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ABSTRACT

In this study, the mechanisms for the development of a localized heavy rainfall event during the evening of 2 June to the
early morning of 3 June 1984 over northern Taiwan are investigated. This event occurred under favorable large-scale condi-
tions including: upper-level divergence; low-level high equivalent potential temperature; low levels of free convection; and
subsynoptic-scale ascending motion over the northern Taiwan Strait and northern Taiwan associated with a baroclinic front.
In the late night of 2 June, pre-existing rainfall is simulated to the southeast of a trough axis over the southeastern China coast
as well as in the frontal zone north of Taiwan. The pre-existing rainfall is enhanced as it moves over the northeastern Taiwan
Strait where the prevailing southwesterly winds within the Taiwan Strait converge with the orographically deflected flow with
a southerly wind component off the western/northwestern Taiwan coast. As the pre-existing convective rainfall continues to
move toward northern Taiwan, it is further enhanced in a localized low-level convergence zone over the northwestern coast
where a barrier jet along the coast converges with the northwesterly winds behind the surface front. Furthermore, on the morn-
ing of 3 June, focusing of rainfall is simulated where the barrier jet encounters the leading edge of the cold pool caused by rain
evaporative cooling. As the convective rainfall areas drift inland, the orographic lifting of the pre-frontal southwesterly flow

over the slopes south of the Taipei Basin also plays a role in the simulated enhanced heavy rainfall there.
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1. INTRODUCTION

During the early summer rainy season (mid-May to
mid-June), heavy rainfall events frequently occur over the
Taiwan area (Wang et al. 1985; Chen and Chen 2003). Oro-
graphic effects are important for triggering and enhancing
convection over Taiwan because of the presence of moun-
tain slopes, including the Central Mountain Range (CMR)
and Snow Mountain Range (SMR), which occupy about
two-thirds of the landmass of Taiwan (Chen 2000; Wang et
al. 2005; Lin 2007). In addition to favorable large-scale set-
tings, orographic effects may play an important role for the
occurrence of excessive rainfall (Li et al. 1997; Chen 2000;
Yeh and Chen 2002; Chen et al. 2005, 2007a, 2010a, 2010b,
2011; Wang et al. 2005). Although heavy rainfall events
over northern Taiwan are not as frequent as in southwestern
Taiwan (Chen et al. 2007a), some heavy rainfall events in
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northern Taiwan have produced severe damage because of
the dense population (Chen 1994; Chen et al. 2007b).

On the evening of 2 June, 1984 a surface front stretched
from a low-pressure center over the East China Sea passing
over the ocean near the northern Taiwan coast and extending
to the southeastern China coast. At the same time, an 850-hPa
weak short-wave trough was over the northern Taiwan Strait
(Chiou and Liu 1985a). At 20 LST 2 June, convective cloud
systems were present over the Southeast China coast (Chiou
and Liu 1985a). During the period from the evening of 2 June
to the early morning of 3 June, pre-existing radar echoes
were observed over the northern Taiwan Strait and north-
western coast of Taiwan under the presence of a 200-hPa
trough, diffluent airflow aloft, and mid-level cold air intru-
sion (Chiou and Liu 1985a). More than 400 (250) mm of
rainfall was recorded over the northwestern Taiwan coast
(Taipei Basin) as the pre-existing rain cells moved onshore
(Chiou and Liu 1985a, Fig. 12 in paper). This heavy rainfall
event led to five people missing, 12 injured, and 32 casualties
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(Chiou and Liu 1985a, b). In view of the significant damage
associated with this event, the Taiwan Area Mesoscale Ex-
periment (TAMEX) was conducted during the early summer
rainy season during 1984. The purpose of TAMEX was to
improve the prediction of heavy precipitation to reduce prop-
erty damage and casualties (Kuo and Chen 1990).

Results from TAMEX studies have shown that an oro-
graphically induced localized low-level zone is frequently
observed off the northwestern Taiwan coast due to island
blocking, where the deflected strong southerly flow along
the northwestern coast (e.g., barrier jet; Li and Chen 1998)
converges with either the prevailing southwesterly winds
(Yeh and Chen 2002, 2003) or with westerly winds behind
the 850-hPa trough (Li et al. 1997). Convective activity
could develop or strengthen over the northwest/west coast
of Taiwan (Kerns et al. 2010) if offshore convergence is
coupled with upper-level divergence under favorable large-
scale conditions (Chen and Li 1995a; Li et al. 1997). Fur-
thermore, the strength of the barrier jet is strongest in the
early morning when the land surface is coldest (Chen and Li
1995b; Lin et al. 2011).

