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ABSTRACT
During 11–12 June 2012, heavy precipitation occurred over the northwestern Taiwan coast (;435 mm) and within
the Taipei basin (;477 mm). With the presence of a midlatitude omega-blocking pattern, a persistent cold northerly
wind component west of the northeast China low and west of the mei-yu frontal cyclone extends all the way to the
subtropics and up to the 700-hPa level. At 2000 LST 11 June, the total precipitable water ahead of the front is
elevated (.70 kg m22) with horizontal southwesterly moisture fluxes .360 g kg21 m s21 at the 950-hPa level. The
rainfall maximum along the northwestern coast mainly occurs before 0200 LST 12 June, as the convective activities in
the frontal zone are enhanced by the localized convergence between the prefrontal southerly barrier jet and environmental airflow. After landfall, the relatively deep (;1.5 km) mei-yu front moves over the mountains (with peaks
;1121 m) along the northern coast and into the Taipei basin. During 0200–0800 LST 12 June, it stalls at the foothills
of the Snow Mountains (with peaks ;3886 m) south of the basin under the postfrontal west-northwesterly flow. Rain
cells associated with the mei-yu front are enhanced as they move southeastward toward the Snow Mountains. The
barrier jet and the rainfall maxima over the northwestern coast and within the Taipei basin are well simulated using
the high-resolution WRF Model. With the model terrain removed, the simulated mei-yu front continues to move
southward after landfall without reproducing the barrier jet and both observed rainfall maxima.

1. Introduction
Heavy rainfall events are major meteorological disasters that occur around the globe. They pose a significant challenge for both scientific research and operational
forecasts. Heavy rainfall events in diverse locations share
essential similarities: copious moisture and destabilization effects due to lifting (Ogura et al. 1985; Wang et al.
1985; Kodama and Barnes 1997; Lin et al. 2001; Chiao
et al. 2004; Medina et al. 2005; and others).
Taiwan is a mountainous island located off the
southeastern China coast. It is subject to the northeast
Corresponding author: Dr. Yi-Leng Chen, yileng@hawaii.edu

monsoon from September to April. The southwesterly
monsoon dominates the rest of the year (Ramage 1971).
Heavy rainfall in many parts of the world is frequently
localized in nature due to terrain and local winds (Ogura
et al. 1985; Grossman and Durran 1984; Ogura and
Yoshizaki 1988; Buzzi et al. 1998; Zhang et al. 2005; Tu
and Chen 2011; and others). Heavy rainfall events during the early summer rainy season over Taiwan are related to the arrival of subtropical cold fronts (or mei-yu
fronts) (Trier et al. 1990; Chen et al. 1989; Yeh and Chen
1998; Chen 1993; Davis and Lee 2012), mesoscale cyclones (Wang and Orlanski 1987; Chen et al. 2010a; Lai
et al. 2011), abundant moisture (Chen and Yu 1988;
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FIG. 1. (a) Locations of 433 ARMTS rain gauge stations (solid blue circles) and hourly rainfall and wind stations
(solid red circles) in 2012. The Shuei-Wei and San-Xia stations are denoted by a purple ‘‘3.’’ (b) Locations of 24
routine hourly surface stations (blue ‘‘1’’); four Doppler radar sites (solid red circles), including Wu-Fen-Shan
radar site; and four rawinsonde sites (purple triangle), including the Banciao rawinsonde site.

Chen and Li 1995a; Chen et al. 1997; Chen et al. 2007a,b;
Tu et al. 2017; and others), orographic effects and local
winds (Li et al. 1997; Yeh and Chen 2002; Akaeda et al.
1995; Teng et al. 2000; C.-S. Chen et al. 2005, 2010b,
2011; and others), and cold pools from rain evaporative
cooling (Xu et al. 2012; Chen et al. 2013; Tu et al. 2014,
2017). The island-scale weather and precipitation over
Taiwan are linked to the diurnal heating cycle (Johnson
and Bresch 1991; Chen and Li 1995b; Kerns et al. 2010;
Ruppert et al. 2013) and interactions among large-scale
flow, mesoscale processes, and island-induced circulations (Chen 2000; Yeh and Chen 1998; Chen and Chen
2003; Tu et al. 2014; and others).
Chen (1993) showed that during the 1987 Taiwan
Area Mesoscale Experiment (TAMEX) (Kuo and Chen
1990), prior to the seasonal transition in mid-June, all
the mei-yu fronts over southern China were baroclinic in
nature. A moist baroclinic process drives the secondary
frontal circulation with a low-level jet (LLJ) in the lower
troposphere with tropopause folding aloft (Chen et al.
1994, 1997; Chen and Chen 1995, 2002). During periods
of heavy precipitation over Taiwan, the subsynoptic LLJ
is frequently observed in the warm sector of the mei-yu
front (Chen and Yu 1988; G. Chen et al. 2005).
For flow past a mountain range, the Burger number
[B 5 Ro/Fr 5 (N/f)/(h/L)] characterizes the scaled
mountain slope, where Ro (5 U/fL) is the Rossby
number, Fr (5 U/Nh) is the Froude number, U is wind
speed, f is the Coriolis parameter, L is the horizontal

length scale, N is Brunt–Väisälä frequency, and h is the
mountain height (Pierrehumbert and Wyman 1985;
Overland and Bond 1995; Smolarkiewicz et al. 1988).
For the subsynoptic LLJ flow over the Central Mountain
Range (CMR), which is hydrodynamically steep, B . 1
and Fr 5 0.2–0.4 (Li and Chen 1998). The flow deceleration and flow splitting occur off the southwestern
coast with a windward ridge/leeside trough pressure
pattern due to orographic blocking (Chen et al. 1989;
Trier et al. 1990; Chen and Li 1995a), in agreement
with theoretical studies (Smith 1982, 1989; Lin 2007;
and others). The deflected airflow accelerates northward with a large cross-contour wind component down
the pressure gradients along the west coast, which

FIG. 2. The nested model domains. The horizontal grid sizes for
domains 1–4 are 27, 9, 3, and 1 km, respectively.
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results in strong orographically induced winds along the
northwestern coast (e.g., barrier jet) (Chen and Li
1995a; Li and Chen 1998; Yeh and Chen 2003). The
barrier jet is also affected by the diurnal heating cycle
due to variations in stability and is strongest in the early
morning (Chen and Li 1995b; Lin et al. 2011).
In the past, we studied the statistics of heavy rainfall
events (frequencies and spatial distribution), rainfall
characteristics over Taiwan, and the effects of local circulations and terrain on rainfall occurrences and cloud distributions based on surface and satellite data (Chen and
Chen 2003; Chen et al. 2007; Yeh and Chen 1998; Kerns
et al. 2010). These studies provide basic background information for the case study approach. During the mei-yu
season over Taiwan, climatological rainfall distributions
have pronounced maxima on the windward slopes of
the Snow Mountains and CMR (Yeh and Chen 1998).
However, during frontal passages over northern Taiwan,
rainfall distribution for each event may deviate from
the climatological rainfall pattern. For example, during
TAMEX IOP 3, the localized moisture convergence between the west-southwesterly monsoon flow and a southerly barrier jet caused the development of deep convection
within the Taiwan Strait (Yeh and Chen 2002). During
TAMEX IOP 13, the convergence between a prefrontal
wind shear line and southerly barrier jet generated a
rainband off the central-northwestern coast (Li et al.
1997). For both cases, the development of heavy rain cells
due to interaction between the jet–front system and orographically induced flow occurred over coastal waters.
These cells then drifted inland and caused coastal flooding.
After TAMEX, the Central Weather Bureau, Taiwan
(CWB), established a dense Automatic Rainfall and
Meteorological Telemetry System (ARMTS) network
over the island (Kerns et al. 2010) and completed a
Doppler radar network. Chu (2013) showed that during
1993–2012, there were 13 heavy rainfall events with daily
rainfall accumulation .200 mm recorded at one or more
stations with elevation ,250 m over northwest Taiwan
(north of 248N and west of 121.58E). Among those
cases, the 11–12 June 2012 case is the only widespread
heavy precipitation event with maximum daily rainfall
accumulation .400 mm over both the northwestern coast
of Taiwan (;435 mm) and within the Taipei basin
(;477 mm) (Chu 2013). For most stations within the
Taipei basin, the heaviest rainy period for this case occurred during 0000–0800 local standard time (LST)
12 June. It is apparent that in addition to favorable largescale settings, the interaction of the jet–front system with
the terrain and orographic effects may be crucial for the
development of this extreme precipitation event. However, in contrast to our previous studies on the interaction
of the barrier jet and jet–front system within the Taiwan
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FIG. 3. Mean synoptic fields averaged over 0000 UTC 9 Jun to
0000 UTC 13 Jun 2012 from ERA-Interim (108–608N, 1058–1708E).
(a) The 300-hPa-level geopotential heights every 50 gpm (solid).
(b) The 850-hPa-level geopotential heights every 20 gpm (contoured) and 500-hPa-level vertical motions (Pa s21; shaded).

