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ABSTRACT

During the morning hours on 23 May 2002, a convective line associated with a mei-yu front brought heavy
rainfall along the coast of central Taiwan under favorable synoptic conditions of warm air advection and
large convective available potential energy (CAPE) of over 3000 m2 s�2. Doppler radar observations indicated
that deep convection was organized into a linear shape with a northeast–southwest orientation along the
front about 70 km offshore from Taiwan over the northern Taiwan Strait. The system then moved toward
Taiwan at a slow speed of about 4 m s�1. In the present study, the effects of Taiwan topography on this
convective line and subsequent rainfall distribution were investigated through numerical modeling using the
Nagoya University Cloud-Resolving Storm Simulator (CReSS) at a 2-km horizontal grid size. Experiments
with different terrain heights of Taiwan, including full terrain (FTRN), half terrain (HTRN), and no terrain
(NTRN), were performed. The control run using full-terrain and cold rain explicit microphysics realistically
reproduced the evolution of the convective line and the associated weather with many fine details.

Two low-level convergence zones were found to be crucial in the development of this convective line and
the subsequent rainfall distribution over Taiwan. The first was along the mei-yu front and forced mainly by
the front, but was terrain enhanced off the northwestern coast of Taiwan due to the blocking of air on the
windward side of the Central Mountain Range (CMR). After formation, convective cells along this zone
propagated southeastward and produced rainfall over the northwestern coast. As the front moved closer to
Taiwan, a second arc-shaped convergence zone with a nearly north–south orientation along about 120°E
formed ahead of the front between the prevailing flow and near-surface offshore flow induced by the
blocking. This second zone was terrain induced, and convection initiated near its northern end was found to
be responsible for the rainfall maximum observed near the coast of central Taiwan. Its intensity and position
were highly sensitive to terrain height. In the HTRN run where the terrain was reduced by half, a weaker
zone closer to the CMR (by about 50 km) was produced, and the rain fell mostly over the windward slope
of the terrain instead of over the coastal plain. When the terrain was removed in the NTRN run, no such
zone with the correct orientation formed. It was also found that the frontal movement near northern Taiwan
was slightly delayed with the presence of terrain, and this affected the timing and distribution of local
rainfall during the later stages of this event.
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1. Introduction

There are different mechanisms capable of organiz-
ing deep convection into a linear shape in the atmo-
sphere. These, among others, include synoptic-scale
forcing by fronts (e.g., Carbone 1982; Browning 1990)
and by mesoscale topography (Smolarkiewicz et al.
1988). Sufficiently strong vertical wind shear also pro-
vides convection with a means of self-organization in
the absence of other forcing (e.g., Bluestein and Jain
1985; Houze et al. 1990; LeMone et al. 1998). The to-
pographical effect on flow structure, convection, and
the subsequent rainfall distribution over regions with
high terrain has received much attention in recent
years. In the low Froude number (Fr � U/Nh, where U
is the speed of wind perpendicular to mountain, N is the
buoyancy oscillation frequency, and h is the terrain
height, respectively) regime (Fr � 1), the blocking ef-
fect is significant (Pierrehumbert 1984; Blumen 1990;
Baines 1995) and can influence upstream to a distance
limited by the Rossby radius of deformation (LR �
Nh/f, where f is the Coriolis parameter, Pierrehumbert
and Wyman 1985). Under such conditions, windward-
side ridging, leeside troughing, and flow deflection oc-
cur (e.g., Smith 1982; Banta 1990; Overland and Bond
1995), often leading to offshore convergence and con-
vection, and the formation of coastal jets (Grossman
and Durran 1984; Doyle 1997; Braun et al. 1997; Chien
et al. 2001; Colle et al. 2002). In addition, as a front
approaches, terrain blocking can cause frontal defor-
mation and delay its movement (Braun et al. 1997;
Neiman et al. 2004). The amount and distribution of
rainfall, often an issue of focus over flood-prone moun-
tainous regions, is also affected by the blocking effect.
During the eighth Intensive Observing Period (IOP 8)
case in the Mesoscale Alpine Program (MAP) con-
ducted over northern Italy in 1999, in which Fr � 1, the
stable low-level southerly flow was blocked by the Alps
and only a less than expected amount of rain was re-
ceived over the windward-side slopes (Bousquet and
Smull 2003; Steiner et al. 2003). In contrast, the MAP
IOP 2b event occurred under a high Fr regime (Fr � 1),
and the strong, unblocked, and conditionally unstable
low-level flow was forced to ascend the mountain slope
to produce heavy rainfall (Rotunno and Ferretti 2003;
Medina and Houze 2003).

Over the Taiwan area, complex interaction between
fronts, convection, environmental flow, and topography
also often occurs during the mei-yu season from mid-
May to mid-June (e.g., Kuo and Chen 1990; Chen 1992;
Lin 1993). Although the Central Mountain Range
(CMR) is only about 100 km in width, its mean eleva-
tion of 2.5 km makes it a common occurrence for the

flow to be in a low Fr (i.e., flow around) regime with
significant blocking effect (e.g., Li and Chen 1998;
Wang and Chen 2003). Using N � 10�2 s�1 and f � 6 �
10�5 s�1 at 25°N, a typical LR of CMR is estimated to
be about 415 km. The topographical effect on coastal
rainfall during IOP 3 of the Taiwan Area Mesoscale
Experiment (TAMEX; Kuo and Chen 1990) in 1987
was investigated by Yeh and Chen (2002). Using the
fifth-generation Pennsylvania State University–Nation-
al Center for Atmospheric Research (PSU–NCAR)
Mesoscale Model (MM5), they found that the offshore
convergence enhanced by the terrain’s blocking effect
under prevailing southwesterly flow was essential for
the localized rainfall maximum along the northwestern
coast of Taiwan.

During the morning hours on 23 May 2002, a con-
vective line developed over northern Taiwan Strait
along the mei-yu front and brought heavy rainfall to
coastal areas from central to northwestern Taiwan.
Doppler radar observations indicated that this line
strengthened and became better organized at about 70
km offshore before it made landfall (to be further de-
scribed in section 3). Since the location is prone to ter-
rain-induced low-level convergence, one wonders
whether a process similar to the one in the TAMEX
IOP 3 case was also involved, and what its exact role
was in this event. Therefore, we were motivated to
carry out the present study through model simulation.
Since ice processes are often important in such events
(e.g., Richard et al. 2003), the Cloud-Resolving Storm
Simulator (CReSS) with explicit treatment in cloud mi-
crophysics at high resolution was used (section 4). As
will be shown later, our results reveal important topo-
graphical impacts that take place in this case. By com-
paring with Yeh and Chen (2002), this study also sheds
additional insights into the effects of Taiwan topogra-
phy on convection and precipitation.