In this study, we investigate the mechanisms for the
occurrences of localized heavy rainfall over northwestern
Taiwan and the Taipei Basin during 2 - 3 June, 1984. Chiou
and Liu (1985a) suggested that the occurrence of these
heavy rainfall events is due to the interaction between the
outflow associated with the inland drifting convective sys-
tems from the northwestern Taiwan Strait with the outflows
from the convective systems embedded in the surface front
over northern Taiwan. Due to limited data, the formation
and evolution of this localized heavy rainfall event has not
been discussed in detail. In this study, the European Centre
for Medium-Range Weather Forecast (ECMWF) re-analysis
data with 1.5 degree, satellite imagery, radar reflectivity, and
rainfall data are used to study the subsynoptic and mesocale
processes favorable for the development of the observed
heavy precipitation. The interaction between the outflow
boundary and environmental flow suggested by Chiou and
Liu (1985a) is also examined. Numerical simulations using
the Weather Research and Forecast model (WRF; Skama-
rock et al. 2005) were employed to diagnose the physical
processes responsible for the occurrences of the observed
localized heavy rainfall.

2.OBSERVATIONAL ANALYSIS
2.1 Evolution of Weather Patterns

At 20 LST (12 UTC) 2 June 1984, a 200-hPa mid-lat-
itude trough extended from northeastern China southwest-
ward toward central China (Fig. 1a). In the meantime, a
south Asian high was over the northern South China Sea.
A divergent area was present over the southeastern coast of

China, the Taiwan Strait and Taiwan. At the 500-hPa lev-
el, a trough extended from the Yellow Sea southwestward
to southern China (Fig. 1b). At the 850-hPa level, the rid-
geline of the western Pacific high was over the Philippines
(Fig. 1b). Concurrently a trough axis with windshift stretched
from a low-pressure center over the East China Sea south-
westward toward the southeastern China coast (Fig. 1b).
South of the 850-hPa windshift line, a westerly flow prevailed
with maximum equivalent potential temperature (6,) over the
Taiwan Strait and southeastern China coast (Fig. 1b). A sur-
face front extended from the East China Sea to the southeast-
ern China coast (Fig. 1c) consistent with Fig. 1 of Chiou and
Liu (1985a). The Wu-Yi Mountains along the southeastern
China coast retarded the western part of the surface front,
similar to the cases reported by Chen and Hui (1990, 1992)
and Li et al. (1997). From the 0, and saturated equivalent po-
tential temperature (6,") profiles near the central Taiwan Strait
(24°N and 120°E), upstream of northern Taiwan (Fig. 2),
it is apparent that the atmosphere is convectively unstable
and conditionally unstable and the level of free convection
(LFC) (Holton 2004) is around the 750-hPa level. At 23 LST,
the surface front was still north of Taiwan (Fig. 3a).

At 02 LST 3 June, the surface low-pressure center over
the East China Sea intensified (not shown). The eastern part
of the surface front migrated southward slowly to the ocean
east of northeastern Taiwan with northwesterly winds in the
postfrontal region (Fig. 3b). The western part of the surface
front moved out of the southeastern China coast and reached
the northwestern Taiwan Strait (Fig. 3b). The 500-hPa
trough migrated eastward toward the eastern China coast;
concurrently, the 850-hPa trough axis moved to the north-
western Taiwan Strait (not shown). At the same time, the
LFC lowered to the 925-hPa level (not shown).

At 05 LST, the eastern part of the surface front arrived
over the northeastern Taiwan coast. The western part of
the surface front reached the northern Taiwan coast as evi-
denced by the change in wind direction at Tanshui and Ilan
(see Fig. 4 for the locations), respectively (Fig. 3c). Note
that winds were still southwesterly over the Taipei Basin. At
08 LST 3 June, the 500-hPa trough reached the East China
Sea (not shown). Over the northwestern (northeastern) coast
of Taiwan, winds at Hsinchu and Suao (see Fig. 4 for the
locations) changed to northwesterly and northeasterly, re-
spectively (Fig. 3d), after the frontal passage.

2.2 Diagnosis of Large-scale Vertical Motions Using
ECMWEF Gridded Data

According to Trenberth (1978), the large-scale ascend-
ing motion caused by quasi-geostrophic forcing can be in-
ferred from the advection of cyclonic vorticity by thermal
winds. At2000 LST 2 June, positive advection of the 700-hPa
vorticity associated with the trough by thermal winds was
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Fig. 2. Vertical profiles of equivalent potential temperature (open
circle, K), saturated equivalent potential temperature (closed circle,
K), potential temperature (square, K) and winds over the central
Taiwan Strait at 24°N and 120°E for 2000 LST 2 June 1984.
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Fig. 4. Distribution of twenty-five conventional stations (crosses) in
Taiwan. The grayscale shows terrain elevation in meters.

evident over the southeastern coast of China and the East Chi-
na Sea (Fig. 5a), implying the presence of the rising motion
there. At the 850-hPa level, the frontogenetical forcing con-
tributed by the horizontal deformation [Miller 1948; Eq. (7)
of Chen and Li 1995a] was diagnosed along the trough axis
(Fig. 1b) over the southeastern China coast and the Taiwan
Strait (Fig. 5b). At the 500 hPa-level, the ascending motion
was analyzed over the adjacent ocean off northern Taiwan
(Fig. 5b). Similar to the surface fronts during the Taiwan
Area Mesoscale Experiment (TAMEX) (Chen 1993), this
frontal system possesses baroclinic characteristics.