Strait, for this study, we will focus on the orographic effects during and after the landfall of a mei-yu front.
The large-scale, mesoscale, and local conditions prior
to and during landfall of the mei-yu front are studied by
analyzing synoptic, sounding, surface, rain gauge, and
radar data and numerical modeling. The data used and
design of the numerical model are described in section 2.
A synoptic overview is given in section 3. Observational
analyses of the favorable subsynoptic settings, evolution
of the mei-yu front before and after landfall, and precipitation patterns over the Taiwan area are presented in
section 4. In section 5, the results from high-resolution
multinested Weather Research and Forecasting (WRF)
Models with a horizontal grid as small as 1 km for the
innermost domain are used to diagnose the effects of
terrain on the jet–front system and mechanisms for the
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FIG. 4. Synoptic fields from ERA-Interim (108–608N, 1058–1708E) at 1200 UTC 11 Jun. (a) The 500-hPa-level
geopotential heights every 50 m and winds (m s21) (one pennant, full barb, and half barb represent 25, 5, and
2.5 m s21, respectively). (b) As in (a), but for the 850-hPa level. Geopotential heights every 30 gpm, winds, and
equivalent potential temperature every 3 K (color shaded). (c) As in (a), but for the 925-hPa level. (d) As in (a), but
for sea level pressure (every 2 hPa), surface temperature (8C; color shaded), and surface winds.

occurrence of extreme precipitation. Finally, the results
are summarized in section 6.

2. Data and method
a. Data
There were 433 ARMTS stations in use during May–
June 2012 (Fig. 1a). All of the ARMTS and conventional
stations measure hourly rainfall at a precision of 0.5 mm.
Rainfall is measured using tipping-bucket gauges.
Among those stations, hourly wind observations are
also recorded for 210 stations. Winds are recorded
every second and averaged over a 10-min period with
resolutions of 0.1 m s21 and 18 for wind speed and direction, respectively. In addition, data from 24-hourly
conventional surface weather stations, four rawinsonde
stations, and four operational Doppler radars over the
island of Taiwan are also available (Fig. 1b) (Tu et al.

2014). The hourly composite radar echoes produced by
CWB are also used. The European Centre for MediumRange Weather Forecasts (ECMWF) interim reanalysis
(ERA-Interim) is used to delineate the subsynoptic
weather patterns (Dee et al. 2011).

b. Model description
The Advanced Research core of the WRF Model
(WRF-ARW, hereinafter WRF) uses the sigma (terrain following) hydrostatic pressure vertical coordinate
(Skamarock et al. 2008; Laprise 1992). Four model domains with two-way nesting are used with horizontal
grids of 27 (domain 1), 9 (domain 2), 3 (domain 3), and
1 km (domain 4) (Fig. 2). There are 38 vertical levels
from the surface to the 50-hPa level with 13 levels below
2 km. In domains 1 and 2, Grell’s convective parameterization scheme and Goddard’s grid-resolvable microphysics are used (Grell and Dévényi 2002; Tao and
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FIG. 5. Vertical cross section along 119.58E for 1200 UTC
(2000 LT) 11 Jun. (a) Equivalent potential temperature (solid white
lines; every 5 K), relative humidity (%; color shaded), and horizontal
winds (m s21; one pennant, full barb, and half barb represent 25, 5,
and 2.5 m s21, respectively). (b) Vertical motion (Pa s21; ,0 Pa s21,
contoured every 0.3 Pa s21) and horizontal moisture flux (vectors
with magnitude color shaded every 30 g kg21 m s21).

(1970), and Webb (1970). For the lower-boundary conditions over Taiwan, the 1-km land-use data compiled by
CWB are used.
A 36-h simulation initialized from the ERA-Interim
analysis at 0800 LST (0000 UTC) 11 June 2012 is conducted. The ECMWF analysis is used to validate the
model results from the 9-km grid domain. The evolution
of the surface front and rainfall distribution over the
Taiwan area from our model is compared with the analyses of surface data. Furthermore, the orographic effects on the convective systems as they move toward the
northern Taiwan coast and the impact of terrain on
heavy precipitation in the Taipei basin are investigated
using the results from the 3- and 1-km domains. A model
sensitivity test without Taiwan’s topography is performed (NT run) to assess the impact of terrain on
localized heavy rainfall patterns. For the NT run, the
1-km land-use data compiled by CWB are also used.
The initial conditions of the meteorological data for the
high-resolution model domains are interpolated horizontally from the pressure-level global analysis data and
then converted to sigma levels using the surface pressure
in the high-resolution model domains. For coastal grid
points, the terrain outside the land mask is set to zero with
water as the ground cover. After inserting the prescribed
high-resolution (1 km) terrain for the CTRL run or removing the terrain in the NT run, the surface pressure
within the high-resolution domains is computed using the
hydrostatic relationship. For both the CTRL and NT
runs, we let the interpolated meteorological data adjust to
the prescribed static lower-boundary conditions (terrain
and land surface parameters). For high-resolution model
simulations over mountainous subtropical islands (e.g.,
Hawaii and Taiwan), the adjustment time scale to
changes in model terrain is on the order of a few hours
(Smolarkiewicz et al. 1988; Chen and Feng 2001; Yeh and
Chen 2003). After 6-h model runs, the simulated highresolution model results are well adjusted to the prescribed model terrain for both the CTRL and NT runs
(not shown). Model results after 12 h of time integration
(e.g., 1200 UTC 11 June) are presented in section 5.

3. An overview of weather patterns
Simpson 1993). For the 3- and 1-km grid domains, the
convective parameterization scheme is turned off. The
Rapid Radiative Transfer Model (RRTM), Dudhia’s
shortwave schemes, Noah land surface model (LSM),
and Yonsei University (YSU) planetary boundary layer
scheme are used (Mlawer et al. 1997; Dudhia 1989; Chen
and Dudhia 2001; Hong et al. 2006). The surface layer
uses the fifth-generation Pennsylvania State University–
NCAR Mesoscale Model (MM5) similarity scheme with
stability functions from Paulson (1970), Dyer and Hicks

a. Synoptic conditions
During 0000 UTC (0800 LST) 9 June–0000 UTC (0800
LST) 13 June, at the 300-hPa level, an omega blocking
pattern (Chen et al. 2007) is present over East Asia with a
blocking ridge over the Okhotsk Sea, sandwiched by a
northeast China low (Du et al. 2014) and the Aleutian low
(Fig. 3a). During this time of the year, a blocking ridge (or
blocking high) over the Okhotsk Sea is common. A
midlatitude Rex blocking pattern is also reported by
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FIG. 6. (a) Daily (0000–2400 LST) rainfall accumulation (mm; color shaded) for 10 Jun. (b) As in (a), but for 11 Jun. (c) As
in (a), but for 12 Jun. (d) Rainfall accumulation (mm) during 10–12 Jun. Terrain contours are 100 and 500 m.

Hsiao and Chen (2014) for the 10–14 June 1978 case
studied by Chen and Chang (1980). At the 850-hPa
level, an east-northeast (ENE)–west-southwest (WSW)oriented trough over southern China is present between
the midlatitude blocking pattern and west Pacific subtropical high (WPSH) (Fig. 3b). A rising motion is diagnosed ahead (southeast) of the trough (Fig. 3b).
Around 0000 UTC 10 June, a southwest vortex is
generated on the lee side of the Tibetan Plateau (Chen
et al. 1994, 1997; Chang et al. 2000) (not shown), propagates eastward, and develops into a mei-yu frontal cycle.
At 1200 UTC 11 June, 2 h before the commencement
of extreme precipitation over northern Taiwan, the
850-hPa mei-yu frontal cyclone has moved off the eastern
China coast (Fig. 4b) with a trough axis extending
southwestward just north of the northern Taiwan coast.

