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Abstract

A series of numerical simulations on a heavy rain episode over a Meiyu-Baiu frontal zone was con-
ducted, to demonstrate the role of the heated landmass over mainland China on the evolution and dura-
tion of the rainfall. The case studied here was a long-lived convective rainband, which formed over the
Yangtze River basin, and brought heavy rainfall reaching 380 mm in 20 hours. The synoptic-scale situa-
tion was characterized by the indistinct meander of the upper-level flow, and the significant low-level
southerly inflow from a subtropical high. Simulations using a cloud-resolving non-hydrostatic model
were performed within a domain covering central and southern China, to reproduce land-surface heat-
ing to the south of the front. Sensitivity experiments without shortwave radiation, without terrain, and
with modified land-surface conditions, were conducted to examine the factors effective in the evolution
and duration of the rainband. The control simulation reproduced the rainband, and its reproducibility
was good when compared to the observational evidence. The evolution resulted from the latent instabil-
ity, due to the inflow of the warm and moist air from the fine-weather area to the south of the front. The
rainband was not reproduced when the surface heating effect was excluded. The duration became short
as the heated area was reduced, and was represented as a function of the meridional width of the heated
area, and meridional velocity component in the lower troposphere. These results indicate that land-
surface heating, over fine-weather areas to the south of the front, is a crucial factor for the rainband evo-
lution and its duration.

1. Introduction

Heavy rainfall is a principal severe weather
phenomenon causing natural disasters, such as
floods and landslides in East Asia. It is a major
mission of meteorologists to clarify the mecha-
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nism of heavy rainfall, and to predict the occur-
rence and duration. It is well known that the
Meiyu (or Baiu) season, between June and
July, is a period in which local heavy rainfall
frequently occurs. In the last 20 years, exten-
sive floods occurred during the Meiyu seasons
of 1991, 1998, and 2003, within the Yangtze-
Huai River basin of China. In many studies, it
was noted that the floods resulted from a series
of heavy rainfall events, related to the evolu-
tion of mesoscale convective systems (MCSs)
over a Meiyu front (e.g., Akiyama 1984; Ding
1992; Ninomiya 2000). MCSs develop when at-
mospheric stratification over the front becomes
latently unstable (Yamasaki 2005), owing to
the inflow of warm and moist air (i.e., air of
high equivalent potential temperature, ye)
from the south of the front in the lower tropo-
sphere (Chen et al. 1998; Yamada et al. 2003).
The synoptic-scale flow surrounding an MCS
is characterized by the presence of a low-level
jet (LLJ) that transports the warm and moist
air to the front (Ninomiya 2000). An MCS over
this region is also characterized by diurnal
variation; that is, an MCS tends to form in the
late afternoon or evening (Takeda and Iwasaki
1987), and to maintain in the nighttime (Li
et al. 2007).

The frequent occurrence of heavy rainfall in
the summer has been reported not only over
mainland China but over the North American
continent. Similar characteristics of heavy rain
and MCS have also been reported in this area.
The annual cycle of hourly precipitation, in
excess of 1 inch (25.4 mm), over the eastern
two-thirds of the United States, shows high
frequency in the warm season, and peaks in
July (Brooks and Stensrud 2000). MCSs are
the cause of 74% of heavy rain episodes over
the United States in the warm season (Schu-
macher and Johnson 2006). A southerly or
southwesterly jet of warm and moist air in the
lower troposphere is frequently observed to
the south of the MCSs (Bosart and Sanders
1981; Schumacher and Johnson 2005). The noc-
turnal evolution of MCSs [including the meso-
scale convective complex (MCC)] is also evi-
dent (Anderson and Arritt 1998; Laing and
Fritsch 2000; Schumacher and Johnson 2006).
The diurnal cycle of LLJ has also been reported
(Trier and Parsons 1993; Augustine and Cara-
cena 1994).

These similarities in the two continents sug-
gest that there are some common mechanisms
involved in the evolution of MCSs over the
continental plain, especially in the nighttime.
However, in both regions, little attention has
been given to the origin of warm and moist
air and its relevance to the nocturnal MCS
evolution. With respect to the synoptic-scale
flow, it is well known that warm and moist air
is transported northward from tropical oceans
by the anticyclonic flow of a subtropical high-
pressure system, such as a North Pacific high
to the east of China, and a Bermuda high to
the east of North America. In contrast, little is
known about the importance of the continental
surface on the MCS evolution through the
supply of sensible and latent heat. Over main-
land China, Shinoda and Uyeda (2002) re-
cently noted the importance of paddy fields on
the moistening of air in the lower troposphere.
Although its contribution of the total precipit-
able water (15%, according to Shinoda et al.
2005) was smaller than that from the oceans
(about 67%), what must not be forgotten here
is the thermodynamic role for initiating deep
convection. The accumulation of moisture (i.e.,
increase in ye) near the surface can cause la-
tent instability, which is a favorable condition
on the MCS initiation.

Another point which has not been under-
stood is the mechanism controlling the dura-
tion of MCSs and associated heavy rainfall. Al-
though MCSs lasting a few days have been
reported (Ninomiya et al. 1988; Bosart and
Sanders 1981; Laing and Fritsch 2000), they
are usually sustained by synoptic-scale upward
motion, related to a short-wave trough. A note-
worthy point is that MCSs can occur even in a
location away from any short-wave trough. For
example, in a case studied by Chen et al. (1998),
heavy rainfall over China resulted from two
MCSs that developed away from upper-level
troughs, and remained for one day. They
showed that the continuous supply of warm
and moist air, due to a LLJ, contributed to the
maintenance of latently unstable conditions,
favorable for these MCSs. Ninomiya and Shiba-
gaki (2003) also showed that MCSs can de-
velop over a Meiyu front under a condition
with no significant cyclonic flow in the middle
or upper troposphere. These cloud systems usu-
ally last for, one day at most. However, factors
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controlling the duration of warm-moist air sup-
ply is not understood, despite their importance
for the lifetime of these cloud systems.