The ascending motion associated with the surface front
is favorable for the development of heavy rainfall (Chen
and Li 1995a). At 20 LST 2 June, along a northwest-south-
east vertical cross section (Line AB in Fig. 5b), the surface
front near the southeastern China coast is characterized by
significant moisture contrast, windshift, and large equiva-
lent potential temperature gradients across the frontal zone
(Figs. 6a and b). The ascending motion to the south of the
surface front (=28°N) transported low-level moisture up-
ward to upper levels, with relatively cold, dry air behind the
surface front over southeast China (Figs. 6a and b). In ad-

dition, strong low-level southwesterly winds (low-level jet,
LLJ) in the prefrontal region and strong upper-level winds
(upper-level jet, ULJ) on the southeastern side of the upper-
level trough associated with the jet-frontal system (Chen et
al. 1994) are also evident.

At 02 LST 3 June, advection of 700-hPa vorticity by
thermal winds is apparent over the northern Taiwan coast
(Fig. 5¢). The frontogenetical forcing contributed by hori-
zontal deformation at the 850-hPa level was present over the
southeastern China coast, northern Taiwan Strait, and north-
ern coast of Taiwan (Fig. 5d). At the 500-hPa level, ascend-
ing motion (=2 pb s™') was diagnosed over northern Taiwan
(Fig. 5d). Ascending motion was present above the sloping
frontal surface (Figs. 6a and b). In the next few hours, the
frontal zone continued to advance southeastward over the
ocean adjacent to northern Taiwan (Figs. 6¢ and d).

2.3 Convection over Northern Taiwan and Its Vincinity

At 20 LST 2 June, the radar reflectivities from the
Hualien radar (see Fig. 4 for the location) show north/north-
east-south/southwest oriented radar echoes off the northeast
of Taiwan (Fig. 7a). From the Kaohsiung radar (see Fig.
4 for the location), it is apparent that these radar echoes
moved toward northern Taiwan from the northern Taiwan
Strait (Fig. 8a). The Hualien radar did not observe these
echoes (Fig. 7a) because of radar beam blockage by the
CMR (Fig. 4). Rainfall over the northern Taiwan coast was
mainly from the convective systems over the northwestern
coast of Taiwan (Fig. 1c) that moved onshore (Fig. 8a). At
23 LST 2 June, the satellite image shows that a northeast-
southwest oriented cloud band stretched from the East Chi-
na Sea to northern Taiwan (Fig. 9a). Radar echoes over the
northeastern Taiwan Strait and the northwestern coast of
Taiwan were still evident from the Kaohsiung radar (Fig.
8b). Meanwhile, rainfall continued over the northwestern
coast (Fig. 3a). Some of the radar echoes observed over the
northeastern Taiwan coast at 20 LST (Fig. 7a) disappeared
at this time (Fig. 7b).

At 02 LST 3 June, convective clouds (Fig. 9b) were
observed over the northern coast of Taiwan as the surface
front approached (Fig. 3b) with radar echoes over the north-
ern coast and adjacent oceans and scattered echoes over
the western Taipei Basin (Fig. 7c). Rainfall rates over the
northern coast increased (Fig. 3b), consistent with the oc-
currences of new radar echoes there. The radar echoes over
the northeastern Taiwan Strait and northwestern coast of
Taiwan observed by the Kaohsiung radar persisted until the
early morning of the next day (Fig. 8c).

At 05 LST, the northeast/southwest oriented radar
echoes moved southeastward and intensified over the north-
eastern Taiwan coast and the adjacent oceans (Fig. 7d). In
the Taipei Basin, the observed radar echoes (Fig. 7d) are
consistent with the heavy rainfall recorded there (Fig. 3c).
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Fig. 8. (Continued)

Fig. 9. 1R imagery at (a) 23 LST 2 June, and (b) 02 LST 3 June 1984.

Over the northeastern coast of Taiwan at Ilan, rainfall was
also recorded (Fig. 3c). At 08 LST 3 June, rainfall intensity
decreased in Taipei but rainfall still fell at Suao over north-
eastern Taiwan (Fig. 3d).

The rainfall over northern Taiwan from the evening of
2 June to the early morning of 3 June before the arrival of
a surface front (Fig. 3) is related to the inland drifting of
radar echoes over the northwestern coast of Taiwan (Fig. 8).
The temporal evolution of rainfall along line AB (Fig. 10c)
from the northwestern coast to the Taipei Basin (Fig. 10a)
shows that rainfall occurred over the northwestern coast
in the evening of 2 June and intensified around 01 LST on
3 June. One to two hours later, heavy rainfall occurred over
the western Taipei Basin and the Taipei area.

Within the Taipei Basin, the temporal evolution of rain-
fall along line CD (Fig. 10c) from Taipei to the slopes south
of the Taipei Basin (Fig. 10b) shows that rainfall in the Tai-
pei area started from 03 LST. One to two hours later, rainfall
was observed over the slopes south of the Taipei Basin. The
southward movement of precipitation is consistent with the
southeastward movement of the radar echoes (Fig. 7d). The
daily rainfall accumulation exceeds 450 mm over the north-
western coast of Taiwan and nearly 250 mm over the Taipei
Basin (Fig. 10c).