A west-southwesterly LLJ is present south of the trough
axis (Fig. 4b). Ahead of the trough axis, the winds turn
clockwise with respect to height (Figs. 4a,b), indicating
warm advection within the warm sector. At lower levels,
both the 925-hPa trough axis (Fig. 4c) and mei-yu front
(Fig. 4d) propagated southward and were just off the
northern Taiwan coast at 1200 UTC 11 June.
The north–south vertical cross sections along 119.58E
constructed from ERA-Interim show that the mei-yu front
is characterized by a marked vertical tilt with significant
wind shift up to at least the 600-hPa level with an upperlevel jet (.40 m s21; ULJ) at the 250-hPa level (Fig. 5a).
With a significant midlatitude omega blocking pattern,
persistent northerlies from west of the northeast China
low extended all the way to the subtropics (Fig. 4b).
Furthermore, the low-level frontal system, including the

Unauthenticated | Downloaded 01/09/23 11:45 PM UTC

SEPTEMBER 2018

2703

CHEN ET AL.

midlevel wind shift associated with the trough axis at the
700-hPa level, reaches south of 278N (Fig. 5).
In the lower troposphere, the strong (.15 m s21), warm,
moist LLJ with high equivalent potential temperature
(.365 K) converges with the relatively cold, dry northeasterly flow with low equivalent potential temperatures
(,350 K) in the postfrontal region (Figs. 5a,b). In the prefrontal region, the horizontal moisture fluxes mainly occur
below 700 hPa with a maximum at the 950-hPa level. In
the frontal zone, large-scale rising motions associated with
the jet–front system exceed 0.9 Pa s21 (Fig. 5b), bringing
low-level warm, moist air vertically upward (Fig. 5a). It is
striking that the horizontal fluxes from the northern South
China Sea mainly occur below the 850-hPa level with a
maximum .360 g kg21 m s21 at the 950-hPa level (Fig. 5b).
This issue will be investigated further in the future.

b. Rainfall over Taiwan
On 10 and 11 June 2012, under the moist unstable
prevailing southwesterly flow, daily rainfall accumulation of more than 350 mm is recorded on the windward
side of the Snow Mountains and Ali Mountains (Fig. 1b)
of CMR (Figs. 6a,b). In addition, heavy rainfall is recorded over the northwestern coast of Taiwan and the
Taipei basin, with the maximum accumulated rainfall
from 2200 LST 11 June to 1200 LST 12 June about
434.5 and 476.5 mm at Shuei-Wei (24.948N, 121.088E,
z 5 106 m) and San-Xia (24.948N, 121.368E, z 5 55 m)
(Fig. 1a), respectively (Chu 2013). The heavy rainfall
occurs in northern Taiwan with an axis in the ENE–
WSW direction (Fig. 6c). The reasons for the observed
localized extreme precipitation maxima over the northwestern coast and within the Taipei basin (Figs. 6c,d) will
be the main foci of this study.

4. Favorable conditions for the occurrences of
heavy rainfall
a. The storm environment with high moisture content
The climatological TPW over the Taiwan area in early
June is about 50–55 kg m22 (Kerns et al. 2010). The
horizontal distribution of daily (0000–2400 UTC) mean
TPW on 11 June from ERA-Interim shows a moisture
axis (TPW . 70 kg m22) that is ;30% higher than the
climatological values and extends from the southern
China coast to over Taiwan and the western Pacific
(Fig. 7a). The horizontal axis of the maximum low-level

FIG. 7. The daily averaged (a) TPW (every 5 mm; color shaded),
and 950-hPa horizontal divergence of water vapor (blue contours;
,0 g kg21 s21, contoured every 2.5 3 1024 g kg21 s21) from ERAInterim (108–608N, 1058–1708E) for 11 Jun. (b),(c) As in (a), but for

daily averaged geopotential height (gpm) and moisture flux
(vectors with magnitude color shaded; g kg21 m s21) at 950- and
850-hPa level, respectively.
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FIG. 8. Regional maps from ERA-Interim. (a) Surface map at 1800 UTC 11 Jun (0200 LST 12 Jun). Isotherms
(color shaded; every 18C), mean sea level pressure (green contours; every 2 hPa), and winds (m s21; one full barb
and half barb represent 5 and 2.5 m s21, respectively). The heavy solid line denotes the approximate location of the
surface front. (b) As in (a), but for 850-hPa-level geopotential heights every 15 m, equivalent potential temperature
every 3 K (color shaded), and winds (m s21). (c),(d) As in (a),(b), but for 0000 UTC (0800 LST) 12 Jun.

moisture fluxes reaches as high as 300 g kg21 m s21
(Figs. 7b,c). The maximum low-level moisture convergence (.2.5 3 1024 g kg21 s21) occurs where the
strong prefrontal southwesterly flow converges with
the postfrontal northeasterlies over the southern
China coast and northern Taiwan (Figs. 7a,b). For the
11 extreme precipitation cases (.350 mm day21) over
southwestern Taiwan in May–June during 1997–2006,
the upstream maximum low-level moisture fluxes over
Taiwan range from 120 to 270 g kg21 m s21 (Chen et al.
2007b). Thus, for this case, the low-level horizontal
moisture transport toward the frontal zone is much
higher than these 11 extreme torrential rain cases.
During 10–12 June, heavy precipitation is recorded
on the windward side of the Snow Mountains
(.1000 mm) and Ali Mountains (.1500 mm) (Fig. 6d)
as the warm, moist LLJ impinges on CMR at a relatively
large angle (Fig. 4b). A potentially unstable LLJ with
high moisture content impinging on steep terrain during
the approach of a short-wave trough is favorable for the
occurrence of extreme orographic precipitation (Lin
et al. 2001).

b. Evolution of the subtropical cold front over the
Taiwan area
At 1800 UTC 11 June (0200 LST 12 June), the leading edge of the surface front reached the Taipei basin
(Fig. 8a). A secondary surface low was located at 258N,
118.58E over the southeastern China coast. At this time, the
850-hPa trough axis associated with the surface front is just
off the northern Taiwan coast (Fig. 8b). This is in contrast
to some of the frontal cases found during TAMEX cases
(e.g., Chen et al. 1989; Chen and Hui 1990, 1992; Trier et al.
1990). For these cases, the 850-hPa trough axis remained
over southern China as the low-level cold air penetrated
and propagated southward with shallow (,1 km) postfrontal northeasterlies over the Taiwan area. Before
0800 LST, the mei-yu front stalls within the Taipei basin
(Fig. 8c). Along the eastern coast of Taiwan, the mei-yu
front propagates southward and is ;238N at 0800 LST
12 June (Fig. 8c). In the meantime, the 850-hPa trough
axis arrives at the northern coast of Taiwan (Fig. 8d).
Time series of wind and thermodynamic variables are
constructed for Bancio rawinsonde data every 12 h from 1200
UTC 10 June to 1200 UTC 13 June. Prior to 0000 UTC
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FIG. 10. Composite radar reflectivities at 1200 UTC (2000 LST)
11 Jun. The heavy solid line denotes the approximate position of
the surface front. The ENE–WSW-oriented radar echoes line is
denoted by L1. The radar echoes that originated from the southwestern coast of China are denoted by C1.

At 0000 UTC 12 June, the low-level winds were weak, cold,
drier northeasterlies as the surface cold front arrives.
Above the 950-hPa level, the wind shifts from northeasterlies to northwesterlies and turns counterclockwise with
respect to height (Fig. 9a) as the trough axis arrives
(Fig. 8d). After 0000 UTC, the postfrontal cold, dry air
extends upward to above the 850-hPa level (Fig. 9a). The
heaviest rainfall periods over northern Taiwan occur during
the passage of the mei-yu front/850-hPa trough (Figs. 8, 9).

c. Evolution of precipitation patterns over northern
Taiwan and its vicinity
1) RADAR ECHOES

FIG. 9. Time series of winds (one pennant, full barb, and half barb
represent 25, 5, and 2.5 m s21, respectively) and potential temperature
(K; color shaded) profiles from 1200 UTC 10 Jun to 1200 UTC 13 Jun
constructed from rawinsonde data collected at Banciao (Fig. 1b) every
12 h. (b) As in (a), but for water vapor mixing ratio (g kg21; color
shaded) and equivalent potential temperature (K; contoured).

12 June, strong, low-level, warm, moist southwesterly
winds with equivalent potential temperature .360 K
are present (Fig. 9). The prefrontal southwesterly flow
turns clockwise with respect to height and extends up
to the 650-hPa level, indicating warm air advection.

