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ABSTRACT

The structure and diurnal evolution of long-lived, eastward-propagating mesoscale convective vortices
(MCVs) along typical summertime mei-yu fronts over the east China plains are investigated through com-
posite analysis of a 30-day semi-idealized simulation. The simulation uses lateral boundary conditions that
vary only diurnally in time using analyses of recurring MCV events during 1-10 July 2007. Hence, the behavior
of convection and vorticity follows a closely repeating diurnal cycle for each day during the simulation.
Assisted by the eastward extension of enhanced vorticity anomalies from the Sichuan basin, the incipient
MCYV forms in the morning hours over the immediate lee (east) of the central China mountain ranges (stage 1).
From local afternoon to early evening, as the MCV moves over the plains, convection weakens in the daytime
downward branch of the mountain—plains solenoid. This allows the upper-level and lower-level portions of the
vortex to partially decouple, and for convection to shift to the east-southeast side of the surface vortex (stage 2).
Immediately after sunset, convection reinvigorates above the low-level MCV center as a result of moistening and
destabilization from a combination of radiative forcing and an intensified low-level jet. This intensifies the MCV
to maturity (stage 3). The mature MCV eventually evolves into an occluding subsynoptic cyclone with strong
convection across all sectors of the low-level vorticity center during the subsequent day’s morning hours along

the east China coastal plains before it moves offshore (stage 4).

1. Introduction

Mesoscale convective vortices (MCVs) are cyclonic
vorticity centers that form in the mid- to lower atmo-
sphere forced by mesoscale convective systems (MCSs;
Brown 1979; Bartels and Maddox 1991; Davis and
Weisman 1994). The MCVs are meso-B- to meso-a-scale
weather phenomena that have typical time scales
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ranging from hours to days, and horizontal scales of
around 100-300km in diameter extending several kilo-
meters vertically (Bosart and Sanders 1981; Fritsch et al.
1994; Jorgensen and Smull 1993; Yu et al. 1999; Trier
et al. 2000; Davis and Trier 2007). Raymond and Jiang
(1990) proposed that an environment consisting of weak
midlevel shear but stronger low-level shear could
promote a mesoscale rotational circulation during an
MCS event. Davis and Weisman (1994) demonstrated
that the development of low- to midtropospheric
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cyclonic potential vorticity (PV) may characterize the
formation of an MCV. In more idealized and/or theo-
retical approaches based on PV thinking, studies showed
that latent heat release from an MCS is usually maxi-
mized in the midtroposphere that redistributes the PV
so that a positive PV anomaly forms in the mid- to lower
troposphere beneath a negative PV anomaly at upper
levels (Thorpe 1985; Haynes and Mclntyre 1987;
Raymond and Jiang 1990; Chen and Frank 1993). The
latent heat and the associated convective updraft also
contribute to enhancement and maintenance of the
vortex through stretching (Fritsch et al. 1994; Rogers
and Fritsch 2001; Davis and Trier 2002) and/or
the convergence of larger-scale or planetary vorticity
(Bartels and Maddox 1991; Skamarock et al. 1994).
However, some studies showed that tilting of preex-
isting horizontal vorticities could also contribute to
the MCV development (e.g., Brandes 1990; Zhang
1992; Kirk 2007).

The mei-yu front is a warm-season quasi-stationary,
east—-west-oriented frontal zone that forms over central
and east China characterized by a weak temperature
gradient but with a strong contrast in moisture across the
frontal boundary. It is one of the most significant
weather systems in the East Asia monsoon region that is
often responsible for severe flooding along the Yangtze—
Huai River valley (YHRV), and is characterized by
strong low-tropospheric cyclonic wind shear (Chen
1983). Numerous mesoscale disturbances including both
MCSs and/or MCVs have been observed to form, de-
velop, and propagate eastward along this quasi-
stationary frontal boundary, often associated with
strong precipitation (Ding 1993; Ninomiya 2000; Chen
and Zheng 2004; Zhao et al. 2004; Sun et al. 2010; Xu
et al. 2017).

Most of the larger cyclonic circulations (including
MCVs) along the mei-yu front are observed to develop
in the lee (east) of the second-step terrain in east China
(~115°E; Zhang et al. 2004; Sun and Zhang 2012,
hereafter SZ12). The second-step high terrain includes
the Taihang Mountains, the Loess Plateau over north
China, the Qinling Mountains over central China, and
the Yungui Plateau over southwest China (Fig. 1). SZ12
explored the impact of mountain—plains solenoids
(MPSs) between the second-step high-mountain ranges
and the adjacent eastern plains on the diurnal variations
of precipitation and MCVs along the mei-yu front over
the YHRYV region during 1-10 July 2007. This period
featured several heavy precipitation episodes with the
maximum 10-day accumulated precipitation exceeding
400mm. SZ12 proposed that the MPSs induced by dif-
ferential heating between the high mountain ranges in
central China and the low-lying plains in east China
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could be responsible for the repeated development of
the MCVs and convection along the mei-yu front.
Building on the findings of SZ12, the primary objec-
tive of the present study is to further explore the diurnal
evolution and structure of MCVs east of the second-step
terrain along the mei-yu front over central and east
China. The experimental design is described in section 2.
An overview of the simulations and their comparison
with observations are presented in section 3. The de-
tailed formation, diurnal evolution, and decay of the
MCYV along the mei-yu front are discussed in section 4.
Concluding remarks are presented in section 5.