Over the northern coast of Taiwan, the occurrence of
rainfall is related to inland drifting of precipitation from the
northern Taiwan Strait before the arrival of the surface front.
Within the Taipei Basin, the occurrence of rainfall is related
to the approach of precipitation systems from the northeast-
ern Taiwan Strait to the northwestern Taiwan coast as the
surface front approached. The mechanisms for the mainte-
nance of the rainfall system and the production of intense
localized, heavy precipitation over northwestern Taiwan and
the Taipei Basin will be investigated further in section 4.

3. EXPERIMENT DESIGN

The WRF model is employed with nested grids at hori-
zontal grid sizes of 27 km (domain 1), 9 km (domain 2),
3 km (domain 3), and 1 km (domain 4) (Fig. 11). All grids
are comprised of 31 vertical levels' from the surface to the
50-hPa level. In domains 1 and 2, cumulus convection is rep-
resented in the model using the subgrid-scale convective pa-
rameterization scheme of Kain and Fritsch (1993) and God-
dard’s grid-resolvable microphysics (Tao et al. 2003). For
the 3-km and 1-km grid domains, the convective parameter-
ization scheme is not used. Planetary boundary layer (PBL)

!"The vertical coordinate o is defined as (p - p,) / (p, - p,), where p is pres-
sure, p, is surface pressure, and p, is a constant pressure (50 hPa) at the top
of the model. The 31 sigma levels are 1.0, 0.993, 0.98, 0.966, 0.95, 0.933,
0.913,0.892, 0.869, 0.844, 0.816, 0.786, 0.753, 0.718, 0.680, 0.639, 0.596,
0.550,0.501,0451,04398, 0.345,0.29,0.236, 0.188, 0.145, 0.108, 0.075,
0.046, 0.021, and 0.0.
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processes are represented by the Mellor-Yamada-Janjic TKE
scheme (Janji¢ 1996, 2002). The land surface model is the
5-layer thermal diffusion model (Dudhia 1996). The model
is initialized from the ECMWF analysis at 0800 LST (0000
UTC) 2 June 1984 and integrated for 48 hours.

Model results from the 9-km grid domain are used
to validate the simulated subsynoptic weather patterns in
comparison with the ECMWF analysis. The 9-km grid do-
main is also used to describe the propagation of the surface
frontal system and associated rainfall distribution over the
southeastern China coast and the Taiwan area in compari-
son with the surface, satellite, and radar data. Convections-
allowing models (3 and 1 km) produce useful insights on
the orographic effects on the intensification of convective
systems as they move toward the northern Taiwan coast
and the impact of terrain on orographic precipitation over
the Taipei Basin. In order to assess the impact of Taiwan’s
topography on the horizontal distribution of heavy rainfall

200hpa
L)

@ 20LST02JUN1984

N et R R
o3 e Lo
40N+ L

A$S
38N wd\

36N

34N+

32N 1

30N+

28N {1

26N 1

24N { MG et ot o el
s S Faat e it ]

e s
2m-‘ o TRV R e t = ;///
KK}K\»& { ?QW%W\KKxbk\gh/jj/ﬁ(ﬁrﬁ(
SO &N o ARy

20N-% SN

frrcrvr& s G
TATAN /A i et G s e e A T s
] Wﬁwﬁw
¥ Wior gV, Loy 3
105 108E

111E 114E 117E 120E 123€ 126E 129E

18N

132E

(©)

42N

40N
38N |
36N
34N+
3N
30N+
28N -
26N

24N4

g ; 5 g DTLETe )
; - So N S = 480 p
A BOAALRA A
7 ?;‘ AT AN A
4 O EAARDAARAANNASAIEL A, S S
¢ Y AP g N
‘J/J§?~/ MO0 sy S
‘g‘,x I fAANAT L 15004117
AN LS /G Y NI AN J 3 ) )
105E 108E 111E 114E 117E 120E 123E 126E 129E

22N

20N+

18N

(b)

'S
o
=

N
=]
=

355

350

patterns, a sensitivity test without the topography of Taiwan
is performed (NT run) to compare with the results from the
run including the topography of Taiwan (CR run).

The possible enhancement of rainfall caused by the
interaction between the outflow boundary and the environ-
mental flow will be investigated from the simulated surface
temperature and winds in the convective areas. The simu-
lated evolution and horizontal distributions of rainfall pat-
terns from convections-allowing models are verified against
surface rainfall data.

4. RESULTS OF SIMULATIONS

4.1 Evolution of Simulated Weather Patterns for the
9-km Regional Grid Domain

At 20 LST 2 June, the upper-level divergence over the
southeastern coast of China and the Taiwan Strait is simu-
lated (Fig. 12a), in agreement with observations (Fig. 1a).
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Fig. 12. (a) Simulated 200-hPa geopotential
heights (solid lines, every 50 gpm) and winds
at 20 LST 2 June for the 9-km grid domain
simulation. The shaded areas represent diver-
gence greater than 1 x 10” s'. (b) Simulated
850-hPa geopotential heights (solid lines, ev-
ery 20 gpm), and winds at 20 LST 2 June for
the 9-km grid domain simulation. The dotted
(dashed) line denotes the approximate position
of the trough (windshift line) at the 500-hPa
(850-hPa) level. The areas with ascending mo-
tion greater than 0.1 m s are shaded in red.
The selected equivalent potential temperature
is denoted by shaded areas. H denotes a high
pressure center. L denotes the synoptic low
pressure center over the East China Sea and a
mesolow to the east of Taiwan. (¢c) Same as (b)
but for 04 LST 3 June.