At 2000 LST 11 June, an ENE–WSW-oriented radar
echoes line (L1) associated with the mei-yu front is off
the northern coast of Taiwan (Fig. 10). To the south of
L1, there are scattered prefrontal echoes (C1) over the
northern part of the Taiwan Strait. There are persistent
radar echoes on the windward side of the Snow Mountains and Ali Mountains as the moisture-laden LLJ impinges on CMR. The heaviest rainy period over the
northwest coastal region (Shuei-Wei) occurs during
2200 LST 11 June–0100 LST 12 June as the prefrontal
echo area (C1) and the radar echo line L1 move inland.
During 2000–2200 LST, the frequency distribution of
radar echoes exceeding 40 dBZ at 3-km height shows a
maximum associated with L1 over the adjacent ocean
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FIG. 11. (a) Occurrences (%) of radar echoes from the Wu-FenShan Doppler radar exceeding 40 dBZ at z 5 3 km from 2000 to
2200 LST 11 Jun (color shaded). The solid black line represents the
30% of the occurrence of radar echoes exceeding 30 dBZ at z 5
3 km. (b) As in (a), but from 2200 LST 11 Jun to 1300 LST 12 Jun.
The terrain contours (gray line) are 500 m.

northwest of Taiwan (Fig. 11a). A secondary maximum
related to prefrontal radar echoes (C1) is also evident.
The frequency distribution of radar echoes exceeding
40 dBZ at 3-km height during 2200 LST 11 June–
1300 LST 12 June (Fig. 11b) shows that the high-frequency
area (exceeding 30%) extended from the northwest
coast to the Taipei basin.

2) HOURLY RAINFALL PATTERNS
Prior to 2000 LST 11 June, no rainfall was recorded over
northern Taiwan (Fig. 12a) before the arrival of C1 and L1
(Fig. 10). By 2200 LST 11 June, as the radar echoes associated with the mei-yu front moved southeastward inland, heavy rainfall commenced over the northern coast
(Fig. 12b). The heaviest period over the northwestern

VOLUME 146

Taiwan coast occurs before 0200 LST 12 June (Fig. 12c)
due to the arrival of C1, followed by the arrival of L1
(Fig. 10). By 0000 LST 12 June, winds over the Taipei
basin turn from southwesterlies to northerlies (Fig. 13c).
The relatively deep (;1.5 km) cold front is able to move
over the Yang-Ming Mountains (highest peak ;1121 m)
over the northern tip of Taiwan into the Taipei basin.
During 0200–0400 LST 12 June, heavy rains continue
over the northwestern coast after the frontal passage and
extend eastward over the Taipei basin (Figs. 12d,e). An
easterly offshore flow develops along the northwestern
coast (Figs. 12c–e) due to combined cooling from rain
evaporation and nocturnal cooling. After the frontal passage, localized convergence is present between the barrier
jet and the offshore flow. In the early morning (0400–0800
LST), a well-defined heavy rainfall axis extends from the
northwestern coast to the Taipei basin (Figs. 12e–g). The
rain cells and surface cold front are anchored along
the northwestern foothills of the Snow Mountains. After
0800 LST 12 June, the heavy rainfall area propagates
southward (Fig. 12h) as the cold front advances southward.
In summary, the rainfall maximum along the northwestern coastal area during 2200 LST 11 June and
0200 LST 12 June is mainly related to the arrival of
prefrontal radar echoes followed by the ENE–WSWoriented convective line associated with the mei-yu front.
As model results will later show, during this period, the
convective activities over the northwestern coast are
enhanced by the localized convergence between the
southerly barrier jet along the northwestern coast and
postfrontal west-northwesterly flow. The terrain further enhances the southeastward-propagating echoes.
After the frontal passage, localized convergence is
present between the barrier jet and the offshore flow.
Over the Taipei basin, the heaviest rainfall period occurs during 0200–0800 LST 12 June as the mei-yu front
arrives and stalls over the basin. During this period, the
depth of the postfrontal air is deeper than the coastal
terrain north of the basin with peaks of ;1120 m. Thus,
the top of the postfrontal northwesterly-northerly flow
is above the terrain over the northern tip of Taiwan.
As a result, the postfrontal cold air is able to move
into the Taipei basin and is held against the northnorthwestern slopes of the Snow Mountains south of
the Taipei basin. Rain cells propagate southeastward in
the frontal zone and continue to produce heavy precipitation within the basin. The heavy precipitation
within the Taipei basin diminishes after 0800 LST as
the front advances southward. For this case, it appears
that orographic effects are important for the timing and
locations of the occurrences of heavy precipitation as
the mei-yu front arrives and will be discussed further
using the results of the model simulations.
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FIG. 12. Hourly rainfall (mm) and surface winds (one full barb and half barb represent 5 and 2.5 m s21,
respectively) over northern Taiwan: (a) 2000 and (b) 2200 LST 11 Jun; (c) 0000, (d) 0200, (e) 0400, (f) 0600,
(g) 0800, and (h) 1000 LST 12 Jun. Terrain contours are 100 and 500 m, respectively.
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FIG. 13. Model results from the 9-km domain for 218–308N, 1168–1308E. (a) Sea level pressure (every 2 hPa), surface
winds (one full barb and half barb represent 5 and 2.5 m s21, respectively), and temperature every 18C for 1200 UTC
(2000 LST) 11 Jun. (b) Simulated 850-hPa geopotential heights every 15 gpm (blue solid lines), winds (m s21), and
equivalent potential temperature (K; shaded) for 1200 UTC (2000 LST) 11 Jun. The dashed line denotes the approximation position of the 850-hPa trough. The areas with ascending motion greater than 0.1 m s21 are contoured in red;
L denotes the location of the synoptic low pressure center. (c),(d) As in (a),(b), but for 0000 UTC (0800 LST) 12 Jun.

5. Numerical simulations
In this section, model results are used to diagnose orographic interactions for the occurrences of heavy precipitation. First, the evolution of subsynoptic weather
patterns and the surface cold front are simulated. Then, the
impacts of terrain on the jet–front system and occurrences
of heavy precipitation are diagnosed based on a model
sensitivity test by comparing the results of the CTRL run
with those of the NT run.

a. Simulated weather patterns
At 1200 UTC (2000 LST) 11 June, the simulated mei-yu
front at the surface is off the northern Taiwan coast
(Fig. 13a). The simulated winds immediately behind the
cold front are west-northwesterlies and turn to northerlies
farther to the north. The simulated 850-hPa trough in
the 9-km domain (Fig. 13b) extends from a low pressure
center over the East China Sea to the southeastern China
coast. A secondary low is simulated over the southeastern
coast of China. A warm, moist tongue with high equivalent potential temperature is simulated ahead of the
850-hPa trough axis (Fig. 13b). The simulated trough axis

and warm, moist tongue in the warm sector are consistent
with observations (Fig. 4b).
At 0000 UTC (0800 LST) 12 June, the simulated
850-hPa trough axis moves southeastward (Fig. 13d) and is
off the northern Taiwan coast and northeastern Taiwan
Strait with a secondary low along the southeastern China
coast. Winds at the 850-hPa level have a large westerly
component impinging on the northwesterly slopes of
the Snow Mountains. The western part of the simulated
frontal position at the surface is over the northwestern
coast with northeasterly winds behind the cold front
(Fig. 13c). The simulated northeasterly winds at the surface
with northwesterly winds aloft are consistent with the wind
profile observed at Bancio at this time (Fig. 9a). Along the
eastern Taiwan coast, the mei-yu front moves southward to
the southeastern coast. The simulated weather patterns at
both the 850-hPa level and the surface (Figs. 13c,d) are in
agreement with observations (Figs. 8c,d).

b. The simulated evolution of the subtropical cold
front over the Taiwan area
The simulated model results of the evolution of the
surface front over the Taiwan area from the 3-km
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FIG. 14. Simulated surface winds (one full barb and half barb represent 5 and 2.5 m s21, respectively), temperature (every 18C; blue solid lines), and 850-hPa vertical motions (m s21; color shaded) for the 3-km grid domain:
(a) 2000 and (b) 2200 LST 11 Jun; (c) 0200 and (d) 0800 LST 12 Jun.