2. Experimental design

This study uses the Advanced Research version of the
Weather Research and Forecasting (WRF) Model
(version 3.5.1; Skamarock et al. 2005). The simulation
domain is as in SZ12 (see Fig. 1), which covers the
eastern part of China with 250 X 230 horizontal grids
with 9-km grid spacing covering an area of 2250 km X
2070 km that includes the eastern slope of the Tibetan
Plateau, the Sichuan basin, the second-step high moun-
tains, the eastern low-lying plains, and the hilly areas in
southeast China as the third-step terrain. Different from
SZ12, the current study increases the model vertical
levels from 27 to 31 (with the model top at S0hPa) but
keeps the same physics configurations that use the
Yonsei University (YSU) boundary layer scheme (Noh
et al. 2001), the Noah land surface model (Chen and
Dudhia 2001), long- and shortwave radiation parame-
terization (Dudhia 1989), a WRF single-moment 5-class
microphysics scheme (WSMS5; Hong et al. 2004; Hong
and Lim 2006), and a new Grell cumulus parameteri-
zation (Grell and Dévényi 2002). Other model config-
urations, including the use of the WSM6 microphysics
(Hong and Lim 2006) and the use of a large 3-km
convection-permitting nest were performed as well.
The results shown herein for the control simulation are
consistent with the results of those other simulations.

To achieve more stable and representative solutions,
all three experiments in this study (Table 1) were in-
tegrated for 30 days. They were initiated with the aver-
age conditions at 0000 UTC of the 10-day (1-10 July
2007) period, with the 10-day-averaged 0000, 0600, 1200,
and 1800 UTC diurnal cycle lateral boundary conditions
derived from the National Oceanic and Atmospheric
Administration (NOAA) Global Forecast System
(GFS) 1° X 1° operational analyses with a 6-h interval.

As in SZ12, the terrain distribution of TOPO_REAL
corresponds to the actual terrain while the terrains of
TOPO_CNTL east of 112°E and south of 33.2°N over
southern China are set uniformly to a height of 10m to
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FIG. 1. (left) Distributions of the terrain heights (m) and the model domain for each of three simulations:
(a) TOPO_REAL, (b) TOPO_CNTL, and (c) domain 2 of TOPO_NEST. (right) The average daily rainfall (mm)
for the last 25 days for simulations (d) TOPO_REAL, (¢) TOPO_CNTL, and (f) domain 2 of TOPO_NEST. Solid
lines are the terrain heights of 500 (purple lines) and 1000 m (blue lines).
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TABLE 1. Experimental details.
Horizontal Integration
Expt Objective Terrain Initial and boundary conditions resolution time
TOPO_REAL Real terrain Real terrain distribution ~ As in SZ12; initial condition: 9km 1 month
distribution mean of 0000 UTC each
day during 1-10 Jul 2007;
Boundary conditions: mean
of 0000, 0600, 1200, and 1800 UTC
each day during 1-10 Jul 2007
TOPO_CNTL Sensitivity to Removing the topography As in TOPO_REAL 9km 1 month
topography over to the east of 112°E and
southeast China to the south of 33.2°N
over southern China
TOPO_NEST Sensitivity to As in TOPO_CNTL As in TOPO_REAL Domain 1: 9km; 1 month

horizontal resolution

domain 2: 3 km

examine the impacts of smaller mountain ranges over
southern China and to exemplify the effect of the
second-step terrain on evolution of the MCVs. Experi-
ment TOPO_CNTL is the same as CNTL in SZ12.
Based on the terrain distribution of TOPO_CNTL, and
to further investigate the sensitivity of the model hori-
zontal resolution, an additional experiment with a 3-km
convection-permitting nested domain embedded in the
TOPO_CNTL domain (Fig. 1c) was also performed.
The 3-km nested domain is nearly as big as the entire
9-km domain except for allowing some transitional
boundaries on each side.