2. Data and analysis

a. Observational data and analysis

Six-hourly gridded regional objective analyses from
the Japanese Meteorological Agency (JMA) at 0.25°
latitude–longitude resolution at 20 levels during 22–23
May 2002 were used for synoptic discussion and to com-
pare with model output. The regional analysis is per-
formed by the JMA regional spectral model (RSM)
using a miltivariate three-dimensional (3D) optimum
interpolation (OI) method to combine first-guess fields
with observations that are free of internal/external
quality control problems (Segami et al. 1989; Onogi
1998) from a variety of platforms (Tsuyuki and Fujita
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2002). Sounding data at 0200 LST 23 May (i.e., 1800
UTC 22 May) at Makung, Taiwan (23.7°N, 119.6°E)
were used to evaluate thermodynamic conditions of the
prefrontal environment.

To examine the evolution of the convection and pre-
cipitation, hourly vertical maximum-echo indicator
(VMI) radar reflectivity composites and total rainfall
from gauge network during 22–23 May 2002 in the Tai-
wan area, both provided by the Central Weather Bu-
reau of Taiwan were used. These maps will also be used
to verify the control experiment performed by CReSS.
In addition, hourly surface observations at several sites
over Taiwan during the case period were employed to
analyze the weather phenomena associated with the
passage of the convective line, but no map of this sort
will be presented.

b. Data for model simulation

The JMA global objective analyses at 1.25° latitude–
longitude resolution at 14 levels (from 1000 to 50 hPa)
were used to provide initial and lateral boundary con-
ditions to the CReSS model. Global instead of regional
analyses were chosen so that small features were absent
in the initial field, a condition better suited for exam-
ining the pure effects of terrain under a given synoptic
condition. Also available every 6 h, the global analyses
were produced by the JMA global spectral model
(GSM) using 3D variational method with the incremen-
tal approach (Kanamitsu et al. 1983; Courtier et al.
1994; Tsuyuki and Fujita 2002).

A terrain data file at 1-km resolution was used for the
lower boundary of the model, but values outside the
island of Taiwan were interpolated from a 9-km East
Asian terrain file. Using the JMA global analyses, the
CReSS model was initialized at 2000 LST (1200 UTC)
22 May 2002, and sensitivity tests with different terrain
heights of Taiwan were conducted. Further description
of the model and experiment design will be given in
section 4.

3. Synoptic setup and case evolution

a. Synoptic condition

In this section, we first describe the synoptic condi-
tion under which the convective line developed. Figure
1 presents the JMA regional analysis (0.25°) from 925
to 500 hPa at 2000 LST (1200 UTC) 22 May 2002. At
925 hPa, high pressure systems were located over the
interior of China to the northwest and over the Pacific
to the southeast (Fig. 1a). Between the two highs, a
wind-shift line extended west-southwestward from the

low near 29°N, 128°E to 26°N, 120°E, then to 22°N,
113°E along the southeastern coast of China. The line
also defines the position of the mei-yu front since hori-
zontal wind shear rather than thermal gradient is often
the more significant attribute of a mei-yu front over
Taiwan and southern China (e.g., Akiyama 1973; Chen
and Chang 1980; Kato 1985). Northerly flow existed
behind the front while southwesterly flow of about 10
m s�1 prevailed immediately ahead of the front over
the Taiwan Strait, with stronger winds (shaded) off
northwestern and southeastern Taiwan (Fig. 1a). Thus,
the 925-hPa wind field around Taiwan in the 0.25° JMA
analysis already bares characteristics typical of barrier
influences (Li and Chen 1998). The pressure pattern
remained the same at 850 hPa, while the wind shift line
was slightly to the north with west-southwesterly flow
ahead (Fig. 1b). The flow over northern Taiwan Strait
was weaker than at 925 hPa, indicating that the stronger
winds near the surface were indeed linked to terrain
blocking. The wind shift line was no longer visible at
700 hPa, while a north–south-oriented shortwave
trough was passing 115°E (Fig. 1c). Westerly flow of
about 10 m s�1 prevailed from southern China to Tai-
wan, and the veering of winds with height near Taiwan
indicated the existence of warm air advection (WAA)
and synoptic-scale ascent. At 500 hPa (Fig. 1d), winds
were west-northwesterly over Taiwan Strait, with stron-
ger westerly flow (�20 m s�1) north of 32°N near the
Korean Peninsula together with tighter geopotential
height gradients. The same pattern remained farther
aloft at 300 hPa (not shown).

When both wind and relative vorticity (�) in the JMA
regional analysis are examined, the position and move-
ment of the mei-yu front near Taiwan can be deter-
mined. At 2000 LST 22 May, the 950-hPa front was
right along the southeastern coast of China, with a
maximum vorticity of more than 2.0 � 10�4 s�1 (Fig.
2a). The southwesterly flow over northern Taiwan
Strait was 15 m s�1 at 950 hPa, and there existed a pair
of anticyclonic/cyclonic vorticity centers along the
windward/leeward sides of the CMR. The mei-yu front
had moved offshore from southeastern China at 0200
LST 23 May (not shown). Six hours later at 0800 LST
(Fig. 2b), the front was within 30 (90) km from northern
(central) Taiwan, and the section east of Taiwan ap-
peared to have already moved southward. Thus, in this
particular case the (synoptic scale) front approached
northern to central Taiwan at a speed of about 2.5–
3.5 m s�1.

The thermodynamic condition in the prefrontal
environment is presented in Fig. 3, plotted using an
upper-air sounding launched at Makung (near 23.7°N,
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119.6°E; cf. Fig. 2a) at 0200 LST 23 May. The air was
conditionally unstable and very moist below 700 hPa,
yielding a very large convective available potential en-
ergy (CAPE) of 3114.3 m2 s�2 and a very small convec-
tive inhibition (CIN) of 1.7 m2 s�2 for an air parcel at
the surface. The vertical wind profile also indicated
both WAA at lower levels and considerable west-
northwesterly wind shear between 950 and 500 hPa
(Fig. 3). Thus, the prefrontal environment of the ap-
proaching mei-yu front in the Taiwan area was favor-

able for deep convection development, while no signifi-
cant feature existed in the upper troposphere.

b. Evolution of the convective line

Figure 4 presents hourly composites of VMI radar
reflectivity (dBZ) in the Taiwan area for 0000–0500
LST 23 May 2002. A series of convective cells first
formed over northern Taiwan Strait near 0000 LST and
aligned roughly parallel to the mei-yu front, in a north-
east–southwest direction from about 27.0°N, 122.1°E to