After 20 June 2003, extensive flooding in the
Yangtze-Huai River basin occurred as a result
of a series of heavy-rain episodes over a one-
month period, with daily rainfall amount over
100 mm. The accumulation in this period was
a maximum of 897 mm, which is comparable to
the annual mean in this region (approximately
1,000 mm). Our group conducted intensive field
experiments, using Doppler radars in every
Meiyu season since 2001 (Yamada et al. 2003;
Geng et al. 2004), and succeeded in monitoring
the evolution of MCSs during the heavy rain
episodes of 2003. In a previous paper (Yamada
et al. 2007, referred to hereafter as ‘‘Y07’’), nu-
merical simulations of a cloud cluster were con-
ducted, based on the observational evidence.
This study revealed the thermodynamic impact
of the continental surface on the nocturnal evo-
lution of this cluster through the generation of
warm and moist air over the heated surface in
the daytime, and latent instability over the
front due to the inflow of this air. Although it
is possible that this is the general process of
the nocturnal MCS evolution over the conti-
nent, more case studies will be required to
demonstrate its generality under various syn-
optic-scale conditions. In particular, it will be
necessary to apply this idea to the nocturnal
MCS evolution, under a no-trough environ-
ment.

The present study, thus, focuses on another
MCS that developed under a synoptic-scale sit-
uation, different from Y07. This case is a long-
lived convective rainband, which formed in the
afternoon of 4 July 2003, and brought heavy
rainfall, reaching 380 mm for 20 hours, until
the next afternoon. Observational data were
analyzed, and numerical simulations were
conducted, using a cloud-resolving non-
hydrostatic model. These results are described
in this paper. The main purpose of this study
is to demonstrate the role of the heated land-
mass on the evolution and duration of the
convective rainband. The importance of land-
surface heating is demonstrated through not
only a control simulation but also a sensitivity
experiment without shortwave radiation, in
the same way as for Y07. The relationship be-
tween the horizontal extent of the heated area

and the duration of the rainband is examined
through a series of sensitivity simulations with
changed land-use distribution. In addition, the
impact of the local topography on heavy rainfall
is also examined because the potential effect of
the topography (e.g., Dabie Mountains, between
the Yangtze River, and the Huai River) was
suggested in previous studies (e.g., Ding 1992).
As in the case of Y07, the local standard time
(LST: UTCþ8) is used to represent the evolu-
tion with time because diurnal variation is an
important factor.

2. Model and observation

The control simulation and sensitivity ex-
periments of a convective rainband were con-
ducted using a non-hydrostatic cloud-resolving
model, while the observational data were used
to show the mesoscale feature of the rainband,
and to examine the reproducibility of simula-
tion results. The details of the model and obser-
vation are described here.

a. Control simulation
As in the case of Y07, the Nagoya University

Cloud Resolving Storm Simulator (CReSS, ver-
sion 2.2, Tsuboki and Sakakibara 2002) was
used for the numerical simulations in this
study. This model was formulated on the basis
of the non-hydrostatic and compressible equa-
tion system with terrain-following coordinates.
The prognostic variables are three-dimensional
velocity components, perturbations of pressure
and potential temperature, subgrid-scale tur-
bulent kinetic energy (TKE), and cloud physical
variables. The cloud physics is explicitly formu-
lated by a bulk method of cold rain with vari-
ables of mixing ratios and number densities of
water substances. No convective parameteriza-
tion scheme is included. Radiation processes
are based on a scheme used in the Japan Spec-
tral Model (Segami et al. 1989), which only con-
siders the heat balance of the ground surface.
The turbulence is parameterized by the 1.5
order closure with TKE. More details are pro-
vided in Wang et al. (2005).

The control simulation was conducted within
doubly nested domains with horizontal grid
spacing of 5 km (coarse mesh), and 2 km (fine
mesh). The coarse mesh domain consists of
540 � 370 horizontal grids, and its location was
the same as for Y07. The topography in and
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around the model domains, shown in Fig. 1a,
indicates that the coarse-mesh grids cover the
plains and hills in central and southern China.
In contrast, the fine mesh domain (Fig. 1b),
consisting of 500 � 400 points, was moved
550 km southeastward from the one used in
Y07, according to the location of the rainband.
The vertical grids consist of 50 levels with an
interval that stretches from 50 meters (near
the sea surface) to 570 meters (near the top).
The altitude of the highest plane is 19.7 km
above sea level (ASL). The underground grids,
which are used to represent the soil tempera-
ture, consist of 40 levels.

The initialization time is set to 0200 LST 4
July 2003, four hours before sunrise, to repro-
duce the surface heating and boundary layer,
preceding the evolution of the rainband. The
simulation continued for 36 hours (i.e., until
1400 LST 5 July). The initial fields and lateral
boundary conditions were given using the six-
hourly regional objective analysis dataset, pro-
vided by the Japan Meteorological Agency,
with horizontal grid spacing of 20 km. The sur-
face temperature over the ocean was obtained
from the optimum interpolation sea surface
temperature (OISST, Reynolds et al. 2002). The
altitude of the land surface was obtained from
real topographic data (the global 30 arc-second
elevation dataset: GTOPO30). The land-surface
conditions were initiated homogeneously, by

assuming a land use of primarily paddy fields,
in the same way as for Y07. This surface is
hereafter referred to as the ‘‘normal’’ land-use,
and the surface parameters are shown in Table
1. The land-surface parameters observed and
modeled in the GAME-HUBEX1 project (Ikebu-
chi et al. 1998; Shinoda and Uyeda 2002) were
taken into account to determine these parame-
ters. The negative influence of the surface ho-
mogeneity upon the reproducibility of model re-

Fig. 1. (a) Topography in and around the model domain. Two rectangles show the domain of the
coarse and fine mesh models. (b) Topography and location of the radar and weather stations in the
fine-mesh model. A circle shows the 280-km range of the Hefei Doppler radar. The area enclosed by
a dashed line shows the surface-observational network.

1 GEWEX Asian Monsoon Experiment/Huaihe
River Basin Experiment, GEWEX: Global Energy
and Water Cycle Experiment.

Table 1. Surface parameters of two land-
use categories used in the simulations.

normal artificial

Albedo 0.2 1.0
Evapotranspiration

efficiency
0.5

Roughness length
[m]

0.4 (for wind
velocity)

0.1 (for scalar
variables)

Thermal capacity
[106 Jm�3K�1]

2.3

Thermal diffusivity
[10�7 m2s�1]

7.0
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sults was negligibly small in the present case
because the control simulation successfully re-
produced the rainband (described in Section 4).

b. Sensitivity experiments
Three types of sensitivity experiments were

performed, to examine the importance of the
heated land surface on the evolution of the con-
vective rainband. These experiments were con-
ducted without shortwave radiation (hereafter,
NoSR), without terrain (NoTR), and with modi-
fied land-use distributions (ChLU1, ChLU2,
and ChLU3). The topography and land-use dis-
tribution in these experiments are shown in
Fig. 2. The domains and initialization method,
except for the land-surface conditions, were the
same as those in the control experiment.

