteor. Soc. Japan, 66, 331–350.

——, ——, and ——, 1988b: Evolution and fine structure of a long-

lived meso-a-scale convective system in a Baiu front zone.

Part II: Meso-g-scale characteristics of precipitation. J. Meteor.

Soc. Japan, 66, 351–371.

Olsson, P. Q., and W. R. Cotton, 1997: Balanced and unbalanced

circulations in a primitive equation simulation of a midlatitude

MCC. Part I: Numerical simulation. J. Atmos. Sci., 54, 457–478.

Ray, P. S., A. Robinson, and Y. Lin, 1991: Radar analysis of a TAMEX

frontal system. Mon. Wea. Rev., 119, 2519–2539.

Raymond, D. J., and H. Jiang, 1990: A theory for long-lived me-

soscale convective systems. J. Atmos. Sci., 47, 3067–3077.

Schumacher, R. S., and R. H. Johnson, 2009: Quasi-stationary,

extreme-rain-producing convective systems associated with

2384 M O N T H L Y W E A T H E R R E V I E W VOLUME 139



midlevel cyclonic circulations. Wea. Forecasting, 24, 555–

574.

Smull, B. F., and R. A. Houze Jr., 1987: Rear inflow in squall lines with

trailing stratiform precipitation. Mon. Wea. Rev., 115, 2869–2889.

Tao, S.-Y., and Y.-H. Ding, 1981: Observational evidence of

the influence of the Qinghai Xizang (Tibet) Plateau on the

occurrence of heavy rain and severe convective storms in

China. Bull. Amer. Meteor. Soc., 62, 23–30.

Trier, S. B., and C. A. Davis, 2002: Influence of balanced motions

on heavy precipitation within a long-lived convectively gen-

erated vortex. Mon. Wea. Rev., 130, 877–899.

——, and ——, 2007: Mesoscale convective vortices observed

during NAMEX. Part II: Influences on secondary deep con-

vection. Mon. Wea. Rev., 135, 2051–2075.

Wang, B., 1987: The development mechanism for Tibetan Plateau

warm vortices. J. Atmos. Sci., 44, 2978–2994.

——, and I. Orlanski, 1987: Study of a heavy rain vortex formed

over the eastern flank of the Tibetan Plateau. Mon. Wea. Rev.,

115, 1370–1393.

Wang, W., Y. H. Kuo, and T. T. Warner, 1993: A diabatically

driven mesoscale vortex in the lee of the Tibetan Plateau.

Mon. Wea. Rev., 121, 2542–2561.

Wu, G. X., and S. J. Chen, 1985: The effect of mechanical forcing on

the formation of a mesoscale vortex. Quart. J. Roy. Meteor.

Soc., 111, 1049–1070.

Yamasaki, M., 2005: A numerical study of cloud clusters and

a meso-a-scale low associated with a Meiyu front. J. Meteor.

Soc. Japan, 83, 305–329.

Ye, D.-Z., 1981: Some characteristics of the summer circulation

over the Qinghai-Xizang (Tibet) Plateau and its neighbor-

hood. Bull. Amer. Meteor. Soc., 62, 14–19.

Yu, C.-K., B.J.-D. Jou, and B. F. Smull, 1999: Formative stage of

a long-lived mesoscale vortex observed by airborne Doppler

radar. Mon. Wea. Rev., 127, 838–857.

Zhang, D.-L., 1992: The formation of a cooling induced meso-

vortex in the trailing stratiform region of a midlatitude squall

line. Mon. Wea. Rev., 120, 2764–2785.

——, and J. M. Fritsch, 1988: A numerical investigation of a con-

vectively generated, inertially stable, extratropical warm-core

mesovortex over land. Part I: Structure and evolution. Mon.

Wea. Rev., 116, 2660–2687.

Zhang, Q.-H., K.-H. Lau, Y.-H. Kuo, and S.-J. Chen, 2003: A nu-

merical study of a mesoscale convective system over the Tai-

wan Strait. Mon. Wea. Rev., 131, 1150–1170.

AUGUST 2011 L A I E T A L . 2385