1010 Chen et al.

At the 500-hPa level, the observed trough, which stretches
from the East China Sea to southern China (Fig. 1b), is also
reproduced (Fig. 12b). At the 850-hPa level, the observed
patterns (Fig. 1b), including the windshift line along the
trough axis over the southeastern China coast, westerly
flow over the southern Taiwan Strait, and west-southwest-
erly flow over the Taiwan Strait with increasing strength
over the northwestern coast are also simulated (Fig. 12b).
Subsynoptic-scale ascending motion is simulated over the
southeast China coast associated with the 850-hPa trough,
as well as north of Taiwan (Fig. 12b) associated with the
surface front (Fig. 13a). High 0, air is simulated in the pre-
frontal southwesterly monsoon flow ahead of the 850-hPa
trough and over the Taiwan Strait (Fig. 12b) in agreement
with observations (Figs. 1b and 6a).

From 20 LST 2 June to 12 LST 3 June, we simulated
the surface front and vertically integrated grid-scale rainwa-
ter from the southeastern China coast to northern Taiwan
(Fig. 13). At 20 LST 2 June, the simulated surface front,
represented by changes in surface wind direction and tem-
perature, extends from the East China Sea to the ocean east
of northeastern Taiwan, and then westward to the south-
eastern China coast (Fig. 13a), consistent with observations
(Fig. 1c). The simulated vertically integrated rainwater
associated with the low-level trough (Fig. 12b) over the
southeastern China coast is consistent with satellite images
(Chiou and Liu 1985a). The vertically integrated rainwa-
ter is also simulated in the frontal zone north of Taiwan,
corresponding to the observed radar echoes in these areas
(Fig. 7a). However, over the northeastern Taiwan coast, the
observed radar echoes (Fig. 7a) are not simulated (Fig. 13a).
Over the ocean east of Taiwan, a mesolow resulting from an
adiabatic decent in the lee (Sun et al. 1991) is simulated.

At 23 LST 2 June, the western part of the simulated
surface front remains over the southeastern China coast
whereas the eastern part of the surface front is located north
of the Taiwan Strait and northern Taiwan (Fig. 13b), in
agreement with observations (Fig. 3a). Vertically integrated
rainwater is simulated over the northern Taiwan Strait and
to the north of Taiwan, corresponding to the observed radar
echoes in these areas (Figs. 7b and 8b).

At 02 LST 3 June 1984, the western part of the simulat-
ed surface front moves off the southeastern coast of China
to the northwestern Taiwan Strait (Fig. 13c). The eastern
part of the surface front moves southward to the ocean ad-
jacent to northeastern Taiwan (Fig. 13c), in agreement with
the analysis (Fig. 3b). The rainfall systems simulated earlier
over the northern/central Taiwan Strait (Fig. 13b) reach the
northwestern Taiwan coast ahead of the simulated surface
front (Fig. 13c). The evolution of simulated rainwater over
the northeastern Taiwan Strait and the northwestern Taiwan
coast is consistent with the radar echoes from the Kaohsiung
radar (Fig. 8) and satellite data (Fig. 9b).

At 04 LST, the simulated 500-hPa trough moves to the

eastern China coast whereas the simulated 850-hPa trough
axis is over the northern Taiwan Strait (Fig. 12c¢). The
simulated surface front is over northern Taiwan (Fig. 13d)
in agreement with observations (Fig. 3c). Rising motion
is simulated ahead of the NNE-SSW oriented trough axis
and in the frontal zone (Fig. 12¢). From 20 LST 2 June to
04 LST 3 June, the simulated vertically integrated rainwater
increases as it moves southeastward and reaches northern
Taiwan. The enhancement of the simulated rainwater over
northern Taiwan in the early morning of 3 June is consistent
with rainfall observations (Fig. 10). In addition to subsyn-
optic weather patterns, the airflow and precipitation are also
affected by orographic effects as the low-level trough and
the surface front move toward the Taiwan area. Note that
with the strengthening of the prefrontal southwesterly mon-
soon flow as the surface front approaches, scattered heavy
convective cells are simulated off the western coast of Tai-
wan where the orographically deflected flow along the coast
merges with the prevailing southwesterly flow over the Tai-
wan Strait (Fig. 13d). More discussion of orographic en-
hancement of precipitation will be presented in section 4.2.

At 06 LST, the simulated surface front over northern
Taiwan (Fig. 13e) is consistent with observations (Fig. 3).
The horizontal distribution of simulated vertically integrat-
ed rainwater (Fig. 13e), which is located in the warm sector
of the surface front and oriented in a northeast-southwest
direction over the northern and northeastern part of Tai-
wan and the adjacent ocean, is in agreement with the radar
echoes (Fig. 7d).