FIG. 1. JMA regional analysis (0.25° resolution) at 2000 LST (1200 UTC) 22 May 2002 at (a) 925, (b) 850, (c) 700, and (d) 500 hPa.
Geopotential heights (contours) were analyzed at intervals of (a) 10, (b) 10, (c) 15, and (d) 20 gpm. For winds, full (half) barbs are 10
(5) m s�1, and areas with wind speed �12.5 m s�1 in (a)–(c) and 20 m s�1 in (d) are shaded. Thick dashed lines depict the position of
mei-yu front, wind shift line, or trough.
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FIG. 2. The 950-hPa JMA regional analysis (0.25° resolution) of winds and relative vorticity
(10�4 s�1) at (a) 2000 LST (1200 UTC) 22 May and (b) 0800 LST (0000 UTC) 23 May 2002.
For winds, full (half) barbs are 10 (5) m s�1. Relative vorticity is analyzed at intervals of 0.5
� 10�4 s�1 (dashed for negative values and zero line omitted), and areas �2.0 � 10�4 s�1 are
shaded. Thick dashed lines depict the position of mei-yu front, and the asterisk in (a) marks
the sounding station Makung (46734).
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25.6°N, 119.6°E (Fig. 4a). Over the next 3 h, these cells
gradually intensified while moving slowly southeast-
ward. They became organized into a convective line
with scattered new development over the prefrontal
area over the northern Taiwan Strait and just north of
Taiwan (Figs. 4b–d). The system as a whole matured at
0400 LST as the region �20 dBZ reached a length of
roughly 430 km and a width of 20–90 km. Individual
cells, each about 10–25 km in size, were embedded in-
side the line (Fig. 4e). Using the criteria of Chen and
Chou (1993), this system qualified as a squall line. The
convective line made landfall over central Taiwan
shortly after 0500 LST (Fig. 4f), then weakened signifi-
cantly and dissipated after 0700 LST (not shown). Thus,
the life span of this system was about 7 h and the propa-
gation speed was rather uniform at about 4 m s�1,
roughly in phase with the front but significantly slower
than most other squall lines observed during TAMEX
(Chen and Chou 1993).

The southward extension of the line over northern
Taiwan Strait started near 24.8°N, 120.1°E at 0100 LST,
about 80 km south of the western end of the original
line (Fig. 4b). New cells continued to appear at both the
northeastern and southwestern ends of the line at about
70 km off the coast of northwestern-central Taiwan,
eventually forming the main body of the southern sec-
tion by 0300 LST (Figs. 4c,d). During this process, a
clear southward extension of the convective line took
place, from about 24.8° to almost 23.1°N at 0500 LST
(Fig. 4f). Thus, the system became stronger and better
structured at about 70 km offshore before moving on-
shore. The (smoothed) total rainfall caused by the
event between 0000 and 1000 LST (Fig. 5) reached 85
mm over the coastal plain of central Taiwan, and 55 and
45 mm over coastal regions in northern and southern
Taiwan, respectively. At Wuchi station (cf. Fig. 5),
nearly 100 mm of convective rain was received within
2 h during 0600–0800 LST (not shown). Since the rain

FIG. 3. Skew T–logp diagram for the sounding taken at Makung station (46734; near 23.7°N,
119.6°E, see Fig. 2a for location) at 0200 LST 23 (1800 UTC 22) May 2002. CAPE and CIN
for an air parcel at the surface were 3114.3 and 1.7 m2 s�2, respectively.
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FIG. 4. Composite VMI radar reflectivity (dBZ ) over Taiwan area at 1-h intervals from (a) 0000 to
(f) 0500 LST 23 May 2002. Colors of shades are indicated at the top of each panel.

NOVEMBER 2005 W A N G E T A L . 3223

Fig 4 live 4/C



mostly fell near the coast instead of the windward slope
of the CMR (cf. Fig. 6a), the distribution was a direct
result of the intensification of the convective line about
70 km offshore from northwestern Taiwan. As men-
tioned in section 1, this region of intensification was
collocated with that of low-level convergence induced
by terrain blocking (Yeh and Chen 2002). The present
study attempts to answer the questions of whether the
Taiwan topography played some role in the develop-
ment and evolution of this particular case, and if so,
how the convective line was influenced.

4. Model description and experiments

a. CReSS

To investigate the role of Taiwan topography in this
convective line case, the CReSS model (multiprocessor
version 1.4), developed by the Hydrospheric Atmo-
spheric Research Center (HyARC) of Nagoya Univer-
sity, Japan (Tsuboki and Sakakibara 2002), was used to
carry out experiments using different terrain heights.
This model employs fully compressible, nonhydrostatic
dynamics, and is designed to realistically simulate me-
soscale systems at high resolution using explicit cloud
microphysics. The Cartesian coordinate (x, y) in the
horizontal and a terrain-following curvilinear coordi-
nate (�) in the vertical directions are used, such that

��x, y, z	 �
zt
z � zs�x, y	�

zt � zs�x, y	
, �1	

where zt and zs are model heights at the top and sur-
face, respectively. With this coordinate system, the
equations for 3D momentum, pressure, and potential
temperature (�) are formulated as described in detail
by Tsuboki and Sakakibara (2002). The equation set
includes all types of waves, such as Rossby waves,
acoustic waves, and gravity waves. Final variables pre-
dicted are 3D wind components (u, , and w) and pres-
sure and potential temperature perturbations (p� and
��) from the mean state, which is in hydrostatic equi-
librium at the starting time of model integration.

To properly simulate clouds at fine resolution, ex-
plicit microphysics for bulk cold rain processes based
on Lin et al. (1983), Cotton et al. (1986), Murakami
(1990), Ikawa and Saito (1991), and Murakami et al.
(1994) are used in CReSS without cumulus parameter-
ization. A total of six species (water vapor, cloud, ice,
rain, snow, and graupel) are considered, and their mix-
ing ratio (qx, where the subscript x denotes a species)
predicted. Microphysical processes for nucleation (con-
densation) include deposition or sorption, condensa-
tion freezing, homogeneous, contact, and secondary
nucleation (of ice crystals). Also included are deposi-
tion, evaporation, and sublimation for water vapor,
melting, freezing, falling out, collection, conversion,
and aggregation for other species, and shedding of liq-
uid water (Tsuboki and Sakakibara 2002). A bulk warm
rain scheme that includes only the three warm species is
also available in CReSS, but only the cold rain scheme
was used in this study.

Subgrid-scale turbulent mixing is parameterized us-
ing a 1.5-order closure with turbulent kinetic energy
(TKE) prediction (Tsuboki and Sakakibara 2001).
Planetary boundary layer (PBL) processes are param-
eterized largely following Mellor and Yamada (1974) as
well as Segami et al. (1989). Surface fluxes of momen-
tum and energy, and radiation processes are included
(Kondo 1976; Louis et al. 1981; Segami et al. 1989) with
a substrate model for ground temperature prediction,
but cloud radiation is neglected. Different land-use
types were not considered and evapotranspiration effi-
ciency and albedo were fixed at 0.5 and 0.2, respec-
tively. For simplicity, a constant sea surface tempera-
ture of 25°C, close to the climatological mean in the
vicinity of Taiwan for May, was used over the ocean.