The NoSR experiment has the same topogra-
phy and land-use distribution as the control
one. The aim of the NoSR experiment was to
demonstrate the importance of diurnal surface
heating on the rainband evolution by excluding
the heating effect. In CReSS, the net shortwave
radiation at the surface is calculated from the
following equation,

RS #¼ ð1 � AlÞS # ð1 � 0:7CDLÞð1 � 0:6CDMÞ

� ð1 � 0:3CDHÞ ð1Þ

where Al is the albedo, S # is the surface-level

insolation under cloud-free conditions and
CDL, CDM, and CDH are the effects of scatter-
ing and absorption due to clouds in the lower,
middle, and upper troposphere, respectively.
The NoSR simulation can be accomplished by
altering this equation as follows,

RS #¼ 0: ð2Þ

This means that diurnal heating effects can be
completely excluded, while both boundary-
layer and surface physical processes can be
considered in the same way as in the control
simulations.

The NoTR experiment (Fig. 2b) has a homo-
geneous land-use and a flat topography;
namely, the altitude of all land areas was set
to 0 m ASL. This experiment can exclude the
effect of the topography upon the evolution of
the rainband and its location. Thus, the NoTR
experiment was used to clarify the principal
factor in the stagnancy of the rainband, which
is sometimes a key point on the occurrence of
local heavy rainfall. Since this experiment
was initialized using the reanalysis data, grid
points under the real topography in the initial
fields contain values estimated from the vari-
ables on the ground.

In the series of ChLU1-3 experiments, an
‘‘artificial’’ land-use category was used, as well

Fig. 2. Topography and land-use distribution of the control and sensitivity experiments. The con-
tours of topography were drawn every 500 m. The heavy rainfall area that is the focus of this study
is indicated with a bold dashed line.

October 2007 H. YAMADA et al. 691



as the normal land-use. The parameters of the
artificial land surface, shown in Table 1, are
characterized by an extremely high albedo
(1.0), which sets RS # of Eq. (1) to zero (i.e.,
complete reflection of solar radiation), and pro-
duces no surface heating in the daytime. The
reflected upward shortwave never cause heat-
ing in the atmosphere because this effect has
not been included in CReSS. Thus, the use of
the artificial surface makes it possible to delib-
erately modify the area where the land surface
is heated by insolation. These experiments were
intended for an examination on the dependence
of the rainfall duration upon the horizontal ex-
tent of the heated area. The land-use distribu-
tion in the ChLU1-3 experiments is shown
in Figs. 2c–e. The artificial surface covers the
southern part of the continent, to modify
the horizontal extent of the heated area on the
southern side of the front. The meridional
width between the southern boundary of the
normal surface and the heavy-rainfall area
was 135 km in the ChLU1 experiment, while it
was 580 km in the ChLU3.

c. Observational data
As in the case of Y07, the radar reflectivity,

and upper- and surface-meteorological data,
collected by an intensive field experiment, un-
der the cooperative project between the Japan
Agency for Marine-Earth Science and Technol-
ogy (JAMSTEC), and the China Heavy Rainfall
Experiment and Study (CHeRES), were used in
this study. This experiment consisted of Hefei
S-band Doppler radar, two upper-air observa-
tional stations, and a surface observation net-
work consisting of 32 stations (see Fig. 1b).
The details are described in Yamada et al.
(2003).

The reflectivity data were collected every 5
minutes by the radar’s three-dimensional scan
(i.e., volume scan), consisting of 14 elevation
steps from 0.2� to 20.0�. Raw data were inter-
polated onto a grid volume in the spherical co-
ordinates (longitude, latitude, altitude) using
a Cressman-type weighted interpolation tech-
nique. The grid spacing was 0.02� in the two
horizontal directions, and 1.0 km in the vertical
direction from the lowest plane of 1.0 km ASL.
Upper-air observations were carried out every
6 hours at the Fuyang and Anqing stations. At
the surface stations, the wind speed and direc-

tion, pressure, temperature, dew-point temper-
ature, and rainfall amount were collected every
hour. In addition to these data, infrared and
visible images of the Geostationary Operational
Environmental Satellite (GOES-9), and the
daily amount of rainfall collected operationally
in Anhui Province, were also used.

3. Case overview

The heavy rainfall under investigation, oc-
curred in Anhui Province, from the evening of
4 July through the afternoon of the next day.
The overall features, mesoscale characteristics,
and synoptic-scale situations of the heavy rain
episode are described.

a. Overall features
The horizontal distribution of the 48-hour

accumulated rainfall in Anhui Province, from
08 LST 4 July, is shown in Fig. 3a. A zonal
belt of rainfall, exceeding 50 mm, extended to
the east-northeast of the Dabie Mountains, and
the peak was 382 mm at Chuzhou (58236 of the
station code). The series of hourly rain at this
station (Fig. 3b), shows that most of the rainfall
(380 mm) occurred within 20 hours from 18
LST of 4 July through 14 LST of the next day.

The evolution of cloud systems and the sur-
face pressure distribution from the model initi-
alization is demonstrated using a series of sat-
ellite infrared images with a surface weather
chart, as shown in Fig. 4. The period of simula-
tions (described in Sections 4 and 5) corre-
sponds between Figs. 4a and d. Within the in-
tensive observational area, a front remained
until 02 LST 6 June (i.e. Figs. 4a–e). Cloud
bands over the front were characterized by
lower cloud-top black-body temperature ðTBBÞ
on the southern side, and higher TBB on the
northern side, suggesting the presence of deep
convection in the southern part of the band. It
is noteworthy that a vast area of TBB higher
than �10�C extended to the south of the frontal
cloud band until 02 LST 6 July. In the satellite
visible images in 08–16 LST (not shown), the
area of high TBB corresponded to the area in
which albedo was continuously lower than 0.3,
suggesting a fine weather condition. According
to Y07, a fine-weather area on the southern
side of the front can play a role in the formation
of warm and moist air.

