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ABSTRACT

A torrential rain episode (= 200 mm day™") was observed over coastal regions of southern Taiwan (south of 23.0°N) on
5 June 2008 under the influence of a meso-scale frontal cyclone (MFC) formed along the western flank of a Mei-yu frontal
zone. Through the incorporation of additional observations over the ocean collected during Southwest Monsoon Experi-
ment (SOWMEX)/Terrain-influenced Monsoon Rainfall Experiment (TiIMREX), the location of a Mei-yu frontal bound-
ary, defined by the wind shift, is better identified over the open ocean by the data assimilation of dropsonde observations.
Meanwhile, the low-level cyclonic vorticity and horizontal convergence are increased along the Mei-yu frontal zone, and
an increment maximum center of cyclonic vorticity locates over the north of South China Sea (SCS), where the MFC sub-
sequently forms.

For the development and maintenance of a MFC over the northern SCS, the additional data assimilation, using the com-
bination of the dropsonde and the radar radial velocity, has significantly improved the prediction of an MFC with a best track
over the open ocean. Therefore, the daily rainfall distribution and amount over southern Taiwan are reproduced and signifi-

cantly improved, particularly using dropsonde observations combined with the radar radial velocity.
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1. INTRODUCTION

Flash flooding and debris flow resulting from heavy
rainfall have become the most important issue associated
with natural disasters in Taiwan during the warm season
(May-August). Heavy rain events across diverse locations
around the globe may share essential similarities. In gen-
eral, Ramage (1971) suggested that heavy rain storms are
associated with synoptic-scale systems, draw on a plentiful
supply of moisture, and are usually anchored by a disconti-
nuity in surface roughness, generally a coastline or a moun-
tain range.

In Taiwan, previous studies on heavy rainfall (= 130
mm day™') episodes during the Mei-yu season (mid-May
to mid-June) using the data from the 1987 Taiwan Area
Mesoscale Experiment (TAMEX) (Kuo and Chen 1990)
are concentrated on the windward regions of the Central
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Mountain Range (CMR) under the prevailing southwester-
ly monsoon flow; i.e., in the west-to-northwest of Taiwan.
Most of the heavy rainfall during TAMEX are related to the
passage of Mei-yu frontal systems (Chen et al. 1989; Chen
and Hui 1990; Trier et al. 1990; Ray et al. 1991; Li et al.
1997; Yeh and Chen 1998; Yeh et al. 2002), orographic ef-
fects (Chen 1992; Li et al. 1997; Yeh and Chen 2002), and
local circulations (Johnson and Bresch 1991; Yeh and Chen
2004). Also, the trough, divergence and cold-core low in
the upper level are important forcing to collocate with the
low-level forcing and to produce heavy rain over Taiwan
(Chen and Li 1995; Li et al. 1997; Yeh and Chen 1998). In
addition, the low-level jet (LLJ) is a typical feature within
the warm sector of TAMEX fronts (Chen and Chen 1995).
Chen and Yu (1988) suggested that a well-defined low-lev-
el jet (LLJ) which developed in the 850 - 700 hPa layer was
an important feature frequently accompanying heavy rain
events. The LLJ transported warm, moist air from the south
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in low levels to generate convective instability (Chen 1983)
which was favorable for the development of widespread
precipitation over Taiwan and southern China, especially
under the influence of upper-level forcing (Chen and Li
1995; Li et al. 1997). Furthermore, mesoscale convective
systems, such as squall lines (Lin et al. 1990; Wang et al.
1990; Chen 1991; Tao et al. 1991) and rainbands (Li et al.
1997) embedded in frontal systems, frequently developed
over the Taiwan Strait and produced heavy rainfall over
Taiwan as they moved inland. In contrast to western Tai-
wan, a climatologically unusual case of heavy rain events
(> 300 mm day'") observed in northeastern Taiwan on 28
May 2001 has been studied by Yeh and Chen (2004) us-
ing the National Aeronautics and Space Administration’s
(NASA) Quick Scatterometer (QuikSCAT) ocean surface
winds. The retrogression of a Mei-yu front over the near-
by ocean of eastern Taiwan collocated with a short-wave
trough in upper levels provide favorable large-scale condi-
tions for the production of localized heavy rainfall. In addi-
tion, latent heating has been suggested to be responsible for
the retrogression of the Mei-yu front and the development
of a surface frontal cyclone over ocean east of Taiwan (Yeh
and Chen 2004).

In order to forecast the potential for the debris flow
caused by heavy rainfall over the Taiwan area, the Central
Weather Bureau (CWB) has defined new categories for
measuring heavy rainfall, torrential and extremely torrential
rainfall using the 24-hr accumulated rainfall greater than
130, 200, and 350 mm respectively. Based on weather and
statistical rainfall analyses during the Taiwan Mei-yu sea-
son, the heavy rainfall is frequently produced in southwest-
ern Taiwan (Chen et al. 2007), while mesoscale convective
systems (MCSs) embedded within the southwesterly mon-
soon flow and the Mei-yu front are primarily responsible for
the production of the rainfall there (Chen and Chen 2003)
under favorable large-scale conditions and the orographic
effects (Chen et al. 2005, 2007). Some weather analyses
also have revealed that rain-producing systems that cause
heavy rainfall over southwestern Taiwan originate from the
ocean near the southwest coast of Taiwan or form in the
north of South China Sea (Chen et al. 2005, 2010). Howev-
er, the prediction of the heavy rainfall over coastal regions
of Taiwan related to mesoscale rain-producing systems
triggered along Mei-yu frontal system are quite challeng-
ing, because the evolution and propagation of a mesoscale
rain system over the open ocean at most cases cannot be
captured completely by numerical modeling under limited
traditional observations.