3. Simulation comparison
a. Background and precipitation comparison

The nearly periodic eastward-moving precipitat-
ing system appears after the fifth integration day
(5 July) (Figs. 2a,c,e). Figures 1d-f show the final
25-day-averaged daily precipitation of the three
experiments. The main average daily rain belt of
TOPO_REAL runs from the second-step terrain to
the eastern coastline. The maximum daily rainfall along
the southwest-northeast-orientated rain belt exceeds
50mm. It has been shown that a diurnally forced
boundary simulation leads to more concentrated and
locally heavier precipitation compared to a simulation
with fully varying boundary forcing (Trier et al. 2006;
Bao et al. 2011; SZ12; Zhang et al. 2014). After re-
moving the topography east of 112°E and south of
33.2°N (Fig. 1c), the location and intensity of the main
rain belt of TOPO_CNTL are almost the same as those
for TOPO_REAL but with smoother and broader
rainfall in excess of 50mmday ' over the eastern low-
lying regions. Then, the precipitation related to smaller-
scale convection is reproduced in the 3-km nested
domain (Fig. 1c). The main rain belt is overall very
consistent with the two previous experiments except for

somewhat stronger precipitation over the eastern edge
of the second-step terrain and weaker rainfall in the
eastern ocean.

For the former two experiments, the 25-day-averaged
geopotential heights in the middle (500hPa) and lower
(850hPa) troposphere and the wind field at 850 hPa are
shown in Fig. 3. In all the simulation results, the back-
ground circulations in the middle and lower troposphere
remain nearly unchanged: a southwesterly flow covering
midlatitudes, the western Pacific subtropical high control-
ling conditions in southeast China at 500 hPa, and the 5880-
m isohypse reaching as far west as 110°E; the southwest
vortex anchored over the Sichuan basin; southwesterly and
northeasterly winds converging along the mei-yu front
over the YHRY east of the Sichuan basin vortex; and the
low-level jet (LLJ) stronger than 12ms ™' extending north
to 30°N. After removing the hilly areas in southeast China
(TOPO_CNTL), the average geopotential height at
500hPa east of the second-step terrain (112°E) is much
smoother than that of TOPO_REAL.

For each of the three experiments, Fig. 2 shows
Hovmoller diagrams of hourly rainfall averaged over the
rain belt shown in Fig. 1. All the simulations successfully
reproduced the local afternoon convection over the
eastern part of the second-step terrain (107.5°-110°E).
The precipitation moves eastward continually, reaching
the eastern coastline the next morning, with the maxi-
mum appearing over the YHRV (115°~120°E) in the late
evening to early the next morning. Another common
feature is that the periodic eastward propagation of the
precipitation originating from the second-step terrain
reappears every day after 120 h of integration (i.e., every
day after 5 July). Besides the eastward propagation,
there is a second rainfall peak in the late-afternoon to
early evening over the region of 117°-122°E that is
consistent with previous studies of double-peak pre-
cipitation along the mei-yu front (Geng and Yamada
2007). However, compared with TOPO_REAL, the
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FIG. 2. Time-longitude diagrams of hourly rainfall (mm) over the primary mei-yu front rain belt averaged between
30°-34°N as shown in (a),(b) TOPO_REAL; (c),(d) TOPO_CNTL; and (e),(f) TOPO_NEST.
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FIG. 3. (top) The 500-hPa time-averaged geopotential heights (m) for (a) TOPO_REAL and (c) TOPO_CNTL.
(bottom) The corresponding 850-hPa wind field and geopotential heights (m) for (b) TOPO_REAL and

(d) TOPO_CNTL.

continuity and repeatability of the eastward propagation
rainfall in TOPO_CNTL is more robust, especially in
the final 15 days. As for the convection-permitting ex-
periment TOPO_NEST, precipitation (Figs. 1f and 3e.f)
and the smaller-scale vortex along the mei-yu front
(Fig. 6) are less intense and less periodic compared to
TOPO_CNTL. However, the overall MCV evolution
and diurnal variation are consistent with those in
TOPO_CNTL. Considering the reduced complexity of
the terrain, the more consistent eastward propagation of
precipitation, and the presence of quasi-stationary
mei-yu convergence, the following analysis is based on
the time-averaged field of TOPO_CNTL.

b. Diurnal cycle of precipitation and the MCV

Figure 4 shows the final 25-day-averaged diurnal cy-
cles of the simulated maximum column reflectivity, wind
field, and equivalent potential temperature 6, at 925 hPa
at 3-h intervals. There is a horizontal gradient of 6, lo-
cated around 32°-34°N and east of 112°E. Abundant

warm and moist air to the south and cool and dry air to
the north are identified with the persistent and intense
mei-yu front. The southwesterly flow and easterlies
converge south of the strong gradient of 6,. Moreover,
the 6, gradient and convergence line become more in-
tense during the night (Figs. 4a—d).