During the heavy rain episode (Figs. 4c–d), a
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deep cloud systems (TBB a�70�C) developed
over the front within the observational area. A
surface depression simultaneously started to
develop below the deep cloud system. This de-
pression propagated along the front, at a speed
(2.5 ms�1) slower than that of upper-level cloud
shields (nearly 10 ms�1), until 02 LST 6 July
(Figs. 4b–d).

b. Mesoscale characteristics
Changes in the mesoscale characteristics be-

fore and after the evolution of the deep cloud
system within the radar observational area,
are shown in Fig. 5. In the daytime (Fig. 5a), a
band echo with weak reflectivity (a40 dBZ),
corresponding to the frontal cloud band, was in
the northern half of the radar circle. To the
south of the band echo, the area of equivalent
potential temperature higher than 356 K
(hereafter, high ye) extended. This area corre-
sponds to the high TBB shown above, suggest-
ing that the high-ye air originated from a fine-
weather area. It is noteworthy that a shearline
(marked by a dotted line) between southerly
and northerly winds lay on the eastern side of
the Dabie mountains. In the nighttime (Fig.
5b), the weak band was replaced by a convec-
tive rainband, with strong reflectivity cores
(b45 dBZ). This rainband corresponds to the
deep cloud system, shown in the satellite image
(Fig. 4c), and was the cause of the heavy rain-
fall. This rainband located just on the north of

the shearline, and the high-ye area still re-
mained to the south of the rainband.

The time-latitude section of reflectivity at
3.0 km ASL, ye at the surface, and the wind
barbs over the upper-air stations at 950 hPa,
are shown in Fig. 5c. The reflectivity and sur-
face ye were averaged zonally within 0.5�

width; in other words, lines A–B and C–D cor-
respond to the strips in Figs. 5a and b, respec-
tively. High reflectivity (b40 dBZ) of the con-
vective rainband appeared at first on 17 LST
about 1� south of the preexisting weak band.
This band remained near 32�N until the next
morning (10 LST), and then moved southward.
Its duration (more than 21 hours) was much
longer than that of the case studied in Y07,
which also developed in the late afternoon but
dissipated before the morning (Fig. 3 of Y07).
Figure 5c clearly shows that the shearline lay
on the southern side of the convective rain-
band throughout the heavy rain episode. It
is noteworthy that the high-ye area also re-
mained during this episode, even after mid-
night. This means that high-ye air was continu-
ously supplied from the south, and contributed
to the long-lasting heavy rain episode.

The vertical thermodynamic features over
the high-ye area are described, using the profile
over Anqing at 14 LST 4 July (Fig. 6a). The
high-ye air (b356 K) near the surface caused
latently unstable stratification, favorable for
the evolution of a deep convective updraft. The

Fig. 3. (a) Distribution of the 48-hour accumulated rainfall. (b) Series of the hourly rainfall observed
at the Chuzhou meteorological station.
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highest ye was 359.8 K at the surface, and had
the potential to rise to the level of neutral buoy-
ancy (LNB) at 13.9 km ASL after being
uplifted to the level of free convection (LFC)
at 1.9 km ASL. The convective available poten-
tial energy (CAPE) for the highest ye was
1637 J�kg�1, which increased from 1094 J�kg�1

with LFC at 3.6 km ASL at 08 LST 4 July, indi-
cating significant destabilization in the day-
time. The wind at 1.0 km ASL was south-
westerly of 10 ms�1, and responsible for the
horizontal inflow of high-ye air to the front in
the lower troposphere. There were two local
maxima of the low-level southwesterly inflow

Fig. 4. Series of cloud-top black-body temperature ðTBBÞ with a surface weather chart every 12 hours
within the coarse-mesh model domain. Contours of the pressure are drawn every 2 hPa. Bold solid
and broken lines show the movement of a frontal depression and cloud systems, respectively. A
rectangle in each panel corresponds to the field experimental area shown in Fig. 5.
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at 0.3 km ASL (13 ms�1) and 3.0 km ASL
(21 ms�1). The time-height cross section of ye

and wind for three days after 3 July (Fig. 6b)
shows that the latently unstable condition due
to the presence of high-ye air in the lower tropo-
sphere lasted three days. In particular, LFC
descended from 4 km ASL at 08 LST 4 July
to 2 km at 14 LST, and remained close to this
level for one day until 14 LST 5 July. This is a
suitable condition for the maintenance of the
convective rainband.

c. Synoptic situations
Changes in the synoptic-scale conditions,

from the model initialization time through 18
hours later, are described using the reanalysis

data shown in Fig. 7. The geopotential heights
at 500 hPa (Fig. 7a) show that there was a
trough near 135�E, and there was no marked
meandering of a westerly jet over eastern
China. Although another weak and small
trough located near the eastern rim of the Tibe-
tan Plateau at 02 LST, it had almost disap-
peared by 20 LST. The distributions of vertical
velocity show that an area of upward motion
near 120�E at 02 LST became weak until 20
LST. The geopotential heights at 925 hPa (Fig.
7b) show that eastern China was situated in
the trailing portion of a sub-synoptic-scale de-
pression near 135�E, and there was no depres-
sion over eastern China during this period.
Such a situation without a trough is similar to

Fig. 5. (a and b) Radar reflectivity at 3.0 km ASL and wind barb at the surface on 1400 LST 4 July
and 0200 LST 5 July. Half and full barbs indicate 2 and 4 ms�1, respectively. Bars without bars
indicate wind weaker than 2 ms�1. The area where equivalent potential temperature at the sur-
face was larger than 356 K is hatched. Mountains higher than 500 m ASL are cross-hatched. A
dotted line means a shear line. (c) Time-latitude section of the radar reflectivity (3.0 km ASL) and
wind barbs at 925 hPa. The direction of the time axis is toward the left.

October 2007 H. YAMADA et al. 695



the environment of meso-a-scale cloud systems
studied by Ninomiya and Shibagaki (2003),
which seems to be favorable for the stagnation
of a Meiyu front, as well as for the long dura-
tion of a local heavy rain episode. The absence
of a depression or trough at the 925 and
500 hPa levels, means that the generation of
the surface depression (shown in Figs. 4c–f )
was not related to any synoptic-scale distur-
bance in the middle and upper troposphere.