During the course of the Southwest Monsoon Experi-
ment (SOWMEX)/Terrain-influenced Monsoon Rainfall
Experiment (TIMREX) from May - June 2008 (Jou et al.
2010), additional datasets were collected, including Dop-
pler radar data, dropsonde observations from the aircraft,
retrieved atmospheric profiles from the FORMOSAT-3/

Constellation Observing System for Meteorology, Iono-
sphere and Climate (COSMIC) project, and QuikSCAT
ocean surface winds. One of the objectives during SoW-
MEX/TiMREX was to improve the capability of heavy rain
now-casting and quantitative precipitation forecasting in
Taiwan. During the 2008 Taiwan Mei-yu season, a torren-
tial rain episode on 5 June occurred over southern Taiwan
(south of 23.0°N), distributed in the southeastern and south-
western coastal regions (Fig. 1). Via observational analysis,
Lai et al. (2011) examined a subtropical oceanic meso-scale
convective vortex (MCV) over the South China Sea (SCS),
including the associated environmental features and the
kinematic and thermodynamic structure of the MCV with
an embedded strong inner subvortex. Using visible satel-
lite images, a MCV and a cloud eddy embedded within a
mesoscale frontal cyclone (MFC) along the Mei-yu frontal
zone are further analyzed by Chi and Huang (2011). The
results reveal that the MCV forms over the north of the SCS
around 2157 Universal Coordinated Time (UTC) on 4 June.
It moved southward and then eastward to approach the off-
shore in the west of southern Taiwan around 0957 UTC on
5 June. Meanwhile, the center of the MCV coincides with
that of the MFC during the daytime hours on 5 June. In this
study, additional data collected during 2008 SoWMEX/
TiMREX are used to further identify a primary weather
system, such as a Mei-yu front over the ocean surround-
ing southern Taiwan, and to predict a MFC developed along
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Fig. 1. Daily rainfall distribution on 5 June 2008. The rainfall amount
(grey) with 50-mm intervals.
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the Mei-yu frontal zone over the north of the SCS. Also to
improve the prediction of associated torrential rainfall over
southern Taiwan on 5 June is conducted.

For this torrential rain episode, the weather conditions
are analyzed in section 1. Additional data and the methodol-
ogy Weather Research and Forecasting (WRF) model and
the associated three-dimensional variational (3D-Var) data
assimilation system as well as statistical method are brief-
ly introduced in section 2. To identify the Mei-yu frontal
boundary and the prediction of a MFC is revealed in sec-
tions 3 and 4. And the impact of different combinations
from additional datasets on the prediction of torrential rain-
fall over southern Taiwan is presented in sections 5. Major
results are summarized in section 6.

2. WEATHER CONDITIONS

A torrential rain event with daily rainfall maxima great-
er than 200 mm was observed over southeastern and south-
western coastal regions of Taiwan on 5 June 2008 (Fig. 1)
under the influence of a Mei-yu frontal system and a MFC
(Fig. 2). The surface front moved southward and reached
southern Taiwan at 0000 UTC on 4 June (Fig. 2a). It passed
through southern Taiwan 12hr later and then remained sta-
tionary over the Bashi Channel north of the Philippines (not
shown). As subjectively analyzed by the CWB of Taiwan,
a MFC was revealed over the north of SCS at 0000 UTC
on 5 June (Fig. 2b), while the infrared (IR) satellite imag-
ery (Fig. 3) showed that the convection associated with the
MEC develop in the western flank of the Mei-yu frontal
system on the evening of 4 June (Figs. 3a and b). At 0000
UTC on 5 June, the convection associated with the MFC
was located over southern Taiwan and closed to the ocean
(Fig. 3c). Weak rainfall was observed over southern Tai-
wan. At 1200 UTC, the convection mainly covered the east-
ern area of southern Taiwan (Fig. 3d). Thus, torrential rain-

fall was observed over southern Taiwan and was produced
primarily in the time slot between 0000 UTC and 1200 UTC
on 5 June. During the development of a MFC, the 500-hPa
upper level trough propagated over the open ocean, east of
Taiwan and dissipated (not shown) when significant rainfall
was produced over southern Taiwan.

Based on the soundings taken at Ton-kung (46750)
(Fig. 4) over southern Taiwan from 1800 UTC on 4 June to
1800 UTC on 5 June, the atmospheric environment showed
a near-neutral condition and the environmental moisture
content increase with higher equivalent potential temper-
ature during the rainfall period (0000 UTC - 1200 UTC)
on 5 June. Meanwhile, the low-level winds strengthen sig-
nificantly at 0000 UTC [0800 local standard time (LST)]
and turn to the southerly-to-southeasterly (Fig. 4) during
the daytime hours. After the advent of torrential rainfall,
the low-level winds change to the westerlies at 1200 UTC
(2000 LST) and the atmosphere subsequently became drier
over southern Taiwan.