For numerical computation in CReSS, the Ara-
kawa-C staggering grid and the Lorenz grid are used for
discretization in the horizontal and vertical, respec-
tively. To improve computational efficiency, a mode-
splitting technique (Klemp and Wilhelmson 1978) is

FIG. 5. Accumulated rainfall (mm) distribution in 0000–1000
LST 23 May 2002. The triangle marks the location of Wuchi sta-
tion.
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adopted to integrate acoustic mode terms (and gravity
mode by option) using a smaller time step ��, and terms
of all other modes using a larger time step �t. The
leapfrog scheme with the Asselin time filter (Asselin
1972) is used for time stepping, while the Crank–
Nicolson scheme can be used to solve p� and w implic-
itly in the vertical for small �� by option. Computa-
tional mixing is used to remove grid-scale noise. For
parallel computing, data exchange between individual
processing elements is performed by the Massage Pass-
ing Interface (MPI). Still under continuous develop-
ment, the CReSS model has been applied to success-
fully simulate cloud streets during a cold air outbreak
(Liu et al. 2004), localized heavy rainfall (Tsuboki
2004), and the inner structure of a typhoon (Oh et al.
2004), but not terrain-forced flow (in the formal litera-
ture) until this study. For a more complete description
of the formulation and different configurations and op-
tions of CReSS, readers are referred to Tsuboki and
Sakakibara (2001, 2002).

b. Design of model experiments

The CReSS model domain in the present study was
set to 21.8°–26.7°N, 117.7°–123.1°E (Fig. 6) with a 2-km
horizontal grid size. A total of 60 levels were used in the
vertical, stretching from a spacing of 150 m at the bot-
tom to 450 m at a model top of 21 km, such that the
total number of grid points were 272 � 272 � 60. As
mentioned, all experiments were initialized at 2000 LST
22 May 2002, that is, about 4 h before line formation,
using the 1.25° JMA global analysis and terrain data.
Lateral boundaries were driven by interpolated condi-
tions from successive analyses 6 h apart without nest-
ing. At model top and bottom, boundary conditions

were set to zero gradient and rigid surface, respectively.
Each run was integrated for 18 h using the bulk cold
rain microphysics and time steps of 2.0 (large) and 0.5 s
(small) with output every 30 min.

To investigate the role of Taiwan topography in the
development of the current convective line, the follow-
ing experiments were preformed. The first is the full-
terrain run (FTRN) that used the real terrain and
served as the control experiment. The second is the
half-terrain run (HTRN) where the topography of Tai-
wan was reduced by half from the actual height while
everything else remained unchanged. The third is
named the no-terrain (NTRN) run, in which the entire
island of Taiwan was set to 1 m in elevation but land–
sea attributes remained the same. Thus, the highest
peak of CMR exceeded 3.5 km in FTRN and was about
1.8 km in HTRN runs, while no peak existed in the
NTRN run (Fig. 6). An additional run without the is-
land of Taiwan altogether (NLND) was also performed
for comparison. At the starting time of the model, the
JMA analysis (1000–50 hPa) was interpolated onto the
model grid without special treatment. Because the ana-
lyzed fields must be already affected by real terrain (or
the one in GSM), no data nudging in the interior of the
model domain was employed once the forward integra-
tion began.

5. Model results

a. The FTRN experiment

In the FTRN run using the full terrain (and other
experiments), near-surface features associated with the
terrain of Taiwan and southeastern China, such as local
convergence, were well developed and remained quasi

FIG. 6. The CReSS model simulation domain and different terrain height (km) of Taiwan used in the sensitivity test. (a) FTRN using
actual topography of Taiwan, (b) HTRN where the topography of Taiwan was reduced by 1/2, and (c) NTRN where a flat topography
of 1 m was used for Taiwan. Shadings are at 0.5-km intervals as indicated at the lower right of (c), and additional contour lines at 0.2,
1.5, and 3 km are drawn.
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steady by 2200 LST 22 May. Therefore, even though
the starting time of the model was only about 4 h earlier
than the development of the convective line, spin up
did not seem to affect the results in any serious manner.
Figure 7 presents the simulated wind and relative vor-
ticity at 378 m (level 3) in the FTRN run. As the mei-yu
front (thick dashed) defined by the wind shift line
moved off the southeastern coast of China at 0000 LST
22 May, vorticity first intensified (2 � 10�4 s�1) along
an east–west narrow zone near 26.1°N over northern
Taiwan Strait (Fig. 7a). As this zone developed through
0200 LST, another vorticity belt with a northeast–
southwest orientation started to form to the southwest
along the leading edge of the front. This vorticity belt
further strengthened and extended in length when the
prefrontal southwesterly flow off northwestern Taiwan
increased to over 15 m s�1 (Figs. 7b,c). Upon approach-
ing Taiwan at 0300 LST, at about 75 km from the coast-
line, the new frontal vorticity zone continued to inten-
sify (Fig. 7d). Individual centers of 3–4 � 10�3 s�1

about 20–40 km in scale formed along the new frontal
zone, while the first zone weakened. At 0400 LST, the
length of the zone reached about 370 km and its width
was still very narrow, only about 15 km (Fig. 7e). The
peak intensity occurred at 0500 LST with several vor-
ticity centers �5 � 10�3 s�1 (Fig. 7f). These � values
were on the same order as those obtained by Lin et al.
(1992) for the TAMEX IOP-13 case using Doppler ra-
dar data on a 1-km grid. During this period as the front
approached Taiwan, vorticity also started to increase
along an arc-shaped boundary near 120°E between the
prefrontal flow and the southerly (offshore) flow origi-
nating from the southern CMR. As the front continued
to move southeastward at 0600 LST, the flow between
the northwestern coast of Taiwan and the front weak-
ened, while the frontal vorticity also reduced with in-
creasing deformation in shape (Fig. 7g). The southern
end of the band nonetheless extended to about 23.6°N,
also in good agreement with radar data. The front even-
tually reached the coast of both northern and central
Taiwan at 0700 LST (Fig. 7h), and continued to weaken
afterward (not shown). The front propagated in the
FTRN run at a speed of about 3.5–5 m s�1, which was
faster than that in the analysis (Fig. 2), but agreed very

well with the traveling speed of the convective line in
Fig. 4. Although the model domain was only 542 km �
542 km without an outer domain (Fig. 6), results in Fig.
7 (and other figures to be shown) suggest that lateral
boundaries driven by 6-h analyses possibly exerted only
a minimal negative impact since the phenomena of in-
terest mostly occurred near the center of the domain
and were well simulated. During the case period, the
cyclonic vorticity center to the southeast of Taiwan,
with a maximum value of �7.5 � 10�4 s�1, was also
reproduced (Fig. 7). However, this feature will not be
elaborated extensively since it is not our main focus.

The simulated streamlines and convergence at 687 m
(level 5) in the FTRN run are shown in Fig. 8, which
gives an overall evolution similar to Fig. 7. When the
northeast–southwest line associated with low-level con-
vergence (solid) developed along the front at 0100 LST
(Fig. 8a), divergence (dashed) existed on both sides of
the line. As the line extended in length through 0300
LST, individual convergence centers of 1–2 � 10�3 s�1

embedded in the line also developed about 20–35 km
apart (Fig. 8b). These centers were associated with con-
vective cells, which mostly moved southeastward rela-
tive to the line after formation (to be discussed shortly).
During this period, northward deflection of the south-
westerly flow upstream from the terrain was clear at
687 m. Convergence along the arc-shaped zone also
grew south of 24.7°N at 0400 LST (Fig. 8c), and in-
creased divergence centers appeared among the con-
vergence ones. Clearly, the arc-shaped convergence
zone was ahead of the front, and reached central Tai-
wan near 0600 LST (Fig. 8d).