Another noteworthy point at 500 hPa (Fig.
7a) is the westward extension of a subtropical
high over southern China, as recognized from
the 5880 m contour of the geopotential height.
This extension suggests the prevalence of sub-
sidence, which suppresses the development
of convective clouds and maintains the fine-
weather conditions to the south of the front, as
shown in the satellite imagery. The distribu-
tions of ye at 925 hPa (Fig. 7b) show that an
area of ye larger than 352 K, extended remark-
ably in 18 hours on the southern side of the

front. A marked change is also seen in the dis-
tributions of latent stability (Fig. 7c), estimated
between 925 and 600 hPa. An area of negative
value (meaning latent instability) expanded
rapidly on the southern side of the front. The
synoptic-scale low-level flow over China is char-
acterized by the southerly inflow to the front
(Fig. 7c). This evidence suggests that the heat-
ing of the low-level southerly inflow over China
in the daytime was responsible for the rapid ex-
tension of the areas of high ye and latent
instability.

In summary, observational evidence showed
that a heavy rain episode of 20 hours resulted
from a long-lasting convective rainband over a
stationary front. The synoptic-scale situations
were characterized by the presence of a south-
erly inflow in the lower troposphere, and the
absence of a trough in the middle and upper
troposphere. The vast area of fine weather to
the south of the front, due to the prevalence of
a subtropical high, is also important back-

Fig. 6. (a) Vertical profile of the vapor mixing ratio ðqvÞ, potential temperature ðyÞ, equivalent poten-
tial temperature ðyeÞ, saturated equivalent potential temperature ðy�

e Þ, and wind barb observed at
Anqing (see Fig. 5) on 14 LST 4 July. A pennant indicates 20 ms�1, while barbs are drawn in the
same manner as in Fig. 5. (b) Time-height section of equivalent potential temperature and wind
barb observed every 6 hours at Anqing. The levels of free convection (LFC) and neutral buoyancy
(LNB) are superimposed.
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ground. These features are different from those
of the case studied in Y07, except for the latent
instability due to the supply of high-ye air
from the south. In other words, the formation
of the high-ye air in the daytime was probably
key to the evolution of the rainband, as it was
in the Y07 case. It is also suggested that the
duration is related to the horizontal extent of
the fine-weather area. The meridional width of

this area (approximately 865 km), in the pre-
sent study, was wider than that (about
500 km) of Y07.

4. Control experiment

Based on observational evidence, the descrip-
tion of the control experiment addresses the
effect of high-ye air on the rainband evolution,
as well as the reproducibility of the results

Fig. 7. Changes in the synoptic-scale conditions between 02 LST (left panel) and 20 LST (right
panel). A star and bold line in each panel indicate the location of a depression and the Meiyu-
Baiu front at the surface, respectively. (a) Geopotential height (solid contour), equivalent potential
temperature (broken contour), and vertical velocity (shades) at 500 hPa. (b) Geopotential height
(solid contour) and equivalent potential temperature (contour and shades) at 925 hPa. (c) Vapor
flux vectors at 925 hPa and latent stability represented as (�½yeð925 hPaÞ � y�

e ð600 hPaÞ�/Dp, with
the unit of K � (100 hPa)�1.
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through comparisons with the observational
and reanalysis data. Figure 8 shows the overall
evolution of the coarse-mesh control simula-
tion at 0.5 km above the ground level (AGL),
between 6 and 30 hours after the model initial-

ization. The rainfall distributions (Fig. 8a)
show that a band of weak rainfall in the fine-
mesh domain at 1400 LST was replaced by
one with cellular cores of heavy rainfall
(b32 mm hr�1) after that. The latter (i.e., con-

Fig. 8. Horizontal distributions of the coarse-mesh control experiment. (a) Rainfall intensity at the
surface (shade) and sea level pressure (hPa, contour). Pressure contours are drawn in areas where
the surface altitude is lower than 500 m ASL. (b) Equivalent potential temperature at 0.5 km
AGL. (c) Wind vector at 0.5 km AGL and sum of the sensible and latent heat fluxes at the surface
level.
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vective rainband) developed in the nighttime,
and remained in the next morning. The change
in rainfall pattern is similar to that in the ob-
served reflectivity pattern (i.e., Fig. 5). During
the development, the sea-level pressure distri-
bution showed the generation of pressure min-
ima along the rainband by 0200 LST, which is
roughly comparable with the pressure minima
along the front, shown in Fig. 4c. The ye dis-
tributions (Fig. 8b) show that high-ye air
(b356 K) formed rapidly by 1400 LST, in vast
areas over the landmass to the south of the
frontal bands. As recognized from the high
value of the surface-level heat flux (1400 LST
of Fig. 8c), it is certain that the formation of
high-ye air resulted from the supply of heat
and moisture from the continental surface.
During the nighttime (2000–0800 LST), the
high-ye air was transported to the rainband
(Fig. 8b), due to the prevalence of the south-
westerly flow (Fig. 8c). The high-ye air nearly
disappeared by 0800 LST, but the generation
of this air resumed in the daytime, with the re-
vival of the heat flux over land, as shown in the
last panel of Fig. 8c. The continuous supply of
the high-ye air, due to the southwesterly flow
on the southern side of the front, is comparable
to that from the observation (Fig. 5) and rean-
alysis data (Fig. 7). Therefore, it is clear that
the control simulations qualitatively repro-
duced the generation of high-ye air and the
evolution of the convective rainband, without
contradicting the observational evidence.

To examine the reproducibility from a quan-

titative viewpoint, the horizontal distribution
of rainfall, simulated in the coarse-mesh con-
trol experiment, is shown in Fig. 9. The rainfall
accumulated for 20 hours from 1800 LST 4
July, and was compared with the observed one
in Anhui Province. The results show that the
control experiment reproduced a peak of rain
(321.6 mm) near the eastern boundary of An-
hui Province. This peak value is comparable
with the observed one (380 mm at Chuzhou,
Fig. 3b). Although the location of the peak was
70 km south of the observed peak, this discrep-
ancy is nearly negligible because the horizon-
tal grid spacing of the reanalysis data (used
for the initial fields and lateral boundary con-
ditions) is 20 km.