3.DATA AND METHODOLOGY
3.1 Data

Recall that additional atmospheric datasets were col-
lected during the 2008 SOWMEX/TiMREX, including Cigu
Doppler radar data (cg), dropsondes from aircraft observa-
tions (drp), FORMOSAT-3/COSMIC retrieved atmospheric
profiles (gps), and QuikSCAT ocean surface winds (qk) data
(Fig. 5a). Here the cg, drp, gps and gk is used to symbolize
four different datasets respectively. In this study, these data
are utilized in weather analyses related to a Mei-yu frontal
system, and the prediction of a MFC as well as torrential
rainfall over southern Taiwan on 5 June 2008. In addition,
the rainfall data from 399 rainfall stations (Fig. 5b) were ex-
ploited to reveal the daily rainfall distribution and validate
the rainfall prediction.

Fig. 2. Surface weather analysis (a) at 0000 UTC on 4 June and (b) at 0000 UTC on 5 June 2008 from the Central Weather Bureau (CWB) of

Taiwan.
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Fig. 3. IR satellite imagery (a) at 1800 UTC on 4 June, (b) at 2100 UTC on 4 June, (c) at 0000 UTC on 5 June, and (d) at 1200 UTC on 5 June 2008
from the Central Weather Bureau of Taiwan.
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Fig. 4. Time series in the vertical profile of equivalent potential temperature (solid line) and wind barbs based on sounding 46750 over southern
Taiwan from 1800 UTC on 4 June to 1800 UTC on 5 June 2008. Equivalent potential temperature has 5°k intervals. The full and half barbs repre-
sent 5 and 2.5 m s™!, respectively. The observed 3-hr accumulated rainfall at CWB rain gauge (22.57°N; 120.31°E), south of the sounding 46750, is
shown below the date axis.



Prediction of a Mei-yu Frontal Cyclone 73

110°E 120°E

@ 30°N 5

Pi
{

Domain 1 +

Domain 2

(b) SARAARS | BRE A T T A G PR ]

25°Nt
24°Nt
23°N}

22°N}t

Fig. 5. (a) Model domains with 15- and 5-km horizontal resolutions for the coarse domain and nested domain. The location for the Cigu Doppler
radar (*), dropsonde observations (0), Formosa #3/COSMIC atmospheric profiles (+), QuikSCAT oceanic winds (shaded) and sounding 46750 (s)
are presented. (b) 399 rainfall stations (+) from CWB. The terrain height greater 500 m is plotted.

3.2 The Mesoscale Model and the Associated 3D-Var
System

To reveal the characteristics of a torrential rainfall
event on 5 June 2008 over southern Taiwan with additional
observations, the Advanced Research WRF (ARW) me-
soscale model (Skamarock et al. 2008) and WRF 3D-Var
system version 2 were utilized. This system was developed
from MMS5 3D-Var (Barker et al. 2004) and used in many
WREF data assimilations (e.g., Xiao and Sun 2007; Xiao et
al. 2009; Yeh 2010).

In the vertical, the ARW model has thirty-one sigma
levels (Table 1) from the surface (o = 1.0) to 50 hPa (o =
0.0). A fine domain with 5-km grid-spacing is nested within
a coarse domain with 15-km grid spacing. The ARW model
physics include planetary boundary layer (PBL) processes
with the Yonsei University scheme (Skamarock et al. 2008),
short-wave radiation (Dudhia 1989) and long-wave radia-
tion (Mlawer et al. 1997), land surface physics (Chen and
Dudhia 2001), and precipitation physics. The precipitation
is calculated by both the explicit scheme with mixed-phase
processes (Ferrier et al. 2002) and the parameterization of
the Betts-Miller-Janji¢ scheme (Janji¢ 1994, 2000) for the
coarse domain. For the nested domain, the precipitation
is calculated directly by the explicit scheme using mixed-
phase processes (Ferrier et al. 2002).

To produce the optimal initial conditions for a numeri-
cal weather prediction, the WRF 3D-Var system (Barker
et al. 2004) is used to assimilate additional datasets within
model domains (Fig. 5). The 3D-Var system determines the

analysis vector X by minimizing the cost function J(x), de-
fined as

J(x)=1/2(x-x")'B" (x-x")+1/2(y -y*) (E+F)'(y -y°)
(1)

In Eq. (1), the analysis vector, X, consists of the model
variables, wind components, temperature, pressure pertur-
bation, and mixing ratio of water vapor, all at the model lev-
els. The vector x° is the background information first guess,

Table 1. Vertical thirty-one sigma levels for the ARW model.

Level Sigma (o) Level Sigma (o) Level Sigma (o)
1 1.000 12 0.786 23 0.290
2 0.993 13 0.753 24 0.236
3 0.980 14 0.718 25 0.188
4 0.966 15 0.680 26 0.145
5 0.950 16 0.639 27 0.108
6 0.933 17 0.596 28 0.075
7 0913 18 0.550 29 0.046
8 0.892 19 0.501 30 0.021
9 0.869 20 0451 31 0.000
10 0.844 21 0.398
11 0.816 22 0.345
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which is taken from the National Centers for Environmental
Prediction (NCEP) global forecasting system (GFS); B is
the background error covariance matrix, which was derived
from one-month WREF forecasts data with the National Me-
teorological Center (NMC) method (Parrish and Derber
1992). Here the background error covariance matrix is the
default of the 3D-Var system; y° is the observation vector
and y is the equivalence of the observations transformed
from the analysis vector y = Hx; E and F are the (instrumen-
tal) observations and representative error covariance matri-
ces, respectively. The representative error is an estimate of
inaccuracies introduced in the observation operator H.