Mesoscale convection with high 6, forms over the lee
side of the second-step terrain and evolves gradually to
the eastern coastline along the mei-yu front. Convec-
tion originating over the eastern second-step terrain
(30°-32°N, ~110°E) is enhanced from the early evening
[2000 Beijing standard time (BST) (1200 UTC); Fig. 4a].
This is because the eastward extension of the south-
western vortex (SWV) and the corresponding convec-
tion over the eastern part of the second-step terrain
during the evening [2000-2300 BST (1200-1500 UTC);
pointed out by red arrows with dashed line in Figs. 4a
and 4b] overlap with the upward branch of nocturnal
MPS circulation between the second-step terrain and its
eastern low-lying intensified convection on the lee side
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FIG. 4. Diurnal variations of the 925-hPa horizontal wind (blue wind barbs), equivalent potential temperature
(black line; K), and maximum reflectivity (colored; dBZ) every 3 h from the control experiment (TOPO_CNTL).

(31°N, 112°E). This intensified convection enhances the
low-level wind perturbation on the western edge of the
mei-yu front along the eastern edge of the second-step
terrain [0200-0500 BST (1800-2001 UTC); pointed out
by red arrows with dashed line in Figs. 4c and 4d]. The

wind perturbation, which is characterized by horizontal
wind shear, evolves into a mesoscale vortex in the early
morning [after 0500 BST (2100 UTC); Fig. 4d]. A
closed mesoscale convective vortex and its corre-
sponding convection form in the morning [0800 BST
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(0000 UTC); Fig. 4e] with high 6, (note the 360-K
contour).

After 1500 BST (0700 UTC, not shown), the devel-
opment of the coupled MCV and convection is sup-
pressed during the day as the system migrates eastward
to the low-lying areas. The northward extension of high
0. (360-K contour) indicates an enhanced 6, gradient
and mei-yu frontal convergence [1700 BST (0900 UTC);
Fig. 4h]. In the early evening [2000 BST (1200 UTC);
pointed out by blue arrows with dashed line in
Fig. 4a], the convection undergoes a second en-
hancement. Meanwhile, the strengthened nocturnal
LLJ and convection lead to MCV intensification in the
late evening near 117°E [2300 BST (1500 UTC); pointed
out by blue arrows with dashed line in Fig. 4c]. The
convection coupled with the new MCV then propagates
eastward, south of the strong 6, gradient along the
mei-yu front. It is possible that the nocturnal LLJ, with
its abundant water vapor transport, favors rainfall along
the convergence line in warmer areas [0200-0500 BST
(1800-2100 UTC); pointed out by blue arrows with
dashed line in Figs. 4c and 4d]. The occluded MCV and
convection then continue to move eastward to the
coastline, with a convection line remaining over the
YHRYV [0800-1400 BST (0000-0600 UTC]; pointed out
by blue arrows with dashed line in Figs. 4e-g).

In summary, the MCV is triggered at the lee side of the
second-step terrain in the early morning at the western
edge of the mei-yu front. The MCV coupled with en-
hanced convection then propagates eastward to the low-
lying areas, but the couplet weakens during the day.
However, the MCV and its convection undergo second-
ary development at night. After the vortex and convec-
tion form a new couplet, an occluded structure appears
over the YHRV. The couplet then continues to propagate
eastward to the coast and decays over the ocean.

4. Evolution and structure of the MCYV and its
convection

a. Life cycle diagnosis

According to the diurnal cycles of the MCV, convection,
and mei-yu front at 925 hPa as described in section 3b, it
takes a total of about 36 h for the MCV to undergo its life
cycle, namely, formation on the lee side of the second-step
terrain, development while propagating eastward along
the mei-yu front, maturation over the YHRYV, and decay
over the ocean. Herein we adopt a vortex-following ap-
proach and focus on the 24-h period during which the bulk
of the vortex evolution occurs.

In Fig. 5 we show plan views of vorticity, wind, and
model-derived radar reflectivity for this 24-h period
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for TOPO_CNTL, while Fig. 6 is for TOPO_NEST.
Hovmoller diagrams, also centered on the maximum
vorticity at 850 hPa, reveal the intensity and radial ex-
tent of the vortex (Fig. 7a) and the phasing of the rainfall
with the vorticity along the path of system movement
(Fig. 7b). To summarize these figures, it is convenient to
define four stages of evolution. Stage 1, the initial for-
mation of the MCV (V1) and its coupled convection
(C1) (couplet is denoted “C1/V1”), is nearly complete
by early afternoon on day 1 (0500 UTC). This is followed
by a decoupling stage from roughly 0600 to 1200 UTC
(stage 2) during which the vortex tilts and weakens and
convection becomes displaced to the east of the low-
level MCV center. Stage 2 is denoted as the decoupling
stage, in reference to the displacement of the convection
from the lower-tropospheric cyclonic vorticity. During
the subsequent evening after 1200 UTC, convection re-
intensifies and moves closer to the MCV center, and the
MCV intensifies as well (stage 3). Stage 3 is denoted as the
recoupling stage. While clearly related to the earlier con-
vection and vorticity, the resulting intensified couplet is
denoted “C2/V2.” In particular, C2/V2 constitutes a much
larger system than C1/V1 (Fig. 7). In stage 4, roughly be-
ginning at 1800 UTC, the vortex reaches its maximum in-
tensity, and becomes strong enough to distort the mei-yu
front into a locally occluded frontal structure. The evolution
of vorticity and convection in the convection-permitting
experiment TOPO_NEST (Fig. 6) is similar to that in
TOPO_CNTL, though the timing of vortex intensification
shifts slightly to later in the day. This may be because con-
vection is known to occur later in convection-permitting
simulations; convection is only marginally resolved while no
parameterization is used.