The process of rainband formation on the af-
ternoon of 4 July is described in detail, using
the result of the fine-mesh control simulation
(Fig. 10). The low-level flow before the evolu-
tion (1200 LST) was characterized by a line of
weak confluence (shown by a dotted line) be-
tween southwesterly and west-southwesterly
on the lee side of the Dabie Mountains. This
line corresponds to the observed shearline
(shown in Fig. 5a). Until 1400 LST, the high-ye

area extended rapidly on the southern side of
the shearline, and the meridional gradient of
ye became sharp along the shearline. As writ-
ten above, the heat flux from the land surface
was responsible for the increase in ye. After
that, the rainband, consisting of cells of hydro-
meteors larger than 2.0 g kg�1, began to de-
velop along the shearline (Fig. 10c). This rain-

Fig. 9. Horizontal distribution of the amount of rainfall accumulated for 20 hours from 18 LST 4
July through 14 LST 5 July. Contours are drawn at 10, 20, and every 50 mm. Shaded areas indi-
cate mountains higher than 500 m ASL. The boundary of Anhui Province is drawn by a bold solid
line.
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band formed at first on the lee side, extended
upwind (Fig. 10d), and remained until the next
day (not shown).

The relationship between the high-ye air and
the rainband evolution is described using ver-
tical sections along the S–N line, as shown in
Fig. 11. The high-ye area (highlighted by a bal-
loon in Fig. 11a) formed near the surface in the
southern part, and the top of this area rose to
1 km ASL near the shearline (marked by a
white arrow) by 1400 LST. This rising corre-
sponds to the rapid extension at the horizontal
section (described above), and indicates that
high-ye air accumulated above the shearline
due to the horizontal convergence. From 1540

LST (Fig. 11c), the convective rainband began
to develop over the shearline. The depth of the
rainband reached 16 km ASL at 2000 LST.
The magnified vertical sections of airflow and
TKE in the vicinity of the shearline are shown
in Fig. 12. At 1400 LST, a shallow cloud, with
TKE larger than 2.5 m2s�2, developed above
the rising 356-K contour (bold solid line). This
corresponds to shallow cumulus clouds pene-
trating the top of the boundary layer, which re-
sulted from the accumulation of high-ye air over
the shearline. This shallow convection grew
deeper in the rainband until 1540 LST. It is
noteworthy that the low-level southerly inflow
began to be reinforced after the formation of

Fig. 10. Horizontal distributions of the hydrometeor mixing ratio (shade), ye (contour), and wind vec-
tor of the fine-mesh control experiment at 0.5 km above the ground level. Areas of ye higher than
356 K are hatched and surrounded with a bold line. Topography of the Dabie Mountains higher
than 250 m ASL are painted black. A dotted line in (a) indicates a shearline.
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the rainband (Fig. 12c), and became much
stronger, especially near the surface, as the
rainband developed (Fig. 12d). The speed of
the horizontal component at 0.5 km ASL was
4 ms�1 at 1400 LST, and increased to 9 ms�1

at 2000 LST. This acceleration of horizontal
wind reflects the development of low pressure
(not shown) below a deep updraft, and indicates
a feedback effect of deep convection on the en-
hancement of convergence along the shearline,
as discussed in Kato (1998).

The vertical thermodynamic profile over the
point ‘‘PR1’’ (shown in Fig. 11b, the same loca-
tion as Anqing) at 1400 LST is shown in Fig.
13a. This profile shows large latent instability
(1598 J�kg�1 of CAPE), with LFC and LNB at
1.1 and 14.1 km ASL, respectively. This insta-
bility resulted from an increase in the ye near
the surface. The simulated profile was compa-
rable with the observational one shown in Fig.
6a, except for the simulated LFC, which was
about 1 km lower than that in the observed

profile. The stratification was also latently un-
stable at ‘‘PR2’’ (profile not shown, the location
is shown in Fig. 11b) where the CAPE was
1935 J�kg�1. The time-height cross section of
ye, LFC, and LNB over PR1 is shown in Fig.
13b. This cross section shows that the control
simulation reproduced the descent of LFC in
the daytime of 4 July and the continuation of
low LFC until the next day, which are similar
to the observational evidence (Fig. 6b). The con-
tinuous supply of high-ye air near the surface
is also reproduced well. It is clear that the
continuation of unstable conditions from 4
through 5 July was responsible for the long-
lasting convective rainband. The time series of
the heat fluxes, downward longwave radiation,
and ye over the surface at PR1 (Fig. 14) show
that the supply of sensible and latent heat
fluxes from the surface was the origin of high-
ye air. The almost stable situation of ye, be-
tween 14 and 23 LST, implies that high-ye air
formed in the vast fine-weather area and was

Fig. 11. Vertical sections of the hydrometeor mixing ratio (shade) and ye (contour, every 4 K) along
the S–N line shown in Fig. 10. The contours of 356 K are highlighted with a bold solid line. White
arrows in (a) and (b) indicate the location of a shearline. A box outlined by a broken line in each
panel shows the area displayed in Fig. 12.
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Fig. 12. Vertical sections of the hydrometeor mixing ratio (shade), wind vectors, and TKE (broken
contour, at 0.5, 1.5, and 2.5 m2s�2) within the box shown in Fig. 11. Bold lines indicate the 356-K
contour of ye.

Fig. 13. (a) Vertical profiles of the simulated qv, y, ye, and y�
e at PR1 (shown in Fig. 11) in the control

experiment. (b) Time-height section of the ye, LFC, and LNB at the same point.
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continually transported over PR1 until mid-
night. As in the Y07 case, the latent heat was
much larger than the sensible heat due to the
wet surface conditions (mostly paddy fields),
and the daytime maximum of these values (un-
der the cloud free conditions) roughly corre-
sponded to the results of previous observations
(Shinoda and Uyeda 2002).

Therefore, in summary, the control simula-
tion reproduced the convective rainband with-
out contradicting the observational evidence.
The evolution of the rainband resulted from
the latent instability over the frontal zone, due
to the inflow of the warm and moist air near
the surface. The origin of the warm and moist
air was the surface heat flux over the vast
fine-weather area to the south of the front
in the daytime. The long duration of the rain-
band resulted from the continuous supply of
high-ye air throughout the night.