In addition, the WRF 3D-Var system uses an incre-
mental approach. With certain dynamic/physics constraints,
such as hydrostatic assumption, cyclostrophic/geostrophic
balance, etc., the control variables in this system are the in-
crements of stream function, potential velocity, unbalanced
pressure, and mixing ratio/relative humidity. The analysis
from the 3D-Var system can be an optimal combination of
the observation information (y°), prior statistics (B, E, F),
and the dynamics/physics. As will be shown in section 4,
the assimilation of the additional observations produces
increments in the kinematic field through the dynamical/
physical constraints. Here, additional observed data around
0000 UTC on 4 June will be assimilated with global data
provided from the NCEP/GFS to generate model initial con-
ditions, which can be used to identify the Mei-yu frontal

boundary, predict a MFC over the north of SCS and daily
rainfall distribution over southern Taiwan on 5 June. The
combinations with/without data assimilation by additional
datasets and NCEP/GFS global data for weather predictions
are listed in Table 2.

3.3 Statistical Method

A statistical measure is utilized to quantify the improve-
ment in the prediction of daily regional rainfall over Taiwan
on 5 June. Note that this torrential rainfall event is produced
over southern Taiwan and the maxima of the daily rainfall
are distributed over southwestern and southeastern coastal
regions (Fig. 1). The statistical method, root-mean squared
error (RMSE) (Wilks 2006) shown in Eq. (2) is conducted
to simply evaluate the performance in the predicted daily
rainfall over southern Taiwan and the associated low-level
wind field and relative humidity.

E-oy]”

— |i=1
RMSE = =N ()

M=z

In Eq. (2), F; and O; refer to forecast and the observa-
tions for the point (time) i respectively, and the summation
is over the number point (time) N. The RMSE has the ad-
vantage in that it retains the unit of the forecast variable

Table 2. Combinations with/without data assimilation by additional datasets and NCEP/GFS global data for
numerical weather predictions. The symbols in the model run of gfs, drp, cg and gps are defined in section 2.1.

The others are the combinations of these four datasets.

Data NCEP/GFS
model run global analysis

Dropsonde
observations

CIGU radar
radial velocity

FORMOSAT #3/
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observations

QuikSCAT
ocean winds

efs

drp
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cgdrp
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qkeggps
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and is more easily interpretable as a typical error magnitude.
The quantitative precipitation forecasts with low (or high)
errors are more likely to have a better (or poorer) perfor-
mance (Wilks 2006).

4. IDENTIFICATION OF A MEI-YU FRONTAL
BOUNDARY

Through the incorporation of additional observations
collected during 2008 SoWMEX/TiMREX with NCEP/
GFS global data by WRF 3D-Var system, the wind field
and the associated kinematical fields (horizontal vorticity
and divergence) are adjusted in the initial conditions of
numerical model while the individual impact of additional
data assimilation on the identification of the Mei-yu frontal
boundary is revealed.
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For the assimilation of dropsonde data (Fig. 6) at 0000
UTC on 4 June 2008, a Mei-yu frontal boundary passed
through the southern tip of Taiwan and extended westward
to the north of SCS, which is clearly identified with a sig-
nificant wind shift at 950-hPa level (Fig. 6a). The location
of the Mei-yu frontal boundary is more consistent with the
analysis of surface front by the CWB of Taiwan as com-
pared with the NCEP global forecasting system (GFS)
(Fig. 6b). Meanwhile, the wind field at the 950-hPa level
with the dropsonde data assimilated reveals the northwest-
erlies instead of the southwesterlies over the Taiwan Strait
and the southerly winds strengthen over the Bashi Channel.
In addition, the cyclonic vorticity (Fig. 6¢) increases and
has a maximum increment (> 3 x 103 s') over the north
of SCS for the dropsonde assimilated compared with the
NCEP/GFS data, while the low-level convergence (Fig. 6d)
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Fig. 6. (a) 950-hPa wind field with the dropsonde (drp) data assimilation at 0000 UTC on 4 June 2008, (b) same as (a) but for NCEP/GFS (gfs)
run, (c) difference in horizontal vorticity at 1 x 10 s intervals between drp and gfs run, and (d) difference in horizontal divergence at 1 x 107 5!
intervals between drp and gfs run. In (a) and (b), the dashed line represents the Mei-yu frontal boundary and wind speed (shaded) with 2.5 m s