Figure 9 presents the distribution of largest total mix-
ing ratio of rain and graupel (g kg�1) in the air column
so that it is analogous to Fig. 4 and depicts convective
cells, while horizontal winds at 1006 m (level 7) are also
shown. By 0100 LST 23 May, convection had started to
develop along the low-level convergence zone at the
leading edge of the front (Fig. 9a). During the next 2–3
h, individual cells, some only about 15 km apart, inten-
sified within the line (Figs. 9b–d). A similar multicell
structure was also observed in several TAMEX squall
lines or simulated by models (e.g., Wang et al. 1990; Lin
et al. 1992; Trier and Parsons 1995). These cells, most

→

FIG. 7. Simulated horizontal wind (m s�1) and relative vorticity (10�4 s�1) at 378 m in FTRN
run at 1-h intervals from (a) 0000 to (h) 0700 LST 23 May 2002. For winds, full (half) barbs
represent 10 (5) m s�1. Relative vorticity is analyzed at intervals of 5 � 10�4 s�1 plus two
additional levels at �2 � 10�4 s�1 (with dashed for negative values and the zero line omitted),
and areas �1 � 10�3 s�1 or ��1 � 10�3 s�1 are shaded. Thick gray dashed lines indicate the
front at 378 m, and sections may be omitted if overlaid with zones of large positive vorticity.
The 378-m contour is also plotted.
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lasting for about 2–3 h, were associated with low-level
convergence, while divergence often appeared between
them or at their immediate backside (cf. Fig. 8). Indi-
vidual cells propagated toward the general direction of
east-southeast after formation, gradually away from the
front (collocated with the low-level convergence zone)
where new convection was initiated. Although cells in
Figs. 4 and 9 did not have an exact one-to-one corre-
spondence, the overall distribution and morphology of
simulated cells agreed very well with radar observation.

The southwestern part of the line was generally stron-
ger, similar to the convergence field, where larger and
more intense cells tended to form [e.g., the one near
24.7°N, 119.9°E at 0300 LST (�6 g kg�1; Fig. 9c)]. The
cells continued to evolve along the front through 0500
LST (Fig. 9e), and the arc-shaped convergence line also
led to the development of a series of about 8–10 iso-
lated cells located off the coast of central to southwest-
ern Taiwan. In fact, the southern end of this arc-shaped
line started to develop as early as 0330 LST near

FIG. 8. Same as in Fig. 7, except for streamlines and convergence (10�4 s�1) at 687 m at (a) 0100, (b) 0300, (c) 0400, and (d) 0600 LST
23 May 2002. Isolines and shading values for convergence are the same as those for � in Fig. 7. Fronts at 378 m and the 687-m contour
are also plotted.
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FIG. 9. Same as in Fig. 7, except for simulated maximum mixing ratio (g kg�1) of rain plus graupel in the air
column, and horizontal wind vectors at 1006 m from (a) 0100 to (f) 0600 LST 23 May 2002. The vector length of
20 m s�1 is indicated at bottom of (e) and (f). Mixing ratio is analyzed at 1 g kg�1 intervals and areas �3 g kg�1

are shaded. Fronts at 378 m and the 1006-m contour are also plotted.

NOVEMBER 2005 W A N G E T A L . 3229



22.8°N, 120.5°E (not shown), which is in excellent
agreement with observations (Figs. 4c,d; 8b,c; 9d). Af-
terward, the the cells moved onshore in the prefrontal
environment (Figs. 9e,f).

The simulated total rainfall during 0000–1000 LST
(Fig. 10) reached a maximum of 140 mm ahead of the
front over the strait (near 25°N, 120.4°E). The rain over
land was distributed primarily in the western half of the
island with local centers over central and southern Tai-
wan, showing a pattern in good overall agreement with
Fig. 5. The maximum near 24.1°N, 120.8°E, caused by
convection that developed along the arc-shaped con-
vergence zone (cf. Figs. 8 and 9), was close to the ob-
servation in location but the value of about 65 mm was
somewhat too small. To the south, the rain was increas-
ingly overpredicted and displaced inland. For instance,
the center near 23.2°N, 120.7°E (130 mm) was too large
and too far east by about 50 km. This discrepancy was
apparently caused by delayed development of cells, and
was possibly related to inadequate upstream spacing
from the model lateral boundary (less than the esti-
mated LR in section 1) since it occurred closer to the
domain edge. The model also produced considerable
rainfall along the northwestern coast, as well as a local
center of 40 mm over northern Taiwan (at 25.2°N,
121.6°E) but the areal extent was too small. Overall, the
control run of FTRN experiment was both realistic and
contained many fine details. It generally agreed with
the observations in the evolution of the mei-yu front,
the secondary arc-shaped convergence line, as well as in
the resultant weather including the development, mor-
phology, and structure of convection and the associated
rainfall distribution.

From the results of the FTRN run, vertical cross sec-
tions from 25.4°N, 119°E to 24.3°N, 121°E (along AA’
in Fig. 9a) were constructed to examine the flow and
thermodynamic structure in the lower troposphere off
the northwestern coast of Taiwan (Fig. 11). As the mei-
yu front (position as in Fig. 7) moved to about 119.3°E
at 0000 LST 23 May, prefrontal southwesterly flow was
strongest (�10 m s�1) just northwest of Taiwan topog-
raphy (Fig. 11a). The vorticity on its cyclonic shear side
over the strait (near 119.4°–119.8°E) was still separated
from that associated with the front. At this time, deep
convection had not formed but there was stratiform
cloud below 4 km over the strait (not shown). At 0200
LST (Fig. 11b), the front moved to about 119.7°E with
deep convection at its leading edge. Their associated
vorticity nearly merged although the convectively in-
duced � was one order of magnitude larger (�2 � 10�3

s�1). The postfrontal northeasterly flow was about
1–1.5 km in depth, while the prefrontal flow below
about 2.5 km strengthened. The convection reached

about 16 km (not shown), consistent with Fig. 3, and
exhibited a slight forward tilt (Fig. 11b).

The flow structure in the cross section revealed that
low-level offshore flow at 0000 UTC extended from the
terrain of Taiwan out to about 119.8°N, where conver-
gence of 1–2 � 10�4 s�1 existed below 1 km near the
surface (Fig. 11c). As the prefrontal flow strengthened,
offshore flow also increased in speed and depth (to
about 1.2–2 km) at 0200 LST (Fig. 11d). The conver-
gence accompanying the deep convection reached 1 �
10�3 s�1 all the way up to the midtroposphere. Below 6
km, the largest vertical velocity reached almost 5 m s�1

at 0200 LST, but peak ascent of nearly 13 m s�1 oc-
curred at 11 km (not shown). Ahead of the convergence
line, downdrafts also existed with divergence (below 4.5
km), but the divergence immediately behind the line
was present only within a narrow zone (of about 10 km
in width; Fig. 11d). The distribution of equivalent po-
tential temperature (�e) at 0000 LST indicated potential
instability to moist ascent below 4 km, especially over
the strait, as well as stronger gradients behind the front
(Fig. 11e). The � gradient of the front was very weak
but stable to dry ascent (not shown), and yielded buoy-
ancy oscillation frequency (N) values of about 1.1–1.3
s�1 below 6 km. In the prefrontal southwesterly flow,
RH was high and reached over 95% even at the surface
(119.6°–120°E). It was somewhat lower (�90%) at re-
gions where offshore flow existed most likely because
the air was originating from drier (and elevated) land