domain are shown in Fig. 14. At 2000 LST 11 June, the
simulated mei-yu front, represented by changes in surface wind direction and large temperature gradients, is
just north of the northern Taiwan coast (Fig. 14a). Over
the southwestern Taiwan coast, the incoming LLJ decelerates as a result of orographic blocking (Fig. 14a).
Enhanced rising motion at the 850-hPa level is simulated
off the northwestern coast. Along Line AB in Fig. 14a,
the orographically deflected south-southwesterly flow
along the west coast accelerates downstream (Figs. 14a,
15a). At 2200 LST 11 June, the enhanced rising motion is
simulated in the convergence zone over the northwestern coast (Fig. 14b).
At 0200 LST 12 June, the simulated mei-yu front moves
over the Yang-Ming Mountains along the northern coast
and arrives at the Taipei basin (Fig. 14c). From 0000 to
0800 LST 12 June (Figs. 14b–d), the simulated mei-yu
front stalls over the Taipei basin with persistent rising
motion at the 850-hPa level. The simulated postfrontal
west-northwesterlies impinge on the north-northwestern
slopes of the Snow Mountains south of the basin

(Figs. 14b,c). After 0800 LST 12 June, the postfrontal
flow at the surface shifts to strong northeasterlies
(Fig. 14d). Concurrently, the mei-yu front moves
southward (Fig. 14d), ending this heavy rainfall episode
over northern Taiwan.

c. Orographic effects on heavy rainfall occurrences
over northern Taiwan
In the CTRL run, at 2000 LST 11 June, the maximum
meridional wind component along the cross-sectional
line AB (Fig. 14a) exceeds .20 m s21 (Fig. 15a). Furthermore, the simulated convergence zone over the
northwestern coast between the southerly barrier jet
and postfrontal westerlies extends well above the
900-hPa level (Fig. 15a). In contrast, for the NT run, the
maximum meridional wind component along the cross
section is less than 12 m s21 (Fig. 15b). The convergence
zone in the NT run (Fig. 15b) is also much shallower,
weaker, and farther south, compared to the CTRL run.
At 2200 LST 11 June, the prefrontal southwesterly
flow converges with the postfrontal westerly flow over
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westerly component impinging on the northwestern
slopes of the Snow Mountains (Fig. 13b). In the NT run,
however, the mei-yu front continues to move southward
after landfall (Fig. 16b), with simulated radar echoes south
of the Taipei basin (Fig. 17d).

d. Rainfall simulation from the nested 1-km grid
domain

FIG. 15. Vertical cross section along line AB (Fig. 14a) at 2000 LST
(1200 UTC) 11 Jun. (a) Simulated meridional winds (m s21;
contoured) and simulated vertical motions (m s21; color shaded).
(b) As in (a), but for the NT run.

northern Taiwan (Fig. 16a) without a barrier jet along
the northwestern coast. As a result, the simulated radar
reflectivities over the northeastern Taiwan Strait and
northwestern coast of Taiwan (Fig. 17b are much
weaker in the NT run than the CTRL run (Fig. 17a).
At 0200 LST 12 June, the simulated radar reflectivities
associated with the mei-yu front in the CTRL run are over
the Taipei basin as the mei-yu front stalls there (Fig. 17c).
In addition to frontal lifting, radar echoes are anchored by
persistent lifting over the north-northwestern slopes of the
Snow Mountains under postfrontal north-northwesterlies
(Fig. 17c). Note that with cold advection in the postfrontal
region, at 0000 UTC 12 June, the low-level cold northeasterly wind turns counterclockwise with respect to
height with a westerly wind component (Fig. 9a). After
landfall, the simulated 850-hPa-level winds have a large

The simulated accumulated rainfall during 2000 LST
11 June–1500 LST 12 June from the 1-km grid domain
exhibits a maximum rainfall axis oriented in an ENE–WSW
direction (Fig. 18a). The simulated rainfall at Shuei-Wei
over the northwestern coastal area is .400 mm, and it
is .300 mm at San-Xia over the Taipei basin (Figs. 1a,
18a). The simulated rainfall amount over the northwestern coast is consistent with observations but less
than the observed values within the Taipei basin and
along the northwestern slopes of the Snow Mountains
(Figs. 18a,c). For the NT run, the simulated maximum
rainfall accumulation over northern Taiwan (Fig. 18b) is
much lower than in the CTRL run (Fig. 18a) and does
not have a rainfall maximum axis over the Taipei basin.
Our results attest that under favorable large-scale
conditions, localized convergence over the northwestern coast between the barrier jet and the postfrontal
northerly wind component during landfall of the mei-yu
front is the main reason for the observed coastal rainfall
maximum over northwestern Taiwan. The propagating
mei-yu front is slowed down by the island terrain and
stalls within the Taipei basin. Anchoring of the relatively
deep (.1.5 km) mei-yu front at the foothills of the Snow
Mountains under postfrontal west-northwesterlies at
the 850-hPa level along with persistent orographic
lifting aloft are the main factors to account for the occurrence of localized heavy rainfall within the Taipei
basin. A schematic diagram showing the front–terrain
interactions over the Taipei basin is given in Fig. 19.
The back building (BB) process of the linear rainband
associated with this mei-yu front case is investigated by
Wang et al. (2016) from radar PPI data over the ocean,
ocean surface winds, and high-resolution (1.5 km) modeling. The BB rainbands during the mei-yu season have
been previously reported by Li et al. (1997) and Xu et al.
(2012). For the case studied by Xu et al. (2012), cold pools
from evaporative cooling play an important role for the
initiation of new cells. For this case, Wang et al. (2016)
suggest that the new cell initiation in the BB process
could possibly occur without the cold pool dynamics.

6. Conclusions
During this extreme precipitation event, the largescale airflow is characterized by a midlatitude omega
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FIG. 16. As in Fig. 14, but for the NT run at (a) 2200 LST 11 Jun and (b) 0200 LST 12 Jun.

blocking pattern with a blocking ridge over the Okhotsk
Sea sandwiched between a northeast China low and
Aleutian low for more than 4–5 days (9–13 June 2012).
At the 850-hPa level, an ENE–WSW-oriented monsoon

trough is located over southern China between the
midlatitude blocking pattern and WPSH.
Around 0000 UTC 10 June, a southwest vortex is
generated on the lee side of the Tibetan Plateau, migrates

FIG. 17. (a) Simulated 950-hPa-level winds (m s21; vectors) and maximum radar reflectivity (every 5 dBZ; color
shaded) for the 3-km grid domain at 2200 LST 11 Jun. Terrain contours are 200, 500, and 1500 m. (b) As in (a), but
for the NT run. (c),(d) As in (a),(b), but for 0200 LST 12 Jun.
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FIG. 18. (a) The simulated rainfall accumulation
(mm) during 2000 LST 11 Jun–1500 LST 12 Jun from
the 1-km grid domain and winds at 1500 LST 12 Jun.
Terrain contours (blue lines) are 200 and 500 m. The
wind speed (m s21) is specified at the bottom of the
figure. (b) As in (a), but for the NT run. (c) As in (a),
but for the observed rainfall accumulation (mm) from
rain gauges.

eastward, and develops into a mei-yu frontal cyclone. It
moves off the southeastern China coast around 1200 UTC
11 June with a trough axis extending southwestward just
north of the Taiwan coast. At the surface, the mei-yu
front is just off the northern Taiwan coast. It is characterized by a marked vertical tilt with an upper-level jet
(.40 m s21) at the 250-hPa level. In the lower troposphere, the prefrontal potentially unstable WSW flow
(.15 m s21) converges with the postfrontal cold northeasterly flow with rising motions (.0.9 Pa s21) in the
frontal zone. With a significant midlatitude omega
blocking pattern, persistent northerlies west of the
northeast China low and west of the mei-yu frontal cyclone extend all the way to the subtropics and up to
the 700-hPa level. The frontal system, including the
trough axis associated with the frontal cyclone at the
700 hPa, reaches south of 278N.
During 10–12 June 2012, a moist axis with TPW .
70 kg m22, which is more than 30% higher than the climatological values during this time of the year, extends from
the southern China coast to over Taiwan and farther eastward over the western Pacific. In addition, the horizontal axis
of the maximum low-level moisture fluxes at the 950-hPa
level reaches as high as 360 g kg21 m s21. Under favorable
large-scale settings, a strong (.15 m s21) persistent LLJ