intervals.
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also increase over the nearby ocean of Taiwan and a maxi-
mum difference (> 3 x 107 s) occurs near the southern tip
of Taiwan over Bashi Channel. Therefore, the kinematical
adjustment with the assimilation of the dropsondes reveals a
favorable environmental condition for the formation of the
rain-producing system along the Mei-yu frontal zone.
Through the assimilation of radar radial velocity
(Fig. 7) in the model initial condition, the Mei-yu frontal
boundary is split into east and west parts similar to the
NCEP/GFS global analysis, but different from the CWB
analysis. The west part of the surface front with radar ra-
dial velocity assimilated (Fig. 7a) moves southward faster
than that shown by the NCEP-GFS global analysis (Fig. 7b),
but slower than that analyzed by the CWB (Fig. 2a) and
dropsonde data assimilated (Fig. 6a). The kinematical field
(Figs. 7c and d) shows that the low-level cyclonic vortic-
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ity and the horizontal convergence increase over the nearby
ocean of Taiwan. The southwesterly winds over the north
of SCS are significantly strengthened. In contrast to the
incorporation of dropsonde data and radar radial velocity,
the assimilation of QuikSCAT ocean surface winds (Fig. 8)
reveal that southwesterly winds prevail in the analyzed
domain and the Mei-yu frontal boundary suddenly disap-
pears (Fig. 8a). At the 950-hPa level, the cyclonic vorticity
(Fig. 8c) also increases over the north of SCS with the maxi-
mum increment near the coast of southern China, but the
horizontal divergence (Fig. 8d) increases over the nearby
ocean of Taiwan. This will be probably unfavorable for the
development of the rain-producing system along the Mei-
yu frontal zone over the north of SCS. For the retrieved
atmospheric profiles from the assimilated FORMOSAT-3/
COSMIC observations (not shown), the impact on the ki-
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Fig. 7. (a) 950-hPa wind field with the Cigu radar radial velocity (cg) assimilation at 0000 UTC on 4 June 2008, (b) same as (a) but for NCEP/GFS
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nematical field is slightly adjusted in the model initial
conditions. In this study, the assimilation of radar radial
velocity (cg), QuikSCAT ocean surface winds (gk), the
FORMOSAT-3/COSMIC observations (gps) and the asso-
ciated combinations (cggps, gkgps, gkcggps) cannot iden-
tify the Mei-yu frontal boundary very well over the open
ocean in the model initial conditions, as compared with the
CWB surface weather analysis and the assimilated drop-
sonde observations.

Through the regional mean (118 - 121°E; 20 - 22°N) in
the difference of the kinematical field between additional as-
similated datasets and NCEP/GFS global data in the model
initial conditions, the 950-hPa horizontal cyclonic vorticity
(Fig. 9a) is increased along the Mei-yu frontal zone by data
assimilation, except for FORMOSAT-3/COSMIC observa-
tions. For the 950-hPa horizontal divergence (Fig. 9b), the

data assimilation with dropsondes and associated combina-
tions reveals significant increase of horizontal convergence
over the north of the SCS and Bashi Channel. But for the
QuikSCAT ocean surface winds and FORMOSAT-3/COS-
MIC observations and the associated combinations (qkgps
and gkcggps), the horizontal divergence increases there,
which may be not favorable for the development of rain-
producing systems along the Mei-yu frontal zone.

5.PREDICTION OF A MEI-YU FRONTAL CYCLONE

As analyzed by the CWB of Taiwan during 4 - 5 June
2008, a Mei-yu frontal cyclone (Fig. 2) accompanied a de-
veloping convection (Fig. 3) which was revealed over the
north of the SCS, which is related to the production of tor-
rential rainfall over southern Taiwan on 5 June 2008. The
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Fig. 9. (a) Regional mean (118 - 121°E; 20 - 22°N) of the 950-hPa horizontal vorticity (x 107 s) in the differnce between additional datasets and
the NCEP/GFS run at 0000 UTC on 4 June 2008, respectively. (b) The same as (a) but for the horizontal divergence (x 107 s) .

formation and development of this MFC along the Mei-
yu frontal zone over the open ocean can be predicted us-
ing the additional observations [Cigu radar radial velocity
(cg), dropsondes from aircraft observations (drp), FOR-
MOSAT-3/COSMIC retrieved atmospheric profiles (gps),
and QuikSCAT ocean surface winds (gk)] (Fig. 5). Note
that the prediction of torrential rainfall on 5 June can be sig-
nificantly improved by the data assimilation using the cgdrp
data as will be shown in section 6. Thus, the prediction of a
MEC through the cgdrp combinations is presented (Figs. 10,
11 and 12) and compared with the prediction by NCEP/GFS
global data as well as four additional data (qkcgdrpgps)
combinations. Also, the effect of latent heat release on the
development of the Mei-yu frontal cyclone is discussed.

At 1200 UTC on 4 June, the 12-hr predicted sea lev-
el pressure field reveals that a low-pressure system with
the cyclonic circulation formed over the north of the SCS
(Figs. 10a, b and c¢) using the GFS data, and the data assimi-
lation with the cgdrp and gkcgdrpgps combinations, which
is 12-hr earlier reproduced the MFC by numerical modeling
than that in the surface map analyzed by the CWB of Tai-
wan. Significant rainfall was reproduced over the north of
the SCS near the center and the east of the low pressure in
the presence of latent heat release (Figs. 10a, b, ¢ and d).