FIG. 10. Same as in Fig. 7, except for simulated 10-h accumu-
lated rainfall (mm) in 0000–1000 LST 23 May 2002. Contour in-
tervals are 20 mm starting from 20 mm, plus two additional levels
at 5 and 10 mm, and areas �40 mm are shaded.
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FIG. 11. Vertical cross sections from 25.4°N, 119°E to 24.3°N, 121°E (AA� in Fig. 9a) in the lowest 6 km in the FTRN run at (a), (c),
(e) 0000 and (b), (d), (f) 0200 LST 23 May 2002. (a) Total mixing ratio of precipitating hydrometeors (qr � qs � qg, g kg�1, shading),
speed of horizontal wind normal to cross section (m s�1, solid, positive for into the plane and zero line thickened), and relative vorticity
(�, 10�4 s�1, dashed, positive only). (c) Convergence (10�4 s�1, shading for positive and dashed lines for negative values), and 2D
vectors and speed of horizontal wind (m s�1, solid, zero line thickened) along the section plane. (e) Relative humidity (%, shading),
buoyancy oscillation frequency (N, 10�2 s�1, solid) and equivalent potential temperature (�e, K, dashed). (b), (d), (f) Same as (a), (c),
(e) except for 0200 LST. Contour intervals are 5 � 10�4 s�1 plus (�) 0.5, 1, and 2 � 10�4 s�1 for � and convergence and 2 m s�1 for
wind speed (a)–(d), and 2 K for �e and 0.1 � 10�2 s�1 for N (e), (f). The letter “F” marks the position of the front in (a), (b). A vertical
distance of 1 km represents 10 m s�1 in (c), (d).
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areas (Figs. 11c,e). Lower RH values also existed near
the steep terrain over land, where local N values de-
creased to below 1.0 s�1. While the convection was
associated with high moisture content at 0200 LST,

RH southeast of the line in the lower troposphere
decreased significantly due to subsidence warming
from downdrafts and compensational sinking motion
(Fig. 11f).

FIG. 12. Vertical cross sections from 23.7°N, 119°E to 23.3°N, 121°E (BB� in Fig. 9c) in the
lowest 6 km in the FTRN run at 0300 LST 23 May 2002. (a) Convergence (10�4 s�1, shading
for positive and dashed lines for negative values), speed of horizontal wind normal to the
section plane (m s�1, solid), and 2D wind vectors (m s�1) along the section plane (with zero
horizontal speed depicted by the dotted line). Contour intervals and vector lengths are the
same as in Figs. 11a,c. (b) Same as in Fig. 11e, except along BB� at 0300 LST 23 May 2002. The
letter “M” marks the location of Makung station.
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Along the cross section perpendicular to the terrain
of the southern CMR from 23.7°N, 119°E to 23.3°N,
121°E (BB�; cf. Fig. 9c), near-surface offshore flow was
also seen at 0300 LST below 1 km with local conver-
gence at its leading edge near 119.8°E (Fig. 12a). This is
where the arc-shaped convergence line formed in Fig. 8.
Consistent with the earlier discussion, the prevailing
flow was weaker farther south with a speed of only 8
m s�1 near 119.9°E. At the lowest 1 km, the air over
land was again not saturated with N � 1.2 � 10�2 s�1

although more moist conditions existed offshore near
the arc-shape convergence zone and Makung (marked
“M” in Fig. 12b, cf. Fig. 3). Together with a mean h �

2.5 km and U � 7.5 m s�1 in the lower troposphere (Fig.
12a), Fr is estimated to be about 0.25 and a blocked
flow regime was favored in the FTRN run as the flow
was not saturated.

b. The HTRN experiment

Results of the HTRN run, in which the terrain of
Taiwan was reduced by half, are presented in Figs. 13–
17, and can be directly compared with Figs. 7–10 and 12.
At 378 m, the vorticity started to intensify along the
mei-yu front in a similar way as in the FTRN run, but
occurred about 30 min later and slightly closer to Tai-
wan (not shown). During the following hours, the front

FIG. 13. Same as in Fig. 7, except for results in HTRN run at
(a) 0200, (b) 0400, and (c) 0500 LST 23 May 2002.
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continued to approach Taiwan with individual vorticity
centers (Fig. 13a), and its overall shape at 0400 LST
resembled that at 0300 LST in the FTRN run (Figs. 13b
and 7d). The vorticity center near 24.7°N, 120.2°E
reached its peak intensity of about 4 � 10�3 s�1 at 0500
LST, and small vorticity centers also appeared over
western Taiwan along about 120.5°E (Fig. 13c). This
second vorticity zone, when compared with the one in
the FTRN run, was significantly weaker, shorter in
length (evident only at 23°–24°N), and displaced east-
ward by about 50 km. The frontal vorticity zone slowly
weakened afterward and reached central Taiwan at
0700 LST with an overall strength similar to that in
the FTRN run (not shown). At 378 m, the vortex south-
east of Taiwan was also much weaker in the HTRN run
(Fig. 13).

The enhancement of convergence at 687 m in the
HTRN run was also delayed by about 30 min to 1 h (not
shown). At 0200–0400 LST, individual centers grew to
about 1–1.5 � 10�3 s�1 (somewhat weaker than in the
FTRN run) as fragmentation of the convergence zone
became increasingly severe (Figs. 14a,b). Appearing as
a series of isolated centers, the north–south conver-
gence zone was also weaker and formed over the island
farther to the east (Figs. 8c and 14b). With the terrain
reduced, the northward deflection of the flow west of
the CMR was not as clearly visible especially at 0600
LST, suggesting that the air at 687 m could flow over a
lowered mountain (not shown).

Strong convection did not develop until after 0200
LST in the HTRN run (Fig. 15a), and cells over 6 g kg�1

appeared at 0300 LST near 24.8°N and 120°E (not
shown). Once the cells propagated ahead of the line,
however, they tended to weaken more quickly than in
the FTRN run and mostly lasted shorter than 3 h.
Hence, few cells with appreciable strength reached the
coastline of Taiwan by 0500 LST (Figs. 15b,c). From
0500 LST onward, strong convection over southern Tai-
wan also started to develop then moved across (a re-
duced) CMR (Figs. 15c,d). Since these cells also ap-
peared in the NTRN run (to be described), they were
most likely not triggered by mechanical uplift of low-
level flow over the terrain, but their evolution was cer-
tainly impacted by orographic effects. The 10-h total
rainfall simulated in the HTRN run (Fig. 16) was con-
centrated along and ahead of the front and was closer
to Taiwan than in the FTRN run (cf. Fig. 10). As ex-
pected, the rainfall over land was mainly over the CMR
rather than along the coastal regions in central Taiwan.
The maximum center of 80 mm over northern Taiwan
(25°N, 121.4°E) was produced after 0700 LST when the
front made landfall (cf. Fig. 15). Thus, model rainfall
patterns were clearly quite sensitive to the height of the
terrain, concentrating near the coast in the FTRN run
but more inland over the mountains in the HTRN ex-
periment.