with elevated TPW impinges on the steep terrain at a relatively large angle. As a result, heavy orographic precipitation
occurs on the windward side of both the Snow (.1000 mm)
and Ali Mountains (.1500 mm) during 10–12 June.
During 11–12 June, heavy precipitation occurs over
the northwestern Taiwan coast (;435 mm) and within the
Taipei basin (;477 mm) as the mei-yu front arrives. The
rainfall maximum along the northwestern coast mainly
occurs during the landfall of the mei-yu front and before
0200 LST 12 June. The convective activities in the frontal
zone are enhanced by the localized convergence between
the prefrontal barrier jet and the postfrontal cold air
along the northwestern coast. After the frontal passage,
localized convergence is present between the barrier jet
and the offshore flow, which is caused by combined
nocturnal cooling and rain evaporative cooling.
Over the Taipei basin, with a relatively deep (;1.5 km)
mei-yu front, the top of the postfrontal air is above
the Yang-Ming Mountains (with peaks ;1120 m) along
the northern Taiwan coast. As a result, postfrontal cold
air is able to move into the Taipei basin and is held
against the northwestern end of the Snow Mountains.
With cold advection behind the cold front, the low-level
northeasterly winds turn counterclockwise with respect to
height and become northwesterlies at the 850-hPa
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The schematic diagram shows the surface flow patterns (solid arrows) and frontal position and 850-hPa postfrontal wind direction
over northern Taiwan (red arrows).

level. The mei-yu front stalls over the Taipei basin during
0200–0800 LST 12 June with persistent heavy showers as
the postfrontal northwesterly flow impinges on the
northwestern slopes of the Snow Mountains. After 0800
LST 12 June, the postfrontal flow at the surface shifts
to strong northeasterlies. Concurrently, the mei-yu
front moves southward, ending this heavy rainfall episode over northern Taiwan. In contrast, along the east
coast, the leading edge of the mei-yu front reaches
238N off the southeastern coast at 0800 LST 12 June.
The barrier jet along the coast and rainfall maxima
over the northwestern coast and within the Taipei basin
are all well simulated using the high-resolution (1 km)
WRF Model with two-way nesting procedures. With
the model terrain removed, the simulated mei-yu front
continues to move southward after landfall without
reproducing the barrier jet and the observed rainfall
maxima along the northwestern coast and within the
Taipei basin.
Acknowledgments. This work is jointly funded by the
Taiwan Ministry of Science and Technology (MOST)
under Grant MOST 104-2923-M-008-003-MY5 and the
Featured Areas Research Center Program within the
framework of the Higher Education Sprout Project by
the Ministry of Education (MOE) to the National
Central University and the National Science Foundation

Akaeda, K., J. Reisner, and D. Parsons, 1995: The role of mesoscale
and topographically induced circulations initiating a flash flood
observed during the TAMEX project. Mon. Wea. Rev., 123,
1720–1739, https://doi.org/10.1175/1520-0493(1995)123,1720:
TROMAT.2.0.CO;2.
Buzzi, A., N. Tartaglione, and P. Malguzzi, 1998: Numerical simulations of the 1994 Piedmont flood: Role of orography and moist
processes. Mon. Wea. Rev., 126, 2369–2383, https://doi.org/
10.1175/1520-0493(1998)126,2369:NSOTPF.2.0.CO;2.
Chang, C.-P., L. Yi, and G. T.-J. Chen, 2000: A numerical simulation of vortex development during the 1992 East Asian
summer monsoon onset using the Navy regional model.
Mon. Wea. Rev., 128, 1604–1631, https://doi.org/10.1175/
1520-0493(2000)128,1604:ANSOVD.2.0.CO;2.
Chen, C.-S., and Y.-L. Chen, 2003: The rainfall characteristics of
Taiwan. Mon. Wea. Rev., 131, 1323–1341, https://doi.org/
10.1175/1520-0493(2003)131,1323:TRCOT.2.0.CO;2.
——, W.-C. Chen, Y.-L. Chen, P.-L. Lin, and H.-C. Lai, 2005: Investigation of orographic effects on two heavy rainfall events
over southwestern Taiwan during the mei-yu season. Atmos.
Res., 73, 101–130, https://doi.org/10.1016/j.atmosres.2004.07.005.
——, Y.-L. Chen, C.-L. Liu, P.-L. Lin, and W.-C. Chen, 2007a:
Statistics of heavy rainfall occurrences in Taiwan. Wea. Forecasting, 22, 981–1002, https://doi.org/10.1175/WAF1033.1.
——, ——, P.-C. Lin, P.-L. Lin, C.-L. Liu, C.-J. Su, and W.-C. Peng,
2007b: An investigation of extremely heavy rainfall events
over southwest Taiwan during the mei-yu season from 1997 to
2006. Atmos. Sci., 35, 287–304.
——, Y.-L. Lin, W.-C. Peng, and C.-L. Liu, 2010a: Investigation of a
heavy rainfall event over southwestern Taiwan associated with a
subsynoptic cyclone during the 2003 mei-yu season. Atmos. Res.,
95, 235–254, https://doi.org/10.1016/j.atmosres.2009.10.003.
——, C.-L. Liu, M.-C. Yen, C.-Y. Chen, P.-L. Lin, C.-Y. Huang,
and J.-H. Teng, 2010b: Terrain effects on an afternoon heavy
rainfall event, observed over northern Taiwan on 20 June 2000
during monsoon break. J. Meteor. Soc. Japan, 88, 649–671,
https://doi.org/10.2151/jmsj.2010-403.
——, Y.-L. Lin, N.-N. Hsu, C.-L. Liu, and C.-Y. Chen, 2011:
Orographic effects on localized heavy rainfall events over
southwestern Taiwan on 27 and 28 June 2008 during the postmei-yu period. Atmos. Res., 101, 595–610, https://doi.org/
10.1016/j.atmosres.2011.04.004.
Chen, C.-Y., Y.-L. Chen, C.-S. Chen, P.-L. Lin, and C.-L. Liu,
2013: Revisiting the heavy rainfall event over northern
Taiwan on 3 June 1984. Terr. Atmos. Oceanic Sci., 24, 999–1020,
https://doi.org/10.3319/TAO.2013.07.04.01(A).
Chen, F., and J. Dudhia, 2001: Coupling an advanced land surface–
hydrology model with the Penn State–NCAR MM5 modeling
system. Part I: Model implementation and sensitivity. Mon.
Wea. Rev., 129, 569–585, https://doi.org/10.1175/1520-0493(2001)
129,0569:CAALSH.2.0.CO;2.
Chen, G. T.-J., and C.-P. Chang, 1980: The structure and vorticity budget
of an early summer monsoon trough (mei-yu) over southeastern
China and Japan. Mon. Wea. Rev., 108, 942–953, https://doi.org/
10.1175/1520-0493(1980)108,0942:TSAVBO.2.0.CO;2.
——, and C.-C. Yu, 1988: Study of low-level jet and extremely
heavy rainfall over northern Taiwan in the mei-yu season.