To explore the dynamics that govern the life cycle of
the MCV, a quasi-Lagrangian vorticity budget [Eq. (1)]
is calculated. We first consider the traditional form of
the vorticity equation:

0 d oV
% _ -V, -V.( - wi + k- (—hxvhw>
ot ‘ az 9z
-~ ——
LHS HADV VADV TILT
-, +V, -V, +RES, 1)
|y ——
STRE

where {, is the vertical vorticity and & is the quasi-
Lagrangian vorticity tendency. The MCV moving speed
is subtracted from the horizontal wind speed. The term
V;, = ui + vj is the horizontal velocity vector, where i, j,
and k stand for the unit vector components pointing to
the east, north, and zenith, respectively; w is the vertical
velocity; V;, = (9/0x)i + (3/9y)j is the horizontal gradient
operator; and f is the Coriolis parameter. The term
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HADV in Eq. (1) represents the horizontal advection of
vorticity, VADYV denotes the vertical advection of vorticity,
TILT is the tilting term, STRE is the stretching effect asso-
ciated with divergence or convergence, and RES is the
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residual term. The term on the left-hand side (LHS) of
Eq. (1) is the vorticity tendency, and we denote the sum of
the terms other than RES on the right-hand side as RHS.
Additionally, we calculate the flux form of the vor-
ticity equation to compare the budget analysis with

Eq. (1):

) .
%= -V, Z=-V,-(V,{,—{w+kXF). (2)
where Z is the vorticity flux tensor. The term V;{ is the
horizontal advective flux of vertical vorticity (HADV-
Flux), —¢,w is the horizontal flux of vertical vorticity
caused by the vertical flux of horizontal vorticity
(HFlux), and k X F is the horizontal flux of vertical
vorticity caused by friction, which is ignored here
(Haynes and McIntyre 1987).

Overall, the domain-averaged quasi-Lagrangian vor-
ticity budget at 850 hPa shown in Fig. 8a is balanced well
from the formation stage to the occlusion stage. The
vorticity budget uses the average of estimations from an
ensemble of seven perturbed domains through decreasing
or enlarging each side of the box (324km X 216km) de-
noted in Fig. 5 by —27, —18, —9, 0, 9, 18, and 27 km.
Figure 8c shows the budget results for the flux form of
the vorticity equation, where the divergence of
HADVFlux combined the effect of HADV and STRE
in Eq. (1). In addition, divergence of HFlux is associ-
ated with TILT and VADYV. Davis and Galarneau
(2009) analyzed two MCV cases based on the Eulerian,
flux-form vorticity by integrating the form in Eq. (2)
over a closed region; the virtue of that is to examine the
net mesoscale circulation within a region in which
complex convection and vorticity dynamics are taking
place without having to explicitly analyze the full
complexity. Since the vorticity diagnosis in this study is
quasi-Lagrangian by tracking the evolution of the
MCYV, it can be seen clearly that the divergence of the
HADVflux dominates the evolution of the vorticity,
which is consistent with the positive stretching effect in
Davis and Galarneau (2009), while the horizontal
vorticity contribution (tilting effect) is less important.
Additionally, Fig. 9 shows vertical cross sections of the
quasi-Lagrangian vorticity budget along the west—east
line in Fig. 5. It is apparent that the largest stretching
occurs at the level where the MCV attains its greatest
intensity (850 hPa). We also performed similar bud-
get calculations for experiments with other model
configurations [including one with the use of the
WSM6 microphysics (vs WSMS in the control, not
shown) and another with the addition of a large
3-km two-way-nested convection-permitting domain
(TOPO_NEST)]. These additional calculations are
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FIG. 8. (a) Quasi-Lagrangian vorticity budget of Eq. (1) aver-
aged over the box area denoted in Fig. 5. LHS is the vorticity
tendency on the left-hand side of Eq. (1), RHS is the sum of the
terms on the right-hand side, TILT stands for the tilting, STRE is
short for stretching, VADYV is the vertical advection of vorticity,
and HADV is the horizontal advection of vorticity. (b) Flux form
of the quasi-Lagrangian vorticity budget. HAD VFlux symbolizes
the divergence of the horizontal advective flux of vertical vorticity.
HFlux is the divergence of the horizontal flux of vertical vorticity
resulting from the vertical flux of horizontal vorticity. (c) The
horizontal advection through the south, north, west, and east sides
of the boxes in Fig. 5. (d) As in (a), but for the TOPO_NEST. The
units for the y axes are 1077572,
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qualitatively similar to the results shown herein. Compared
with TOPO_CNTL, though the vortex of the TOPO_NEST
is intensified later in the day, the vorticity tendencies in the
intensification period are still very similar (Fig. 8d). These
results further improve the rationality of the diagnosis and
analysis based on the simulation of TOPO_CNTL.