In the HTRN run, offshore flow at 0300 LST was
weaker and shallower (limited to the lowest 500–700
m), with convergence around 120.2°E on the same cross
section of BB� (Fig. 17). With everything else being
equal, a reduction of terrain height by half gives a
doubled value of 0.5 for Fr. Consistent with theoretical

FIG. 14. Same as in Fig. 8, except for results in HTRN run at (a) 0200 and (b) 0400 LST 23 May 2002.
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expectations, blocking still occurred but the thickness
of the blocked flow was reduced and air parcels above
0.7–1 km could flow over the terrain (Figs. 14, 15, and
17). When the terrain height was reduced and Fr in-
creased, the displacement of rainfall farther inland in
the HTRN run also agreed with results from the two
MAP cases (e.g., Rotunno and Ferretti 2003; Medina
and Houze 2003) described in section 1. However, un-
like the MAP cases, the total rainfall amount was simi-
lar in the FTRN and HTRN runs (Figs. 10 and 16) since

the basic speed and stability of low-level flow were the
same.

c. The NTRN experiment

In the NTRN run, the two vorticity zones aligned
east–west and northeast–southwest developed even
slower than in the HTRN run (not shown). After the
two zones merged near 0300 LST (Fig. 18a), individual
vorticity centers grew along the front to reach peak
intensity at 0500 LST (Fig. 18b). The center at 24.6°N

FIG. 15. Same as in Fig. 9, except for results in HTRN run at (a) 0200, (b) 0400, (c) 0500, and (d) 0600 LST 23 May 2002.
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and 120.2°E exceeded 3 � 10�3 s�1 and the line north
of 25°N was mostly above 2 � 10�3 s�1. These values
were smaller than those obtained in both FTRN and
HTRN runs, and indicated a less intense front without
the terrain. On the other hand, the shape of the frontal
vorticity showed less distortion, and the front traveled
slightly faster as it moved close to northern Taiwan

after 0600 LST in the NTRN run (not shown), consis-
tent with Braun et al. (1997) and Neiman et al. (2004).
As expected, the vortex southeast of Taiwan did not
form in the NTRN run (cf. Fig. 2), suggesting that its
formation was indeed due to terrain blocking.

A weak low-level convergence zone also formed in
the NTRN run even when the flow was not blocked in
any way (not shown). As the convergence at 687 m
reached maximum strength at 0430–0500 LST, only a
few isolated centers reached 1.5 � 10�3 s�1 (Fig. 19).
The individual centers over central and southern Tai-
wan at 0500 LST, in their subsequent development, ex-
hibited a northeast–southwest orientation (not shown)
and aligned differently from the arc-shaped conver-
gence zone (roughly parallel to the terrain) in FTRN
and HTRN runs. These centers evolved in regions of
wind speed convergence (cf. Fig. 18) and did not appear
until later and farther east in the NLND run (not
shown). Cross-section analysis indicated that they were
triggered near the land–sea boundary by the weak con-
vergence due to differential friction (not shown).

The appearance of more active convection in the
NTRN run was not until 0300 LST, also later by com-
parison (Fig. 20a). Stronger cells tended to form only
south of 25.2°N in the subsequent development, and the
northern section of the front was significantly less ac-
tive without Taiwan topography (Figs. 20b,c). Again,
these cells weakened before they could reach the north-
western coast of Taiwan. Nevertheless, deep convection

FIG. 17. Same as in Fig. 12a, except for results in the HTRN run.

FIG. 16. Same as in Fig. 10, except for results in HTRN run.
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still broke out over southern Taiwan by 0600 LST near
121°E (Fig. 20d), farther east than in experiments with
the terrain. The 10-h total rainfall in the NTRN run
revealed not only a lower amount near the front but
also no rain along the coast of central Taiwan (Fig. 21).
Rainfall over northwestern Taiwan was likewise pro-
duced after the front made landfall. The rain over land
south of 24.3°N was displaced farther eastward, and the
total amount was also reduced compared to both the
HTRN and FTRN runs. Clearly, this reduction in rain-
fall was due to the removal of the CMR and the asso-
ciated lifting effect. When the landmass of Taiwan was
farther removed (and replaced with water) in the
NLND run, the total rainfall distribution was nearly the
same as in the NTRN run, but the rain south of 24.3°N
was reduced and displaced (mostly to the east of
121.5°E, not shown). Apart from this, the evolution of
the flow field including the shape of the mei-yu front
and the associated weather differed very little between
the NTRN and NLND runs (not shown).

Overall results of the NTRN and NLND runs suggest
that the strengthening of the front and its subsequent
weakening (in terms of �), particularly at its southern
section, were primarily a result of frontal forcing and
the interaction with convective cells. The intensity of
the front was reduced when the Taiwan terrain (or
landmass) was removed. Likewise, the low-level con-
vergence zone over southwestern Taiwan was much
weaker and had a different orientation without the ter-
rain. The above differences, together with the lack of
terrain uplifting, led to significantly lower amount as

well as incorrect spatial distribution of total rainfall
produced from the event (Figs. 18–21).

6. Discussion

a. Topographical effects on the convective line

In section 5, it was shown that the control (FTRN)
experiment was both realistic and highly agreed with

FIG. 19. Same as in Fig. 8, except for results in NTRN run at
0500 LST 23 May 2002.

FIG. 18. Same as in Fig. 7, except for results in NTRN run at (a) 0300 and (b) 0500 LST 23 May 2002.
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observations and previous studies (e.g., Wang et al.
1990; Lin et al. 1992; Akaeda et al. 1995). By comparing
results of the FTRN and other runs, several topographi-
cal effects are identifiable. First and foremost, the
northeast–southwest low-level convergence zone about
75 km off the coast was essential for the development of
the convective line. Although being forced primarily by
the mei-yu front, the convergence zone was weaker and
slightly closer to Taiwan if the terrain was lowered or
removed (Figs. 8, 14, and 19), a result in agreement with
Yeh and Chen (2002). The weaker convergence caused

a delay in the development of individual cells and af-
fected their intensity and duration, thereby influencing
the timing, amount, and distribution of rainfall over
northwestern Taiwan (Figs. 9–10, 15–16, and 20–21).
Due to terrain blocking, low-level pressure rose (fell)
on the windward side (leeside) of the CMR to induce a
dipole structure (with an amplitude of about �1.0/�1.8
hPa) after the FTRN run started (not shown), and this
phenomenon was still evident at 0200 LST 23 May (Fig.
22a). Associated with this pressure pattern was an off-
shore wind component upstream of the CMR and a