Unauthenticated | Downloaded 01/09/23 11:45 PM UTC

2714

MONTHLY WEATHER REVIEW

Mon. Wea. Rev., 116, 884–891, https://doi.org/10.1175/
1520-0493(1988)116,0884:SOLLJA.2.0.CO;2.
——, C.-C. Wang, and D. T.-W. Lin, 2005: Characteristics of lowlevel jets over northern Taiwan in the mei-yu season and their
relationship to heavy rain events. Mon. Wea. Rev., 133, 20–43,
https://doi.org/10.1175/MWR-2813.1.
——, ——, and A.-H. Wang, 2007: A case study of subtropical
frontogenesis during a blocking event. Mon. Wea. Rev., 135,
2588–2609, https://doi.org/10.1175/MWR3412.1.
Chen, X.-A., and Y.-L. Chen, 1995: Development of low-level
jets during TAMEX. Mon. Wea. Rev., 123, 1695–1719, https://
doi.org/10.1175/1520-0493(1995)123,1695:DOLLJD.2.0.CO;2.
——, and ——, 2002: Kinetic energy budgets of the low-level jet
during TAMEX IOP 5. J. Meteor. Soc. Japan, 80, 1–19, https://
doi.org/10.2151/jmsj.80.1.
Chen, Y.-L., 1993: Some synoptic-scale aspects of the surface
fronts over southern China during TAMEX. Mon. Wea.
Rev., 121, 50–64, https://doi.org/10.1175/1520-0493(1993)121,0050:
SSSAOT.2.0.CO;2.
——, 2000: Effects of island airflow on rainfall distributions during
the mei-yu season over Taiwan. Proc. Workshop Numerical
Simulations of Precipitation in Taiwan Area, National Central
University, Chung-Li, Taiwan, 5–11.
——, and N. B.-F. Hui, 1990: Analysis of a shallow front during the
Taiwan area mesoscale experiment. Mon. Wea. Rev., 118,
2649–2667, https://doi.org/10.1175/1520-0493(1990)118,2649:
AOASFD.2.0.CO;2.
——, and ——, 1992: Analysis of a relative dry front during the
Taiwan area mesoscale experiment. Mon. Wea. Rev., 120,
2442–2468, https://doi.org/10.1175/1520-0493(1992)120,2442:
AOARDF.2.0.CO;2.
——, and J. Li, 1995a: Large-scale conditions favorable for
the development of heavy rainfall during TAMEX IOP 3.
Mon. Wea. Rev., 123, 2978–3002, https://doi.org/10.1175/
1520-0493(1995)123,2978:LSCFFT.2.0.CO;2.
——, and ——, 1995b: Characteristics of surface airflow
and pressure patterns over the island of Taiwan during
TAMEX. Mon. Wea. Rev., 123, 695–716, https://doi.org/
10.1175/1520-0493(1995)123,0695:COSAAP.2.0.CO;2.
——, and J. Feng, 2001: Numerical simulations of airflow and cloud
distributions over the windward side of the island of Hawaii.
Part I: The effects of trade wind inversion. Mon. Wea. Rev., 129,
1117–1134, https://doi.org/10.1175/1520-0493(2001)129,1117:
NSOAAC.2.0.CO;2.
——, Y.-X. Zhang, and N. B.-F. Hui, 1989: Analysis of a surface
front during the early summer rainy season over Taiwan.
Mon. Wea. Rev., 117, 909–931, https://doi.org/10.1175/
1520-0493(1989)117,0909:AOASFD.2.0.CO;2.
——, X.-A. Chen, and Y.-X. Zhang, 1994: A diagnostic study of the
low-level jet during TAMEX IOP 5. Mon. Wea. Rev., 122,
2257–2284, https://doi.org/10.1175/1520-0493(1994)122,2257:
ADSOTL.2.0.CO;2.
——, X. A. Chen, S. Chen, and Y.-H. Kuo, 1997: A numerical study
of the low-level jet during TAMEX IOP 5. Mon. Wea. Rev., 125,
2583–2604, https://doi.org/10.1175/1520-0493(1997)125,2583:
ANSOTL.2.0.CO;2.
Chiao, S., Y.-L. Lin, and L. Kaplan, 2004: Numerical study of the
orographic forcing of heavy precipitation during MAP IOP2B. Mon. Wea. Rev., 132, 2184–2203, https://doi.org/10.1175/
1520-0493(2004)132,2184:NSOTOF.2.0.CO;2.
Chu, Y.-J., 2013: The favorable conditions for the occurrence of
heavy rainfall over Taiwan during 10–12 June 2012. M.S.
thesis, Department of Atmospheric Sciences, National

VOLUME 146

Central University, Taiwan, 121 pp, http://ir.lib.ncu.edu.tw:88/
thesis/view_etd.asp?URN=100621022.
Davis, C. A., and W.-C. Lee, 2012: Mesoscale analysis of heavy
rainfall episodes from SoWMEX/TiMREX. J. Atmos. Sci., 69,
521–537, https://doi.org/10.1175/JAS-D-11-0120.1.
Dee, D. P., and Coauthors, 2011: The ERA-Interim reanalysis:
Configuration and performance of the data assimilation system.
Quart. J. Roy. Meteor. Soc., 137, 553–597, https://doi.org/10.1002/
qj.828.
Du, Y., Q. Zhang, Y.-L. Chen, Y. Zhao, and X. Wang, 2014: Numerical simulations of spatial distributions and diurnal variations of low-level jets in China during early summer. J. Climate,
27, 5747–5767, https://doi.org/10.1175/JCLI-D-13-00571.1.
Dudhia, J., 1989: Numerical study of convection observed during
the Winter Monsoon Experiment using a mesoscale twodimensional model. J. Atmos. Sci., 46, 3077–3107, https://
doi.org/10.1175/1520-0469(1989)046,3077:NSOCOD.2.0.CO;2.
Dyer, A. J., and B. B. Hicks, 1970: Flux-gradient relationships in
the constant flux layer. Quart. J. Roy. Meteor. Soc., 96, 715–
721, https://doi.org/10.1002/qj.49709641012.
Grell, G. A., and D. Dévényi, 2002: A generalized approach to
parameterizing convection combining ensemble and data assimilation techniques. Geophys. Res. Lett., 29, 1693, https://
doi.org/10.1029/2002GL015311.
Grossman, R. L., and D. R. Durran, 1984: Interaction of low-level flow
with the Western Ghat Mountains and offshore convection in the
summer monsoon. Mon. Wea. Rev., 112, 652–672, https://doi.org/
10.1175/1520-0493(1984)112,0652:IOLLFW.2.0.CO;2.
Hong, S.-Y., Y. Noh, and J. Dudhia, 2006: A new vertical diffusion
package with an explicit treatment of entrainment processes.
Mon. Wea. Rev., 134, 2318–2341, https://doi.org/10.1175/
MWR3199.1.
Hsiao, F., and Y.-L. Chen, 2014: Revisiting the structure and
characteristics of an early summer monsoon trough over South
China in 1975. SOLA, 10, 194–198, https://doi.org/10.2151/
sola.2014-041.
Johnson, R. H., and J.-F. Bresch, 1991: Diagnosed characteristics of
precipitation systems over Taiwan during the May–June 1987
TAMEX. Mon. Wea. Rev., 119, 2540–2557, https://doi.org/
10.1175/1520-0493(1991)119,2540:DCOPSO.2.0.CO;2.
Kerns, B. W. J., Y.-L. Chen, and M.-Y. Chang, 2010: The diurnal
cycle of winds, rain, and clouds over Taiwan during the mei-yu,
summer, and autumn rainfall regimes. Mon. Wea. Rev., 138,
497–516, https://doi.org/10.1175/2009MWR3031.1.
Kodama, K. R., and G. M. Barnes, 1997: Heavy rain events over
the south-facing slopes of Hawaii: Attendant conditions.
Wea. Forecasting, 12, 347–367, https://doi.org/10.1175/
1520-0434(1997)012,0347:HREOTS.2.0.CO;2.
Kuo, Y.-H., and G. T.-J. Chen, 1990: The Taiwan Area Mesoscale
Experiment (TAMEX): An overview. Bull. Amer. Meteor. Soc.,
71, 488–503, https://doi.org/10.1175/1520-0477(1990)071,0488:
TTAMEA.2.0.CO;2.
Lai, H. W., C. Davis, and B. J.-D. Jou, 2011: A subtropical oceanic
mesoscale convective vortex observed during SoWMEX/
TiMREX. Mon. Wea. Rev., 139, 2367–2385, https://doi.org/
10.1175/2010MWR3411.1.
Laprise, R., 1992: The Euler equations of motion with hydrostatic
pressure as an independent variable. Mon. Wea. Rev., 120,
197–207, https://doi.org/10.1175/1520-0493(1992)120,0197:
TEEOMW.2.0.CO;2.
Li, J., and Y.-L. Chen, 1998: Barrier jets during TAMEX. Mon.
Wea. Rev., 126, 959–971, https://doi.org/10.1175/1520-0493(1998)
126,0959:BJDT.2.0.CO;2.

Unauthenticated | Downloaded 01/09/23 11:45 PM UTC

SEPTEMBER 2018

CHEN ET AL.