At 0000 UTC on 5 June, the 24-hr prediction using the
cgdrp and gkcgdrpgps combinations (Figs. 11b and c) re-
veals that the MFC develops and strengthens over the north
of SCS, compared with the NCEP/GFS prediction (Fig. 1 1a).
The predicted 3-hr accumulated rainfall using the cgdrp as-
similation reproduces the weak rainfall inland over southern
Taiwan and significant rainfall over the nearby ocean south-
west of Taiwan (Fig. 11b) which is more consistent with
satellite imagery (Fig. 3c) and radar reflectivity revealed
by Lai et al. (2011; Fig. 10) as compared with the predic-
tion by the GFS (Fig. 11a) and the others (Figs. 11c and d).
Meanwhile, low-level winds over southern Taiwan (south

of 23°N) turn to southerly-to-southeasterly winds predicted
by the cgdrp and gkcgdrpgps combinations (Figs. 11b and
¢), more consistent with the observations (Fig. 4). But low-
level winds predicted by NCEP/GFS are more southwest-
erly (Fig. 11a). Recall that surface winds over southern Tai-
wan are southerly-to-southeasterly in the time slot of 0000
-0900 UTC on 5 June with significant rainfall over southern
Taiwan. For the prediction in the absence of the latent heat
release (Fig. 11d), the MFC does not develop over the north
of the SCS and significant rainfall is not reproduced over the
open ocean. As analyzed by Chen et al. (2003), the Mei-yu
frontal zone has provided low-level convergence and helped
organize the convection, while latent heating by the convec-
tions has further enhanced the Mei-yu frontal system. Here,
the incorporation of dropsonde observations and the associ-
ated combinations can increase the low-level convergence
(Fig. 9b) along the frontal zone in the model initial con-
ditions. It provides a favorable condition for the formation
of a MFC in the western flank of the Mei-yu frontal zone
over the north of SCS. And the effect of the latent heating
plays an important role in development and maintenance of
a MFC over the open ocean before it approaches the western
coast of southern Taiwan. As analyzed by a previous study
(Yeh and Chen 2004), latent heating has been suggested to
be responsible for the development of a surface frontal cy-
clone in the western flank of a Mei-yu frontal system over
the nearby ocean in the east of Taiwan.

At 1200 UTC on 5 June, the MFC predicted by the
cgdrp (Fig. 12b) almost landfalls to the western coast of
southern Taiwan, while significant rainfall is reproduced
in the eastern area of southern Taiwan (Fig. 1) consistent
with the satellite imagery (Fig. 3d). Some rainfall is also
reproduced over the nearby ocean of southern Taiwan. For
the predictions using NCEP/GFS data (gfs run) and the
gkcgdrpgps combination (Figs. 12a and c), the low pressure
center was still located offshore, southwest of Taiwan. The
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predicted 3-hr accumulated rainfall by NCEP/GFS (Fig. 12a)
reproduced the significant rainfall over land distributed
slightly northward and the gkcgdrpgps run (Fig. 12c) repro-
duced more rainfall over the southeastern Taiwan. Here, us-
ing a cgdrp combination can clearly improve the prediction
associated with the development of a MFC over the north of
the SCS. Also low-level southerly and southeasterly winds
over southern Taiwan are captured and interact with the is-
land obstacle.

In addition, the track of the predicted center of a MFC
using additional data assimilation is revealed in Fig. 13.
In comparison with the track of MCV center identified
by visible satellite imageries (Chi and Huang 2011), the
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predicted track by the cgdrp run (Fig. 13a) shows that the
MEFC moves southward and then eastward toward western
coast of southern Taiwan during 0000 - 0900 UTC, which
is more consistent with the observation. Thus, the cgdrp run
can significantly improve the daily rainfall prediction over
southern Taiwan on 5 June 2008, which will be presented in
the section 5. For the gkcgdrpgps run (Fig. 13a), the track
of the MFC is located to the north of the cgdrp run and the
observations.

For individual datasets, the predicted MFC center by
the dropsonde data assimilated (Fig. 13a) moves eastward
and reaches the coast of southern Taiwan around 0900 UTC,
which is a little northward as compared with the observation.
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Fig. 10. 12-hr prediction (valid at 1200 UTC on 4 June 2008) in the 950-hPa wind vector, sea-level pressure (solid) and 3-hr accumulated rainfall
(shaded), (a) using NCEP/GFS (gfs) global data, (b) with the data assimilation by the dropsondes (drp) and radar radial velocity (cg), (c) with the
data assimilation by the dropsondes (drp), radar radial velocity (cg), QuikSCAT winds (gk) and Formosa #3/COSMIC atmospheric profiles (gps),
and (d) without latent heat release. The sea-level pressure with 1-hPa intervals and the rainfall with 20-mm intervals.
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Fig. 11. 24-hr prediction (valid at 0000 UTC on 5 June 2008) in the 950-

hPa wind vector, sea-level pressure (solid) and 3-hr accumulated rainfall

(shaded), (a) using NCEP/GFS (gfs) global data, (b) with the data assimilation by the dropsondes (drp) and radar radial velocity (cg), (c) with the

data assimilation by the dropsondes (drp), radar radial velocity (cg), Qui

kSCAT winds (gk) and Formosa #3/COSMICatmospheric profiles (gps),

and (d) without latent heat release. The sea-level pressure with 1-hPa intervals and the rainfall with 20-mm intervals.

For the gfs run (Fig. 13a), the predicted track of the MFC,
similar to the analysis by Lai et al. (2011), moves northeast-
ward and approaches the southwestern coast around 0600
UTC on 5 June, which is far north of the observation. In
addition, the predicted MFC during daytime hours by the
gk, cg, and gps run (Fig. 13b) also moves toward the south-
western coast of Taiwan. Meanwhile, the associated com-
binations of the cggps, gkgps and gkcggps run also cannot
predict the track well (Fig. 13c) as compared with the ob-
servations (Fig. 13a). Recall that the cg, gk and gps run can
not improve the identification of a Mei-yu frontal boundary
over the open ocean. And the gk and gps run has reduced
the horizontal convergence along the Mei-yu frontal zone in

the model initial conditions. The difference in the predicted
track of the MFC may affect the prediction of the daily rain-
fall distribution over southern Taiwan.