The specific processes and the three-dimensional
structure of the MCV and its corresponding convec-
tion during each stage of evolution will be analyzed in
the following subsections.

b. Formation stage of couplet C1/V1 [0800-1300 BST
(0000-0500 UTC)]

Between morning and early afternoon [0800-1300
BST (0000-0500 UTC); Figs. 5a—c], the immediate lee-
side wind shear forms a closed circulation with localized
vorticity enhanced as described above. The vorticity
maximum is nearly coincident with the strong convec-
tion center (Figs. Sa—c and 7b). The west—east vertical
cross section of the formation stage of C1/V1, derived
along the brown line shown in Fig. 5, reveals that the
vortex is strongest below 3 km (700 hPa) but the positive
vorticity extends upward to about 8 km (Fig. 10a). The
decrease in equivalent potential temperature with
height below 5km implies a large potential instability
east of the MCV center. When released as rising air over
the shallow frontal boundary to the east of the MCV, the
result is organized deep convection with a strong me-
soscale upward mass-flux signature.

Following sunrise [1000 BST (0200 UTC)], the vor-
ticity and vertical velocity of the C1/V1 couplet is
enhanced (Figs. 5b and 5c) with stronger vorticity
and vertical velocity. With the increasing intensity of the
C1/V1 couplet, the southwest—northeast orientation of
the MCV evolves into a nearly circular distribution, and
the maximum vorticity becomes larger than 2.5 X 10~ *s ™!
(Fig. 5¢). The vorticity at lower levels (below 3 km) in-
creases to greater than 3 X 10~ *s™! in the early after-
noon [1300 BST (0500 UTC); Fig. 10f]. The vorticity
budget (Fig. 8a) shows that the stretching term con-
tributes to the main positive vorticity tendency from
0800-1400 BST (0000-0600 UTC). Meanwhile, because
of the increasing solar heating after sunrise [1000-1200
BST (0200-0400 UTC); Fig. 10c], the large regional-
scale MPS circulation between the Tibetan Plateau and
its low-lying regions (Bao et al. 2011; SZ12; Zhang et al.
2014) forces the downward motion over the west side of
the MCV center in the mid- to high levels (from 4-5 to
9-10km). Additionally, the negative vertical velocity of
the downward branch of the MPS is consistent with low
equivalent potential temperature, forming the large
horizontal pseudoequivalent potential gradient between
the lee side and the convection area. During this stage,
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FI1G. 10. Vertical cross section of C1/V1 at the formation stage. (a)-(c) Wind field (vectors; zonal wind and vertical
wind X 100), vertical velocity (shading;cms™ '), pseudoequivalent potential temperature (white lines; K), and
vertical vorticity (greater than 10~*s™!; blue lines) from west to east. The brown number above each panel is the
longitude of the MCV center. (d)—(f) The corresponding PV (shading; PVU), zonal wind speed (>10ms™'; green

line), meridional wind speed (black lines; ms™'), and reflectivity (dBZ; red line).

the average horizontal scale of the MCV is roughly
300km, and its intensity and convection are increasing
with time (Figs. 5a—c and 7a).

c¢. Decoupling stage of couplet C1/V1 [1400-2000
BST (0600-1200 UTC)]

In the local afternoon (Figs. 5d—g and 7b), the con-
vection begins to decrease and shift to the east-southeast
side of the MCV, with the maximum column reflectivity

larger than 30 dBZ. With the weakening of the convec-
tion, the structure of the MCV becomes more elongated
in the southwest-northeast direction. Because of the
more intense diabatic heating over the elevated terrain
in the afternoon [1500 BST (0700 UTC); Fig. 11b], the
downward branch of the MPS intensifies over the
western side of the MCV and suppresses convection
near the MCV center. Weak upward motion appears to
the eastern side of the MCV center (~80km east of the
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FIG. 11. As in Fig. 10, but for the vertical cross sections during the decoupling stage of C1/V1.

MCV center; Figs. Se,f and 11a,d). Convection in the
mid- to upper levels (above 5km) is coincident with
vorticity and PV maxima associated with the mid- to
upper-level (500-400 hPa) trough but is displaced 100 km
or more to the east of the lower-tropospheric MCV
center. The tilted structure of the MCV is consistent
with the vertical shear of the zonal wind (Fig. 11e). As
convection weakens during the afternoon, there is less
resistance to this vertical shear and the tilt increases
[1600-2000 BST (0800-1200 UTC); Figs. 11d-f].