FIG. 20. Same as in Fig. 9, except for results in NTRN run at 1-h intervals from (a) 0300 to (d) 0600 LST 23 May 2002.
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cyclonic perturbation downstream. The offshore com-
ponent gradually turned northward due to Coriolis ac-
celeration and an alongshore pressure gradient, leading
to intensification of southerly winds off northwestern
Taiwan. At 0200 LST, the difference in southerly wind

component between the FTRN and NTRN runs
reached 7.5 m s�1, with additional flow convergence
evident along the developing convective line. When a
lower terrain was used, the pressure couplet induced
was significantly weaker (about �0.5/�0.7 hPa) espe-
cially on the leeside (Fig. 22b). This is still consistent
with theoretical expectation when Fr is increased from
about 0.25 to 0.5 due to a reduction in h (e.g., Blumen
1990; Baines 1995). The offshore flow component was
also weaker, and the perturbed southerly winds only
reached 5 m s�1 ahead of the front at 0200 LST (Fig.
22b). The second arc-shaped low-level convergence
zone did not form in the NTRN experiment. Therefore,
it is clear that the interaction between the prefrontal
flow and topography instead of frontal forcing was re-
sponsible for its formation in the experiments with ter-
rain. Its location was closer to the CMR in the HTRN
run, which is also consistent with the weaker windward-
side high and offshore flow perturbations. Thus, the
second topographical effect was the formation of the
arc-shaped convergence zone, which was closely related
to the terrain and sensitive to its elevation.

Two additional effects related to the terrain could be
identified. With a higher (lower) terrain, the shape of
the vorticity zone associated with the mei-yu front ex-
perienced greater (less) distortion upon approaching
northern Taiwan. A reduced terrain provided less me-

FIG. 22. (a) Difference between simulated horizontal wind (m s�1) and perturbation pressure (hPa) at 531 m in the FTRN and NTRN
runs (FTRN � NTRN) at 0200 LST 23 May 2002. (b) Same as in (a), except for difference between HTRN and NTRN runs (HTRN
� NTRN). For winds, full (half) barbs are 5 (2.5) m s�1, and pressure is analyzed at 0.3-hPa intervals with dashed lines for negative
values and zero contour omitted. Thick gray line depicts 531-m elevation in the run with a higher terrain, and the difference over areas
with a surface higher than 531 m is for the lowest level above terrain with model output available.

FIG. 21. Same as in Fig. 10, except for results in NTRN run.
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chanical lifting when encountered by convective cells,
and a smaller amount of rainfall was generally received
(Figs. 10, 16, and 21). These findings are consistent with
previous studies (Braun et al. 1997; Rotunno and Fer-
retti 2003; Medina and Houze 2003).

b. Factors leading to coastal rainfall in central
Taiwan

In the FTRN run, the rainfall over the coastal region
of central Taiwan was caused by convection that devel-
oped along the northern part of the arc-shaped conver-
gence zone in the prefrontal environment (Figs. 9 and
10). Since this convergence zone was sensitive to terrain
height as discussed, the correct rainfall pattern in cen-
tral Taiwan did not occur in the HTRN run while the
coastal rainfall was missing entirely in the NTRN run
(Figs. 16 and 21). Thus, in our case, the terrain-induced
convergence zone upstream from the CMR played a
more important role than the terrain-enhanced frontal
zone off northwestern Taiwan in determining the rain-
fall over central Taiwan. A schematic diagram compar-
ing the results in sections 5 and 6a is presented to illus-
trate the role played by the terrain-induced low-level
convergence in the FTRN run and the effects of a re-
duced terrain in the HTRN run (Fig. 23). In the FTRN
run, Fr � 0.25 and a stronger windward-side high was
produced as the prevailing flow encountered the CMR.
The induced low-level offshore flow was stronger, and
a convergence zone formed farther upstream over the
strait (Fig. 23a). The resultant convection reached peak
intensity offshore, and the rainfall over land was maxi-
mized near the coast and decreased inland. In the
HTRN run, as Fr increased to about 0.5 (Fig. 23b),
terrain blocking still occurred but both the windward-

side high and offshore flow were weaker. The resultant
convergence zone was also weaker and located nearer
the shoreline. The convection did not reach maturity
until it moved upslope against the (reduced) CMR. As
a result, maximum rainfall was received over the moun-
tain instead of near the coast. These aspects were not
discussed in detail by Yeh and Chen (2002), but were
found to be vital here in the present case. Over many
regions in northern Taiwan, the total rainfall received
by 1000 LST 23 May 2002 was higher in both the HTRN
and NTRN runs than in the FTRN run. This was mainly
because the front moved farther inland when the ter-
rain was reduced or removed, which is also consistent
with earlier studies (Braun et al. 1997; Neiman et al.
2004). Other aspects such as the diabatic effect and the
effect of precipitation on stability and blocking are also
interesting, but not elaborated in the present study.

7. Conclusions

During 23 May 2002, a mei-yu front passed through
Taiwan and the associated convective line brought
heavy rainfall to the coastal region of central-
northwestern Taiwan. Under favorable environmental
conditions of large CAPE values (over 3000 m2 s�2)
and warm air advection, deep convection broke out and
was organized into a linear shape with a northeast–
southwest orientation along the front at about 70 km
offshore from northwestern Taiwan. High-resolution
experiments using the CReSS model were performed
with different terrain heights (full, half, and no terrain),
and the roles of Taiwan topography on this convective
line and the subsequent rainfall distribution were inves-
tigated. The model results agreed very well with obser-
vations and revealed detailed interactions between the

FIG. 23. Schematic illustration of topographical effects on low-level convergence, development of convection, and rainfall distribution
near central Taiwan as simulated by the CReSS model using (a) the FTRN run and (b) the HTRN run. Shading indicates the amount
and location of rainfall, with darker shade for greater amount.
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front, prefrontal flow, terrain, and convection in this
case. The major findings can be summarized below.

1) The northeast–southwest-oriented low-level conver-
gence zone at the leading edge of the mei-yu front
was primarily caused by frontal forcing but en-
hanced by additional convergence induced by ter-
rain blocking. The convergence about 75 km off the
northwestern coast of Taiwan was between the
northward-deflected flow and undisturbed south-
westerly flow farther upstream, which is in agree-
ment with previous studies. When the terrain was
reduced in the model, the frontal convergence was
weaker. Convective cells along the line were also
shorter lived and delayed in their development,
causing in general a smaller rainfall amount along
the northwestern coast.

2) As the mei-yu front approached Taiwan, a second
arc-shaped low-level convergence zone with a
north–south orientation formed along about 120°E
south of the front. This convergence zone was be-
tween the prefrontal southwesterly flow and the ter-
rain-induced offshore flow near the surface from the
southern CMR. This convergence zone also initiated
a series of convective cells, and the convection near
its northern end was directly responsible for the
rainfall maximum along the coast of central Taiwan
when moving onshore. In the half-terrain simula-
tion, this second convergence zone was weaker and
closer to the mountain due to an increase in Fr, and
the resultant rainfall was mostly over the mountain
rather than near the coast. These findings are illus-
trated in a schematic diagram in Fig. 23.

3) The shape of the front near northern Taiwan was
less distorted and the front could move farther in-
land in model simulations with the terrain reduced
or removed. This yielded a higher rainfall amount in
many regions over northern Taiwan during the later
stages of the event.
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