6. IMPACT ON DAILY RAINFALL PREDICTION

A MFC developed along the western flank of the Mei-
yu frontal system over the north of the SCS during 4 - 5 June
2008 and produced torrential rainfall (= 200 mm day™') over
southern Taiwan (south of 23°N). With the incorporation
of additional observations during SOWMEX/TiMREX, the
daily rainfall predictions with/without data assimilation us-
ing 15 combinations (Table 2) are conducted.
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Fig. 12. 36-hr prediction (valid at 1200 UTC on 5 June 2008) in the 950-hPa wind vector, sea-level pressure (solid) and 3-hr accumulated rainfall
(shaded), (a) using NCEP/GFS (gfs) global data, (b) with the data assimilation by the dropsondes (drp) and radar radial velocity (cg), (c) with the
data assimilation by the dropsondes (drp), radar radial velocity (cg), QuikSCAT winds (gk) and Formosa #3/COSMIC atmospheric profiles (gps),
and (d) without latent heat release. The sea-level pressure with 1-hPa intervals and the rainfall with 20-mm intervals.

For the statistical verification of daily rainfall predic-
tion on 5 June, the RMSE (Fig. 14) shows that data assimi-
lation by the dropsondes (drp) only has better performance
compared with the predictions by gfs, cg, gk, and gps re-
spectively. Here, the assimilated dropsondes from aircraft
observations can improve the daily rainfall prediction over
southern Taiwan (south of 23°N). Also, the daily rainfall
prediction (Figs. 15a, b, c, and d) using the dropsonde only
(Fig. 15a) shows that the torrential rainfall (= 200 mm day')
is distributed in the western and eastern coastal regions of
southern Taiwan, which is more consistent with the observed
rainfall distribution (Fig. 1). Meanwhile, the daily rainfall
prediction by gfs run (Fig. 14e) reproduces the precipitation

maximum on the southwest side on Taiwan too far north.
It seems that the rainfall prediction through cg, gk, and gps
alone does not improve at all (Figs. 15b, ¢, and d). Note that
the track of the MFC predicted by cg, gk and gps run moves
toward the southwestern coast, but not toward the southern
coast as revealed by the observations (Fig. 13b).

For the combinations of four additional data assimi-
lated, the combinations with the dropsondes (Fig. 14) can
improve the daily rainfall prediction over southern Taiwan,
except for gkdrpgps and gkcgdrpgps. The improvement in
daily rainfall prediction by the dropsonde combinations
(cgdrp, gkdrp, drpgps, cgdrpgps, and gkcgdrp) may relate to
the increase the low-level horizontal convergence (Fig. 9b)
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Fig. 14. Root-mean squared error (RMSE) for the predicted daily rainfall over southern Taiwan on 5 June 2008 from 16-hr prediction (valid at 1600
UTC on 4 June) to 40-hr prediction (valid at 1600 UTC on 5 June ), using NCEP/GFS global data (gfs), and with data assimilation by the dropsondes
(drp), radar radial velocity (cg). QuikSCAT winds (gk) and Formosa #3/COSMIC atmospheric profiles (gps) as well as the combinations of these

additional data.
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Fig. 15. Predicted daily rainfall (shaded) over Taiwan on 5 June 2008 from 16-hr prediction (valid at 1600 UTC on 4 June) to 40-hr prediction
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along Mei-yu frontal zone over the north of SCS and Bashi
Channel in the initial condition of numerical model, which
is favorable for the formation of the rain-producing system
along the Mei-yu frontal zone. Particularly, the prediction
with data assimilation using the cgdrp can obviously capture
the development and movement of a MFC with the best track
(Fig. 13a) over the open ocean during 4 - 5 June (Figs. 10,
11, 12 and 13). The MFC moves toward southern Taiwan
and serves as the dominant weather system to produce tor-
rential rainfall there. Thus, the cgdrp run presents an opti-
mal daily rainfall prediction over southern Taiwan (Figs. 14
and 15f) compared with the gfs run (Fig. 15¢) and the other
combinations (Fig. 15), because the low-level southerly and
southeasterly winds are predicted, which may interact with
island obstacles over coastal regions of southern Taiwan
as the MFC approaches (Figs. 11b and 12b). But for the
qkcgdrpgps with four additional data assimilated, the pre-
dicted daily rainfall (Figs. 14 and 15g) do not apparently
improve the daily rainfall prediction with more daily rain-
fall in the east and less daily rainfall in the west of southern
Taiwan. The predicted track of the MFC by the gkcgdrpgps
(Fig. 13a) may affect rainfall prediction. In addition, the
combinations of cg, gk and gps assimilation (cggps, gkgps,
and gkcggps) do not improve the daily rainfall prediction,
which may be related to the model initial conditions and the

predicted track of the MFC (Fig. 13c)

Furthermore, the regional mean (1204 - 120.6°E;
22.5 - 22.7°N) of predicted 925-hPa horizontal wind field
and relative humidity (RH) by the NCEP/GFS run and the
combinations of additional datasets are statistically evalu-
ated by the RMSE (Fig. 16). Here, the 46750 sounding data
(Fig. 4) over southern Taiwan from 1800 UTC on 4 June
to 1800 UTC on 5 June are used. For the gfs run, the errors
in the predicted horizontal wind field (Figs. 16a and b) are
associated with the southwesterly wind instead of the south-
easterlies in the observations during the 0000 - 0900 UTC
on 5 June. The RMSE in the RH predicted by the gfs run
(Fig. 16c) is related to the moisture content reproduced
higher than the observations.