The quasi-Lagrangian vorticity budget (Fig. 8a) dur-
ing stage 2 shows that the stretching effect is still the
main positive contribution to the increase in vorticity.
However, the enhancement of the negative effect of
horizontal advection of vorticity balances the larger
positive effect from stretching, and the result is only a
slight increase in vorticity. Figure 8c shows the averaged
boundary horizontal advection of vorticity over the
domain during the whole evolution of the MCV. It can
be seen clearly that the horizontal advection of vorticity
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through the western and northern boundaries is weaker
compared with that through the eastern and southern
boundaries. There is positive horizontal advection
through the eastern boundary, but negative vorticity
transportation through the southern boundary in-
creases after the formation of the MCV. After 1400 BST
(0600 UTC), the main negative vorticity advection is
through the south boundary because of the enhanced
southwestern flow and the negative vorticity gradient
south of the MCV (Figs. 5d-f).

d. Formation stage of couplet C2/V2 [2100-0200 BST
(1300-1800 UTC)]

From the time-radius diagram of PV at 850hPa
(Fig. 7a), it can be seen clearly that there is a second
increase in the vorticity magnitude and horizontal scale
of the vortex (300-400 km). Because of the convection—
MCV decoupling during stage 2, the MCV covers a
wider area east of the second-step terrain, with the
convection on its east-southeast side [2000-0000 BST
(1200-1600 UTC); Figs. Sh and 5i)]. In the evening [2100
BST (1300 UTC), not shown], the strengthened con-
vection is associated with enhanced convergence over
the northeastern side of the MCV. The enhanced noc-
turnal LLJ favors the new convection (C2) near the
lower-tropospheric MCV center (Fig. 12). Additionally,
because of the loss of solar heating from evening to early
the next morning, the upward branch of the nocturnal
MPS circulation shifts over the eastern plains, which is
consistent with the broadening upward vertical motion
over the whole MCV region (Figs. 12c and 12f). The
broadscale evolution is consistent with the gravity wave
analysis of Tripoli and Cotton (1989), and the extent of the
MPS to the coastal plain was confirmed by SZ12. The
strong influence of the diurnal cycle of surface heating on
the relative location and variability of convection to the
MCYV caused by the radiation-induced instability gradients
was explored by Trier et al. (2000). In addition, the loss of
shortwave radiative heating after sunset was shown by
Melhauser and Zhang (2014) to reduce convective in-
hibition just above a tropical maritime boundary layer, and
thus to enable more widespread deep convection. We
suspect this destabilization is occurring here as well,
though a future study is needed to further examine the
convective-radiative feedback during the MCV evolution.

The vertical cross sections of vertical velocity and
vorticity show that the new vorticity maximum forms
below 3km at 1500 UTC east of the MCV center. The
corresponding convection (C2) intensifies near the vor-
ticity center in the southeast quadrant of the new MCV
(V2). This defines stage 3.

The vorticity budget analysis shows that the vorticity
increases dramatically because of the strong positive
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stretching effect (Fig. 8a). From the vertical cross sec-
tion of the vorticity budget (Fig. 9), it is clear that the
positive vorticity tendency changes sharply after 2100
BST (1300 UTC) below 3km, and that the stretching
effect contributes most to the enhancement. It is possi-
ble that the nocturnal LLJ south of the vortex contrib-
utes to strong convergence broadly below 700 hPa.

In contrast to the previous stages, the diabatic heating
in stage 3 is deeper over the low-level circulation center
(Fig. 13a). There is an abrupt increase in diabatic heat-
ing between 2200 and 2300 BST (1400-1500 UTC) that
precedes the PV increase by about 2h. Xu et al. (2017)
also found that the descent of the MCV occurs in re-
sponse to the lowering of the maximum diabatic heating
within the convective system. The change in diabatic
heating is associated with the changes in cloud water
mixing ratio (Fig. 13b, QCLOUD and QRAIN output
from the model). The large gradient of condensate is
indicative of the rapid increase in low-level vertical ve-
locity in this stage. Latent heating experiments designed
by Morales et al. (2015) showed that high rates of cloud
water condensation led to a strong vertical gradient in
latent heating, which resulted in a near-surface positive
PV anomaly. We speculate that the strong low-level jet
transports additional water vapor into the vicinity of the
lower-tropospheric MCV center. Abrupt lifting ensues
as the jet reaches the vorticity (PV) maximum and the
frontal zone in a manner consistent with that discussed
by Fritsch et al. (1994) and Schumacher and Johnson
(2008). The stretching effect below 700 hPa reaches its
peak after 2000 BST (1200 UTC, the beginning of this
stage), implying that the nocturnal LLJ favors the
stronger convergence that promotes the MCV (V2)
development. Additionally, the new enhanced MCV
favors the further development of convection (C2)
(Figs. 12b,c and 12e,f). The intensified vortex within the
convective region quickly grows to dominate the hori-
zontal circulation by the end of stage 3 [0000-0200 BST
(1600-1800 UTC); Fig. 5].