From 09 to 12 LST, the simulated surface front contin-
ues to move southeastward (Figs. 13f and g) consistent with
observations (Fig. 3d). The maximum axis of the simulated
northeast-southwest oriented vertically integrated rainwater
over the Taipei Basin decreases (Fig. 13g), in agreement
with the decrease of observed rainfall in the Taipei Basin
(Fig. 10b).

4.2 The Mechanisms for the Development and Mainte-
nance of Heavy Rainfall over the Northwest Coast
and the Taipei Basin

4.2.1 Orographic Effects as the Low-Level Trough Ap-
proaches Taiwan

Previous studies (Li et al. 1997; Yeh and Chen 2002,
2003) showed that under favorable large-scale conditions,
the localized offshore convergence due to the interaction
between the barrier jet and the prevailing winds plays an
important role in the commencement/occurrence of local-
ized heavy rainfall over the northwestern coast of Taiwan.
The mechanism for the development of strong low-level
south-westerly flow over the northwestern coast of Taiwan
(or barrier jet) was first studied by Li and Chen (1998). For
our case, as shown in section 4.1, at 23 LST 2 June, the pre-
existing precipitation systems are simulated associated with
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the NNE-SSW oriented trough over the southeastern China
coast and in the frontal zone north of Taiwan (Fig. 13b).
Those precipitation areas advance southeastward and reach
northwestern and northern Taiwan during the early morning
of 3 June and are related to the evolution of the 850-hPa
trough (Fig. 12) and the surface front (Fig. 13). During 02 - 12
LST 3 June, the southwestern portion of the simulated NE-
SW oriented vertically integrated rainwater off the north-
western Taiwan coast is considerably greater than its north-
eastern counterpart, which is on the lee-side of the prevailing
southwesterly monsoon flow. In this section, the possible
orographic enhancement of precipitation over the northwest-
ern coastal area and the Taipei Basin will be investigated
from the results of our convection-allowing models with a
3-km resolution.

At 20 LST 2 June, high maximum radar reflectivities
are simulated over the southeastern China coast (Fig. 14a),
under favorable large-scale settings (Figs. 12a and b). Over
the southwestern Taiwan coast, the in-coming southwester-
lies decelerate with flow splitting offshore as a result of oro-
graphic blocking (Fig. 14a), similar to the TAMEX IOP 13
case (Li et al. 1997). The low-level convergence associated
with orographic blocking is evident over the southwestern
coast of Taiwan and the adjacent ocean (Fig. 15a).

At 23 LST 2 June, the simulated low-level windshift
line associated with the trough axis moves to the northern
Taiwan Strait with strengthening of the pre-frontal south-
westerly flow (Fig. 14b). The deflected southerly flow
along the west coast accelerates downstream (Fig. 16a) to-
ward lower pressure over the northwestern coast to become
a barrier jet as found by Li and Chen (1998). The simulated
convective area associated with the 850-hPa trough is en-
hanced as it moves to the northern Taiwan Strait where the
orographically deflected flow with a large southerly wind
component converges with the prevailing flow (Fig. 13b).

During 23 LST 2 June - 02 LST 3 June, low-level con-
vergence is simulated off the northwestern and western coasts
where the prevailing southwesterly flow within the Taiwan
Strait converges with the orographically deflected flow with
a southerly wind component off the western/northwestern
Taiwan coast (Figs. 15b and c), similar to the TAMEX #
IOP 3 case reported by Yeh and Chen (2002). The simu-
lated high reflectivity areas migrate from southeastern China
coast and north of Taiwan (Fig. 14a) to the northern/central
Taiwan Strait (Figs. 14b and c¢). The simulated convective
rainfall areas are enhanced in the northern/central Taiwan
Strait (Figs. 14b and c) as they move over the low-level con-
vergence zone as a result of orographic blocking.

As will be shown in section 4.2.2, at 02 LST 3 June,
the low-level convergence near 25°N is further enhanced
by convergence along the outflow boundary due to rain
evaporative cooling. To the south of 25°N, the low-level
convergence mainly occurs between the barrier jet and the
southwesterly flow (Fig. 15¢) along the northwestern coast

of Taiwan as the windshift line associated with the trough
axis approaches.

At 04 LST 3 June, as the 850-hPa trough migrates
eastward (Fig. 12c), the low-level northwesterly/westerly
flow behind the windshift line associated with the trough
axis, converge with the barrier jet off the northwestern coast
of Taiwan (Fig. 15d) as found by Li et al. (1997) for the
TAMEX IOP # 13 case. A high reflectivity area (Fig. 14d)
with maximum vertically integrated rainwater (Fig. 13d) oc-
curs off the northwestern coast of Taiwan. During 02 - 06
LST, scattered showers are simulated off the western coast
where the prevailing south/southwesterly flow from the
Taiwan Strait encounters an orographically deflected flow
along the coast with a large southerly wind component
(Figs. 14c,d, and e).