5. Sensitivity experiments

While the control simulation successfully re-
produced the evolution of the rainband causing
heavy rainfall, there are three questions that

need to be clarified. The first one is the role of
synoptic-scale convergence in the lower tropo-
sphere, which can create upward motion and
may affect the rainband evolution. The second
is the role of the topography, which can disturb
the mesoscale flow structure in the lower tro-
posphere and change the rainfall distribution.
The importance of the convergence and topog-
raphy is examined by performing the NoSR
and NoTR experiments, respectively. The last
question is the dependency of rainfall duration
on the horizontal extent of the heated land-
mass. As described in Section 3, the rainband
examined in this study lasted much longer
than that studied in Y07. Since the area of fine
weather in southern China in the present case
was considerably larger than that in the Y07
case, it is possible that the horizontal extension
of the heated area was related to the rain-
band duration. This question can be clarified
through the ChLU1–3 experiments.

a. NoSR (no shortwave radiation) experiment
The results of the fine-mesh NoSR experi-

ment are shown in Fig. 15. The horizontal dis-
tributions (Figs. 15a and b) show that the
weak rainfall band and the shearline were re-
produced well at 1400 LST, but that the convec-
tive rainband was not reproduced at 2000 LST.
The vertical sections, along the S–N line (Figs.
15c and d), show a complete lack of the convec-
tive rainband and the maintenance of weak
rainfall. A principal cause of the failure was
the lack of latent instability in the environ-
ment. The ye near the surface was, at most,
348 K in the south of the shearline, which was
almost the same as the minimum value of the
saturated equivalent potential temperature
ðy�

e Þ near 6 km ASL. Of course, the lack of
high-ye air resulted from the exclusion of solar
radiation and surface heating. As a result of
the absence of a convective rainband, the accu-
mulation of rainfall for 20 hours (Fig. 16a) was
very small, with a peak of 114.9 mm to the
east of Anhui Province. This weak rainfall was
brought from the weak rainfall band, that
lasted throughout the simulated period. There-
fore, the results of the NoSR experiment dem-
onstrate that the convective rainband was
never generated without strong latent instabil-
ity due to the surface heating, even if a synop-
tic-scale convergence was present over a front.

Fig. 14. Time series of the sensible and
latent heat fluxes (SHF, LHF), down-
ward shortwave radiation (SR), and
equivalent potential temperature ðyeÞ
at PR1 shown in Fig. 11.
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This indicates that the heated land surface
plays a crucial role in the evolution of the con-
vective rainband, as it did in the Y07 case.

b. NoTR (no terrain) experiment
Since the NoTR experiment included the

process from the land-surface heating through
the latent instability over the front, this experi-
ment reproduced a long-lasting convective rain-
band. Thus, this simulation was compared with
the control experiment, using the distribution
of rainfall accumulated for 20 hours (Fig. 16b).
The overall distribution shows that a long band
of rainfall was reproduced at almost the same
place as in the control simulation (Fig. 9).
This means that the meridional position of the
front, is not greatly changed by the topography
over the continent, and is almost controlled by
the synoptic-scale flow structure. However, it
is noteworthy that the position of the local rain-
fall maxima, in the NoTR experiment, was
greatly changed from that in the control experi-
ment. The peak near the eastern border of An-

hui Province moved eastward to the coastal
area. The value of the peak was 277.2 mm,
which was 86% of the amount in the control ex-
periment, but with better reproducibility than
that in the NoSR experiment. Another peak in
the western slope of the Dabie Mountains,
which was reproduced in the control experi-
ment, was not remarkable in the NoTR experi-
ment. This suggests the importance of the
topography for the position of rainfall peaks
along the front, through the modification of the
flow structure in the lower troposphere. This
result also suggests that heavy rainfall may oc-
cur somewhere along the front even if there
are no mountains over the landmass. It is,
therefore, clear that the importance of the to-
pography, for the heavy rainfall, was secondary
to that of the land-surface heating, from the
perspective of the synoptic scale.

c. ChLU (changed land-use) experiments
As described in Section 2, and shown in Fig.

2, the meridional width of the area heated

Fig. 15. Results of the experiment without solar radiation (NoSR). (a and b) The same variables are
shown in the same form as in Fig. 10, and (c and d) Fig. 11.

704 Journal of the Meteorological Society of Japan Vol. 85, No. 5



by solar radiation to the south of the front is
the narrowest in ChLU1, and the widest in
ChLU3. The influence of this width to the dura-
tion of the rainband is examined, using the ex-
periment of the ChLU series. Figure 17 shows
the time-latitude sections of the rainfall inten-
sity at the surface and the ye at 0.5 km AGL.
These values were averaged zonally between
117.0 and 118.5�E, corresponding to the zonal
range of the heavy rainfall area (see Fig. 3a).
The results of the ChLU series, and those of
the control and NoSR experiments are shown,
and they are arranged according to the meri-
dional width of the heated area. In all experi-
ments, except for NoSR, the high-ye area began
to appear in the daytime of the first day. The
duration of the high-ye air supply varied ac-
cording to the meridional width of the heated
area: 8 hours in the ChLU1 experiment, and
20 hours in ChLU3. Rainfall heavier than
20 mm hr�1 began nearly 6 hours later than
the appearance of high-ye air. It is noteworthy
that the heavy rain ended within a few hours
of the disappearance of high-ye air in the
ChLU1 and ChLU2 experiments, but remained

in ChLU3, as it did in the control experiment.
This result indicates that the rainband dura-
tion depended on the duration of high-ye air
supply that is controlled by the meridional
extent of the heated land surface. By using
the meridional width of the heated surface
ðDyÞ and the meridional wind component (v:
6 ms�1) averaged below 1 km ASL, the dura-
tion of high-ye air supply can be represented
simply as follows,

t ¼ Dy/v: ð3Þ

The duration of heavy rainfall is several hours
shorter than t.

In summary, a series of sensitivity experi-
ments demonstrated that the rainband was
not reproduced when the surface heating effect
was excluded. The dependency of the rainband
duration on the meridional width of the heated
area was also demonstrated. These results
were evidence that land-surface heating over
fine-weather areas to the south of the front is
essential for the rainband evolution and its
duration.