e. Occlusion stage of couplet C2/V2 [1900-2300 UTC
(0300-0700 BST)]

Before significant solar heating begins, the new cou-
plet C2/V2 arrives over the YHRV [0300-0400 BST
(1900-2000 UTC); Fig. 5]. The MCYV finally increases in
size to subsynoptic scale (~700 km) in the eastern part of
the mei-yu front. The vorticity budget at 850 hPa shows
that the main contribution to the vorticity tendency
from the divergence of HADFflux (stretching and hor-
izontal advection) in the former stages shifts to the di-
vergence of vertical flux of horizontal vorticity (vertical
advection and tilting terms). The vortex becomes more
circular and clearly distorts the orientation of the mei-yu
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FIG. 12. As in Fig. 10, but for the vertical cross sections during the formation stage of C2/V2.

front into a structure resembling a midlatitude occlusion
(Figs. 51 and 14).

In the daytime [0800-1400 BST (0000-0600 UTC);
Figs. 4a—], after solar heating begins, the convection
weakens and the MCV/cyclone and convection move
eastward and gradually (and finally) decay over the
ocean. We do not investigate this phase of evolution in
detail, partly because the disturbance begins to en-
counter the eastern boundary of the domain, which can
be artificially damped by the relaxation of the boundary

conditions. In real observations, some of the MCVs and
subsynoptic cyclones can be further developed into even
larger- or synoptic-scale cyclones with the reduced sur-
face friction and enhanced moisture flux over the ocean.

5. Concluding remarks

We conducted diurnal-cycle boundary-forcing exper-
iments via 30-day integration of the Advanced Research
version of the WRF Model to explore the evolution and
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structure of an MCV and its corresponding convection
along a typical mei-yu front. Sensitivity experiments
showed the intensity of the MCV and convection to be
less influenced by horizontal terrain on scales smaller

than 500km. Although all three experiments could re-
produce the maintenance of the southwest vortex and
the mei-yu front, the TOPO_CNTL experiment (with
somewhat simplified terrain) could describe the diurnal
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cycle of the eastward propagation of precipitation, the
evolution, and the structure of the MCV and the con-
vection. The main evolution of the MCV and its con-
vection could be divided into four stages. These stages
are depicted from left to right in the schematic shown in
Fig. 15, wherein stages 3 and 4 are combined in the
rightmost image.

The first stage was the formation of the MCV (V1)
and its convection (Cl) appearing in the morning to
early afternoon. The eastward-extending vorticity and
convection from the Sichuan basin in the early evening
triggered an immediate enhanced leeside localized vortex
below 700hPa east of the second-step terrain, and the
convection was almost consistent with the vorticity
maximum. The stretching effect (low-level convergence)
was the main contribution to the vorticity enhancement.

The second stage was the decoupling of C1/V1 from
the local afternoon to early evening. The convection
decreased overall and shifted to the east-southeast side of
the vorticity maximum, and the vortex covered a broader
area. Meanwhile, because of the subsiding branch of the
daytime MPS over the lower-tropospheric MCV center,
the upward motion was displaced to the east of the MCV
center. Furthermore, vertical wind shear owing to the
westerlies in the middle and upper troposphere contrib-
uted to tilting the vortex in the downshear direction. The
result was a weakened vorticity structure overall, with
deep convection enhancing vorticity and PV in the mid-
dle and upper troposphere.

During the following evening to early morning (stage 3),
the updraft branch of the nocturnal MPS circulation and
the enhanced nocturnal LLJ favored new convection (C2)
on the southeast side of the MCV, closer to the original
center, and the diabatic heating from water vapor con-
densation at low levels developed a strong PV maximum in
the lower troposphere. The weakened negative horizontal
advection and strengthened stretching effect from low-level
convergence favored the fast vortex development (V2).

Finally, the occlusion stage of C2/V2 appeared early
the next morning before significant solar heating. The
new MCYV evolved into a subsynoptic cyclone with signs
of occlusion (i.e., potent convection within all sectors of
the vorticity maximum), as well as stretching the con-
vergence line to the southwest side, where there were
separate vorticity and convection maxima.

The present study was focused on the evolution and
structure of the long-lived MCV and its convection.
Many individual aspects of the diurnal evolution of the
MCV and deep convection noted herein have been
noted in previous studies. However, the present cyclic
simulation methodology suppresses synoptic-scale var-
iations that often complicate the interpretation of ob-
served cases, and it accentuates the interconnections
between processes in different phases of the diurnal
cycle. In future work, consideration should be given to
the factors that trigger the leeside vortex, as well as
to the features of the diurnal cycle that are related to
vortex initiation.
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