——, ——, and W.-C. Lee, 1997: Analysis of a heavy rainfall event
during TAMEX. Mon. Wea. Rev., 125, 1060–1082, https://doi.org/
10.1175/1520-0493(1997)125,1060:AOAHRE.2.0.CO;2.
Lin, P.-L., Y.-L. Chen, C.-S. Chen, C.-H. Liu, and C.-Y. Chen, 2011:
Numerical experiments investigating the orographic effects
on a heavy rainfall event over the northwestern coast of
Taiwan during TAMEX IOP 13. Meteor. Atmos. Phys., 114,
35–50, https://doi.org/10.1007/s00703-011-0155-7.
Lin, Y.-L., 2007: Mesoscale Dynamics. Cambridge University
Press, 630 pp.
——, S. Chiao, T.-A. Wang, M.-L. Kaplan, and R. P. Weglarz, 2001:
Some common ingredients for heavy orographic rainfall. Wea.
Forecasting, 16, 633–660, https://doi.org/10.1175/1520-0434(2001)
016,0633:SCIFHO.2.0.CO;2.
Medina, S., B. F. Smull, R. A. Houze, and M. Steiner, 2005: Crossbarrier flow during orographic precipitation events: Results
from MAP and IMPROVE. J. Atmos. Sci., 62, 3580–3598,
https://doi.org/10.1175/JAS3554.1.
Mlawer, E. J., S. J. Taubman, P. D. Brown, M. J. Iacono, and S. A.
Clough, 1997: Radiative transfer for inhomogeneous atmosphere: RRTM, a validated correlated-k model for the longwave. J. Geophys. Res., 102, 16 663–16 682, https://doi.org/
10.1029/97JD00237.
Ogura, Y., and M. Yoshizaki, 1988: Numerical study of
orographic-convective precipitation over the eastern Arabian Sea and the Ghat Mountains during the summer monsoon. J. Atmos. Sci., 45, 2097–2122, https://doi.org/10.1175/
1520-0469(1988)045,2097:NSOOCP.2.0.CO;2.
——, T. Asai, and K. Dohi, 1985: A case study of a heavy precipitation event along the Baiu front in northern Kyushu,
23 July 1982: Nagasaki heavy rainfall. J. Meteor. Soc. Japan,
63, 883–900, https://doi.org/10.2151/jmsj1965.63.5_883.
Overland, J. E., and N. A. Bond, 1995: Observations and
scale analysis of coastal wind jet. Mon. Wea. Rev., 123,
2934–2941, https://doi.org/10.1175/1520-0493(1995)123,2934:
OASAOC.2.0.CO;2.
Paulson, C. A., 1970: The mathematical representation of wind
speed and temperature profiles in the unstable atmospheric
surface layer. J. Appl. Meteor., 9, 857–861, https://doi.org/
10.1175/1520-0450(1970)009,0857:TMROWS.2.0.CO;2.
Pierrehumbert, R. T., and B. Wyman, 1985: Upstream effect of
mountains. J. Atmos. Sci., 42, 977–1003, https://doi.org/
10.1175/1520-0469(1985)042,0977:UEOMM.2.0.CO;2.
Ramage, C. S., 1971: Monsoon Meteorology. Academic Press,
296 pp.
Ruppert, J. H., R. H. Johnson, and A. K. Rowe, 2013: Diurnal circulations and rainfall in Taiwan during SoWMEX/TiMREX
(2008). Mon. Wea. Rev., 141, 3851–3872, https://doi.org/10.1175/
MWR-D-12-00301.1.
Skamarock, W. C., and Coauthors, 2008: A description of the
Advanced Research WRF version 3. NCAR Tech. Note
NCAR/TN-4751STR, 113 pp.
Smith, R. B., 1982: Synoptic observations and theory of orographically disturbed wind and pressure. J. Atmos. Sci.,
39, 60–70, https://doi.org/10.1175/1520-0469(1982)039,0060:
SOATOO.2.0.CO;2.
——, 1989: Mountain-induced stagnation points in hydrostatic flow. Tellus, 41A, 270–274, https://doi.org/10.1111/
j.1600-0870.1989.tb00381.x.
Smolarkiewicz, P. R., R. M. Rasmussen, and T. L. Clark, 1988: On
the dynamics of Hawaiian cloud bands: Island forcing.
J. Atmos. Sci., 45, 1872–1905, https://doi.org/10.1175/15200469(1988)045,1872:OTDOHC.2.0.CO;2.

2715

Tao, W.-K., and J. Simpson, 1993: The Goddard cumulus ensemble
model. Part I: Model description. Terr. Atmos. Oceanic Sci., 4,
35–72, https://doi.org/10.3319/TAO.1993.4.1.35(A).
Teng, J.-H., C.-S. Chen, T.-C. C. Wang, and Y.-L. Chen, 2000:
Orographic effects on a squall line system over Taiwan.
Mon. Wea. Rev., 128, 1123–1138, https://doi.org/10.1175/
1520-0493(2000)128,1123:OEOASL.2.0.CO;2.
Trier, S. B., D. B. Parsons, and T. J. Matejka, 1990: Observations
of a subtropical cold front in a region of complex terrain.
Mon. Wea. Rev., 118, 2449–2470, https://doi.org/10.1175/
1520-0493(1990)118,2449:OOASCF.2.0.CO;2.
Tu, C.-C., and Y.-L. Chen, 2011: Favorable conditions for the development of a heavy rainfall event over Oahu during the 2006
wet period. Wea. Forecasting, 26, 280–300, https://doi.org/
10.1175/2010WAF2222449.1.
——, ——, C.-S. Chen, P.-L. Lin, and P.-H. Lin, 2014: A comparison of
two heavy rainfall events during the Terrain-Influenced Monsoon
Rainfall Experiment (TiMREX) 2008. Mon. Wea. Rev., 142,
2436–2463, https://doi.org/10.1175/MWR-D-13-00293.1.
——, ——, S.-Y. Chen, Y.-H. Kuo, and P.-L. Lin, 2017: Impacts of
including rain-evaporative cooling in the initial conditions
on the prediction of a coastal heavy rainfall event during
TiMREX. Mon. Wea. Rev., 145, 253–277, https://doi.org/
10.1175/MWR-D-16-0224.1.
Wang, B., and I. Orlanski, 1987: Study of a heavy rain vortex formed
over the eastern flank of the Tibetan Plateau. Mon. Wea. Rev.,
115, 1370–1393, https://doi.org/10.1175/1520-0493(1987)115,1370:
SOAHRV.2.0.CO;2.
Wang, C.-C., B.-K. Chiou, G. T.-J. Chen, H.-C. Kuo, and C.-H. Liu,
2016: A numerical study of back-building process in a quasistationary rainband with extreme rainfall over northern
Taiwan during 11–12 June 2012. Atmos. Chem. Phys., 16,
12 359–12 382, https://doi.org/10.5194/acp-16-12359-2016.
Wang, S.-T., H. Cheng, C.-H. Shu, and Y.-K. Chao, 1985: The environmental condition for heavy rainfall in Taiwan during
May and June. Proc. Conf. Weather Analysis and Forecasting,
Central Weather Bureau, Taipei, Taiwan, 55–88.
Webb, E. K., 1970: Profile relationships: The log-linear range, and
extension to strong stability. Quart. J. Roy. Meteor. Soc., 96,
67–90, https://doi.org/10.1002/qj.49709640708.
Xu, W., E. J. Zipser, Y.-L. Chen, C. Liu, Y.-C. Liou, W.-C. Lee, and
B. J.-D. Jou, 2012: An orography-associated extreme rainfall
event during TiMREX: Initiation, storm evolution, and
maintenance. Mon. Wea. Rev., 140, 2555–2574, https://doi.org/
10.1175/MWR-D-11-00208.1.
Yeh, H.-C., and Y.-L. Chen, 1998: Characteristics of the rainfall distributions over Taiwan during the Taiwan Area Mesoscale
Experiment (TAMEX). J. Appl. Meteor., 37, 1457–1469, https://
doi.org/10.1175/1520-0450(1998)037,1457:CORDOT.2.0.CO;2.
——, and ——, 2002: The role of offshore convergence on coastal
rainfall during TAMEX IOP 3. Mon. Wea. Rev., 130,
2709–2730, https://doi.org/10.1175/1520-0493(2002)130,2709:
TROOCO.2.0.CO;2.
——, and ——, 2003: Numerical simulations of the barrier jet over
northwestern Taiwan during the mei-yu season. Mon. Wea.
Rev., 131, 1396–1407, https://doi.org/10.1175/1520-0493(2003)
131,1396:NSOTBJ.2.0.CO;2.
Zhang, Y., Y.-L. Chen, S.-Y. Hong, K. Kodama, and H.-M. H.
Juang, 2005: Validation of the coupled NCEP mesoscale spectral model and an advanced land surface model over
the Hawaiian Islands. Part I: Summer trade wind conditions
over Oahu and a heavy rainfall event. Wea. Forecasting, 20,
847–872, https://doi.org/10.1175/WAF891.1.

Unauthenticated | Downloaded 01/09/23 11:45 PM UTC