During 04 - 06 LST 3 June, the high reflectivity area over
the northwestern/northern coast of Taiwan (Figs. 14d and e)
moves to the Taipei Basin as the surface front arrives
(Figs. 3c, 13d, and e). Concurrently, the windshift line as-
sociated with the trough axis arrives off the northwestern
coast of Taiwan (Fig. 14e). The inland-movement reflectiv-
ity area is enhanced by the strong low-level convergence
(Figs. 15d and e) over northern Taiwan and the northwest-
ern coast of Taiwan. Furthermore, the orographic lifting of
the southwesterly flow over the slopes south of the Taipei
Basin (south of 24.8°N in Fig. 17) is also important for the
occurrence of localized heavy rainfall there. At 09 LST, as
the windshift line associated with the trough axis arrives at
northern Taiwan, the low-level convergence over northern
Taiwan across the windshift line associated with the trough
axis is evident (Fig. 15f). The simulated radar reflectivi-
ties over northern Taiwan (Fig. 14f) are strengthened by
the low-level convergence (Fig. 15f). During 09 - 12 LST,
the windshift line associated with the trough axis continues
to move southeastward (Fig. 14g). Currently, the low-level
convergence over northern Taiwan decreases (Fig. 15g), the
high reflectivity area moves southward away from the Tai-
pei Basin, and precipitation decreases in the Taipei Basin.

Unlike findings from previous studies (Li et al. 1997;
Yeh and Chen 2002), the drifting of pre-existing convection
inland is the precursor for the occurrence of localized heavy
rainfall in the northwestern Taiwan coast and the Taipei Ba-
sin. As the pre-existing convective areas move toward the
northwestern coast and northern Taiwan, they are enhanced
by orographic effects as a result of orographic blocking. The
localizedlow-levelconvergencealongthelow-level windshift
line occur over the northeastern Taiwan Strait and the north-
western coast approximately to the west of the Taipei Basin
when the inland-drifting convective areas arrive (Fig. 14).
Furthermore, in the current study, only the southwestern
end of the windshift line associated with the trough axis at
the 850-hPa level propagates across the northwestern Tai-
wan Strait (Figs. 1b and 14) and moves eastward, bring-
ing in localized heavy rainfall over northwestern coast and
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Heavy Rainfall Event over Northern Taiwan on 3 June 1984
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Fig. 16. (a) Simulated meridional winds (solid
700 4 700 lines) for the vertical cross section along Line EF
(Fig. 14b) at 23 LST 2 June. Contour interval is
0.5 m s’ The simulated u-component wind along
7501 7501 Line EF (m s”) in Fig. 14b is shown by the gray-
scale. (b) Same as (a) but for the NT run.
800 800
850 T~ 850
900 900
950 1 950
- o .55 o
1000 T L VA R A 2
23 235 24 245 25 255
=1 [
5 10 15 20 5 10 15 20
h div
500 P2 T
0.5
550 H.’ — —>
600 1 S
650 1 - =
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northern Taiwan. The location of the localized low-level
convergence in previous case studies (Li et al. 1997; Yeh
and Chen 2002) during the initiation of convective systems
is southwest of the Taipei Basin, which resulted in heavy
rainfall further to the south after these convective systems
move onshore. Nevertheless, for all three cases studied, lo-
calized heavy rainfall occurs at night as the surface front ap-
proaches with increasing strength of the pre-frontal south-
westerly monsoon flow. Previous studies have shown that
orographic blocking is most pronounced at night and in the
early morning when the land surface is coldest (Chen and Li
1995b; Kerns et al. 2010; Lin et al. 2011).

In the NT simulation with a 9-km grid domain, at 20
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LST 2 June, the simulated surface front and associated grid-
scale vertically integrated rainwater over the East China Sea
and southeastern China (Fig. 18a) is similar to that in the
control run (CR) (Fig. 13a). At 02 LST 3 June, the south-
westerly flow near the surface converges with the westerly
flow in the frontal zone over the northeastern Taiwan Strait
(Fig. 18b). However, without orographic effects, the barrier
jet in the CR run (Fig. 16a) is not simulated in the NT run
(Fig. 16b) and the amount of simulated vertically integrated
grid-scale rainwater over the northern Taiwan Strait and
northwestern Taiwan coast (Fig. 18b) is much lower than the
CR run (Fig. 13c). Furthermore, the simulated surface front
moves faster in the NT run than the CR run. For the NT run,
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Heavy Rainfall Event over Northern Taiwan on 3 June 1984

1017

at 06 LST the surface front and the associated rainfall system
arrive over northern/central Taiwan (Fig. 18c) whereas the
simulated surface front in the CR run just reaches the north-
west coast of Taiwan (Fig. 13e).