Fig. 16. The same as Fig. 9, but for the experiments (a) without shortwave radiation (NoSR) and (b)
without terrain (NoTR).
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6. Discussion

Through a series of numerical simulations,
this study has demonstrated the role of a
heated landmass on the evolution and mainte-
nance of a heavy overnight rainfall. The rele-
vance of this study to previous ones, on noctur-
nal heavy rainfall resulting from MCSs, is
discussed here. As mentioned in the introduc-

tion, heavy rainfall sometimes occurs, not only
over mainland China, but over the central
United States in summer. Wallace (1975) hy-
pothesized that there are thermodynamic and
dynamic factors responsible for the nocturnal
evolution. The former is the land-surface heat-
ing in the daytime, which contributes to the la-
tent instability that is the focus of the present
study. The latter is the surface friction that

Fig. 17. Time-latitude sections of the hydrometeor mixing ratio and the 356-K ye contour at 0.5 km
above the ground level in the control and sensitivity experiments.
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causes diurnal variability in the strength of a
low-level jet, and contributes to the variation
of convergence over a synoptic-scale frontal
zone. Many studies have addressed the mecha-
nism of a low-level jet and the effect in the
nocturnal MCSs evolution (e.g., Augustine and
Caracena 1994). Over mainland China, Li et al.
(2007) examined the role of LLJ on the noctur-
nal evolution of MCS in the 1998 summer.
However, what must be remembered is that
deep convection never occurs without latent in-
stability, even when convergence is present, as
demonstrated in the NoSR experiment of the
present study. In other words, LLJ can act as
a trigger of deep convection only when LLJ
transports warm and moist air, which is re-
quired for latent instability over a convergence
zone. Therefore, the combination of LLJ (i.e.,
dynamic factor) with high-ye air (thermody-
namic factor) is necessary for the nocturnal
MCS evolution, and land-surface heating is an
important factor causing high-ye air. The com-
bination and its relationship with the noctur-
nal MCS evolution, were reported as observa-
tional evidence (Trier and Parsons 1993). From
a climatological viewpoint, the importance of
the combination was recently suggested by Se-
gal et al. (2002), using a regional climate model
with a 12-hour solar shift. The present study
has demonstrated the significance of this, in a
case of heavy rainfall over China, through an
observation and a series of simulations using
a cloud-resolving model.

In East Asia, heavy rainfall resulting from
MCSs over a Meiyu front occurs not only over
mainland China but over oceanic areas, such
as Japan and Taiwan. There is a remarkable
difference in the cloud distribution between
the continental and oceanic areas, as reported
by Ninomiya (1989). Instead of the continental
surface, a vast ocean surface is probably re-
sponsible for the source of heat and moisture,
although its importance has rarely been the fo-
cus of studies. The process of latent instability
over oceanic areas is probably quite different
from that over the continent, owing to the fol-
lowing three factors. First, the diurnal varia-
tion of sea surface temperature (SST) is usually
smaller than that of land-surface temperature.
Secondly, the vertical mixing of oceanic water
can significantly change the SST. Lastly, the
ocean currents, such as the Kuroshio current

in the Pacific ocean, can transport warm water
from a tropical region. Therefore, it is neces-
sary to clarify the dynamic and thermody-
namic processes coupled between the atmo-
sphere and ocean, in order to understand the
formation process of warm and moist air over
the ocean. As speculated in Kato et al. (2003),
warm and moist air does not distribute uni-
formly, but has horizontal extent of several
hundred kilometers to the south of a Meiyu-
Baiu front. The process for the formation of a
mass of warm and moist air has not been ex-
plained. Mesoscale observations and numerical
simulations on the ocean-atmosphere interac-
tion in the south of Japan are thus, necessary
for further understanding of the MCS evolu-
tion over the Meiyu-Baiu front.

7. Summary

This paper describes the results of intensive
field experiment and a series of numerical sim-
ulations on a heavy rain episode over main-
land China. The case studied was a long-lived
convective rainband, forming over the Yangtze
River basin, and brought heavy rainfall reach-
ing 380 mm in 20 hours on 4–5 July 2003.
The principal purpose of this study was to
demonstrate the role of the heated continental
surface on the evolution and duration of a
heavy rain episode. While the impact of a
heated surface was demonstrated in our previ-
ous case study (i.e., Y07), the present study ap-
plies a similar idea to another case with differ-
ent synoptic-scale conditions, to demonstrate
the general importance of surface heating on
the MCS evolution over land. The simulations
using the Nagoya University Cloud Resolving
Storm Simulator (CReSS) were performed
within a domain covering central and southern
China, to reproduce land-surface heating to the
south of the front. Sensitivity experiments
without shortwave radiation, without terrain,
and with modified land-surface conditions, were
conducted to examine the factors at play in the
evolution and duration of the rainband.

Observational evidence showed that a heavy
rain episode resulted from a long-lasting con-
vective rainband over a stationary front. The
synoptic-scale situations were characterized by
a southerly inflow in the lower troposphere,
and no marked meandering of the upper-level
flow. The vast area of fine weather to the south
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of the front, under the prevalence of a subtropi-
cal high, was also important background. The
control simulation reproduced the rainband,
and its reproducibility was good in comparison
to the observational evidence. The evolution re-
sulted from the latent instability due to the in-
flow of the warm and moist air from the fine-
weather area to the south of the front. The ori-
gin of the warm and moist air was the surface
heat flux over the vast fine-weather area to
the south of the front in the daytime. The long-
lasting rainband resulted from the continuous
supply of high-ye air throughout the night. The
sensitivity experiments demonstrated that the
rainband was never reproduced without latent
instability due to surface heating. It was also
demonstrated that the duration of heavy rain
can be represented as a function of the meri-
dional width of the heated area and meridional
velocity component in the lower troposphere.

It is, therefore, concluded that land-surface
heating over the fine-weather areas to the
south of a Meiyu-Baiu front is a crucial factor
for the evolution and duration of a convective
rainband. It is suggested that land-atmospheric
interaction is a key process for the nocturnal
evolution of MCS over the continental plains
in summer. It is also suggested that the meri-
dional width of a fine-weather area to the
south of a stationary front is a useful parame-
ter for predicting the duration of a heavy rain
episode.
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