For individual additional data assimilations, the drp
run improves the prediction in the 925-hPa horizontal wind
field with relatively smaller RMSE, compared with the cg,
gps, and gk run. Note that the track of the MFC is better
predicted by the drp run than that by the cg, gps, and gk
run. The errors in the wind field using drp are related to
the stronger southeasterly wind. But for the cg, gk and gps
run, the low-level winds change to south-westerlies. The
low-level winds different from the observations may affect
the prediction in the daily rainfall distribution over southern
Taiwan.
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For the combinations of additional datasets, the cgdrp
run has improved the predictions in the low-level wind field
and the RH (Fig. 16). Note that the cgdrp run can obviously
improve the prediction in the daily torrential rainfall dis-
tribution (Figs. 14 and 15f) over southern Taiwan and the
track of a MFC over ocean (Fig. 13). For the other drop-
sonde combinations (drpgps, gkdrp, cgdrpgps, gkcgdrp), the
associated predictions in the 925-hPa horizontal wind field
and RH (Fig. 16) are slightly improved as compared with
the gfs run. Meanwhile, the errors in the 925-hPa horizontal
wind field are related to the stronger southeasterly winds
predicted. However, the improvement in prediction of low-
level wind and RH by the gkdrpgps; and the gkcgdrpgps be-
comes insignificant. For the cggps, gkgps and gkcggps run
(Fig. 16) without combining with the dropsonde data, the
925-hPa winds turn to the southwesterlies and are different
from the winds revealed by the 46750 soundings (Fig. 4).
This is similar to the cg and gps run. The errors in the 925-
hPa wind field may affect the daily rainfall prediction.
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Fig. 16. Root-mean squared error (RMSE) (a) for the
predicted 925-hPa U-component of horizontal wind
(m s) from the sounding 46750 over southern Tai-
wan from 18-hr prediction (valid at 1800 UTC on 4
June) to 42-hr prediction (valid at 1800 UTC on 5
June 2008), (b) the same as (a) but for the V-compo-
nent of horizontal wind (m s™'), and (c) the same as (a)
but for the relative humidity (%).
7. CONCLUSIONS

During 2008 Taiwan Mei-yu season, a torrential rain
event (= 200 mm day"') on 5 June occurred over coastal
regions of southern Taiwan (south of 23.0°N) which is as-
sociated with an approaching MFC which developed over
the north of the SCS along the Mei-yu frontal zone during 4
- 5 June, 2008. The atmospheric environment shows a near-
neutral condition with the increase of moisture content dur-
ing the rainfall period (0000 - 1200 UTC) on 5 June. And
low-level winds significantly turn to southerly or southeast-
erly winds over southern Taiwan to interact with Island ob-
stacle during the daytime hours (0000 - 0900 UTC). After
the production of torrential rainfall, low-level winds change
to a westerly wind and the atmosphere subsequently be-
comes drier over southern Taiwan.

Using additional dropsonde data assimilated through
WREF 3D-Var system in the model initial condition at 0000
UTC on 4 June 2008, the location of a distorted Mei-yu
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frontal boundary passed through the southern tip of Taiwan
and extended westward to the north of SCS, which is clearly
identified with significant wind shift. The location of the
Mei-yu frontal boundary is more consistent with the analysis
of surface front from the CWB of Taiwan. Meanwhile, the
cyclonic vorticity and horizontal convergence are increased
over the north of SCS in low levels, which may provide a
favorable environmental condition for the formation of the
rain-producing system along the Mei-yu frontal zone. How-
ever, the cg, gk and gps assimilation as well as the associ-
ated combinations (cggps, gkgps and gkcggps) cannot well
identify the Mei-yu frontal boundary over the open ocean.
And the gkgps and gkcggps assimilated have reduced the
horizontal convergence along the Mei-yu frontal zone in the
model initial conditions, which is unfavorable for the devel-
opment of rain systems there.

For the prediction of the MFC over the north of SCS,
using the combination of dropsonde and radar radial veloc-
ity (cgdrp) datasets can clearly reproduce the development
of a MFC with the best track over the open ocean. Also, the
low-level southerly and southeasterly winds over southern
Taiwan are predicted and interact with the island obstacle
during the rainfall period on 5 June 2008. Thus, the cgdrp
run can significantly improve the daily rainfall prediction
over southern Taiwan on 5 June 2008 which is better than
the daily rainfall prediction by the NCEP-GFS and the other
additional data assimilation. In addition, latent heating plays
an important role in the development and maintenance of a
MEC along the Mei-yu frontal zone over the open ocean.

Furthermore, this is a successful case to reveal that
the data assimilation using dropsonde data can improve the
identification of the Mei-yu frontal boundary over the open
ocean near southern Taiwan during the Mei-yu season. The
results may apply in the counterpart cases in future.
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