4.2.2 The Cold Pool from Convection

It is well known that the interaction between the cold
pool of convective cells and the environmental flow can en-
hance convection (Kerns et al. 2010; Markowsla and Rich-
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ardson 2010). At 20 LST 2 June, when the simulated pre-
cipitation system is still over the southeastern coast of China
(Fig. 13a), southerly winds with relatively high temperature
are simulated over the northeastern Taiwan Strait and the
northwestern coast of Taiwan with a 3-km grid domain
(Fig. 19a). After the arrival of the simulated precipitation
system (Figs. 13c and d), the outflow off the northwestern
coast of Taiwan is clearly evident (Figs. 19b and c). En-
hanced low-level convergence occurs over the southern
boundary where the deflected southerly flow by the island
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Fig. 19. (a) Simulated surface winds and tem-
perature (every 1°C in gray scale) for 20 LST
2 June for the 3-km grid domain of the control
run. Terrain contours (dotted lines) are 200,
500 and 1500 m, respectively. The areas with
surface convergence exceeding 1 x 107 s are
shaded in purple. The wind speed (m s*) is
specified at the bottom of the figure. (b) Same
as (a) but for 02 LST 3 June. (c) Same as (a)
but for 04 LST 3 June.
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topography converges with the outflow. High radar reflec-
tivities (Figs. 14c and d) are present over the enhanced low-
level convergence area. Thus, the role of the cold pool on
the enhancement of localized heavy rainfall, suggested by
Chiou and Liu (1985a), is successfully simulated using our
convection-allowing models with a 3-km resolution.

4.2.3 Rainfall Simulation from the Nested 1-km Grid
Domain

The simulated accumulated daily rainfall over the
northwestern coast from the 1-km grid domain is over 400
mm and exceeds 200 mm over the Taipei Basin (Fig. 20a),
about 50 mm less than the observed values (Fig. 10c). More
than 250 mm of accumulated rainfall is simulated over the
slopes south of the Taipei Basin, which is approximately
30 mm less than the observed values. The simulated rain-
fall pattern in northern Taiwan is oriented in a northeast-
southwest direction (Fig. 20a), consistent with the observed
rainfall pattern (Fig. 10c). Without the presence of terrain
in the model, the simulated daily rainfall accumulation in
the 1-km grid domain in the NT run on 3 June (Fig. 20b) is
about 350 mm lower than in the CR run with a 1-km grid
domain (Fig. 20a). In the absence of orographic lifting over
the southern Taipei Basin, the simulated rainfall accumula-
tion within the Taipei Basin is only 40 mm. These results
suggest that under favorable large-scale settings, the local-
ized offshore convergence zone and orographic lifting are
essential for the occurrence of localized heavy rainfall.

(a) 00~23LSTO3JUN1984
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5. CONCLUSION

We investigate the mechanisms for the initiation and
maintenance of a localized heavy rainfall event over northern
Taiwan on 3 June 1984 by analyzing ECMWEF data, satel-
lite images, radar reflectivities, and WRF model simulations.
The analysis of the ECMWEF data indicates that upper-level
divergence, low-level maximum equivalent potential tem-
perature, low LFC, and subsynoptic ascending motion were
present over the northern Taiwan Strait and northern Taiwan
from the evening of 2 June to the early morning of 3 June.
The nested WRF model with 27,9, 3, and 1 km horizontal
grids is used to simulate the occurrence of heavy rainfall over
the northwestern Taiwan coast and within the Taipei Basin.

The observation and simulation results suggest that the
occurrences of heavy rainfall in northern Taiwan can be clas-
sified into four stages. In stage I, at 20 LST 2 June, the pre-
existing rainfall system is simulated ahead of the windshift
line associated with the low-level trough off the southeastern
China coast as well as in the frontal area north of Taiwan and
under favorable large-scale conditions that includes upper-
level divergence, low-level high equivalent potential temper-
ature, low level of free convection (LFC), and subsynoptic-
scale ascending motion over the northern Taiwan Strait. In
stage II, during 23 LST 2 June - 02 LST 3 June, the simu-
lated pre-existing precipitation areas over the southeastern
China coast and north of Taiwan move southeastward. The
convective rainfall is enhanced in the northern Taiwan Strait
by orographic blocking where the prevailing southwesterly

(b) 00~23LSTO3JUN1984
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Fig. 20. (a) Simulated daily rainfall accumulation (grayscale in mm) for 3 June from the 1-km grid domain. Terrain contours (dotted lines) are 200,

500, and 1500 m, respectively. (b) Same as (a) but for the NT run.
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wind within the Taiwan Strait converges with the orographi-
cally deflected flow with a southerly wind component off the
western/northwestern Taiwan coast.

In stage III, from 02 to 06 LST 3 June, the surface front
moves inland. Concurrently, the simulated rainfall com-
mences over the northwestern coast and the Taipei Basin in
agreement with the observations. As the simulated convec-
tive area continues to move toward northern Taiwan, it is
enhanced in a localized low-level convergence area over the
northwestern coast of Taiwan where a barrier jet along the
coast converges with the northwesterly/westerly winds be-
hind the surface front. Furthermore, the simulated rainfall
system is enhanced where the barrier jet encounters the lead-
ing edge of the cold pool caused by rain evaporative cooling.
In stage IV, after 06 LST 3 June, the low-level windshift line
associated with the low-level trough axis reaches northern
Taiwan with the heaviest rainfall over the northwestern coast
and the Taipei Basin. In addition, as the convective systems
drift inland, orographic lifting of the pre-frontal southwest-
erly flow helps to produce an increase in the simulated rain-
fall amount on the slopes south of the Taipei Basin. The
heavy rainfall over northern Taiwan diminishes rapidly after
the passage of the low-level trough axis.
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