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Abstract

In this study, the initiation and maintenance mechanisms of two long-lived, summer heavy rainfall systems over
Taiwan are investigated by performing observational data analyses and numerical simulations using a mesoscale
model. For both cases of 9-10 July 2008 (Case A) and 18-19 August 2006 (Case B), the heavy rainfall system
developed over the western slope of the Central Mountain Range (CMR) under low-level prevailing
southwesterly and westerly flows in early afternoon, respectively. These heavy rainfall systems were moving
westward toward Taiwan Strait from CMR, while the embedded individual cells were moving in the opposite
direction, behaving like a multicell storm. It was also found these individual cells were initiated, enhanced, and
then maintained at the leading edge of the near-surface cool outflow and merged with the heavy rainfall systems
which became long-lived. These heavy rainfall systems were classified as an upstream propagating precipitation
system in a low Froude-number, conditionally unstable flow with high convective available potential energy
(CAPE) or Regime I as proposed in a previous study.
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1. Introduction

Orographic precipitation initiated by sensible heating and enhanced and maintained by convective cells over
slopes of a mountainous island in a prevailing wind is still not well understood, thus deserves further studies. For
example, summer precipitation in Taiwan is strongly influenced by the southwesterly monsoon which brings in
warm, moist maritime air from the southwest (Chen & Chen, 2003). The major summer rainfall contributions are
the rainshowers associated with tropical disturbances and those induced by the local terrain with a pronounced
afternoon peak because approximately two-thirds of Taiwan are occupied by mountains, including the Central
Mountain Range (CMR) and Snow Mountain Range (SMR) (Fig. 1) (Chen & Chen, 2003; Kerns et al., 2010).
Since the prevailing monsoon current is from southwest, the maximum accumulated rainfall associated with
local rainshowers is over the western windward slopes of the north northeast-south southwest oriented mountain
(Chen & Chen, 2003; Kerns et al., 2010; Wang & Chen, 2008; Lin et al., 2011).

The local rainshowers can contribute up to 40 - 50 % of the total rainfall in July and August (Wang & Chen,
2008). The hourly averaged rainfall rate of the local rainshowers under weak synoptic-scale forcing often reaches
a maximum over the southwestern slope of CMR between 1500 and 1700 LST (UTC + 8 h) and decreases
substantially until midnight over Taiwan (Lin et al., 2011; Kerns et al., 2010). Over the low lands of the western
and southwestern Taiwan, rainfall maximum occurs in the evening transition period, instead of in the period of
1500-1700 LST (Kerns et al., 2010). The frequency of occurrence of radar echoes over the western and
southwestern coast of Taiwan reaches their maximum during 1700-1800 LST (Fig. 5 of Lin et al., 2011). Over
the adjacent oceans in southern Taiwan Strait, the estimated rainfall by the Tropical Rainfall Measuring Mission
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(TRMM) for May-September 1988 also has a diurnal cycle with a late-night to early-morning maximum
(Krishtawal & Krishnamurti, 2001). The late night-early morning maximum in windward coastal areas is also
observed over other parts of the world, such as Indochina Peninsula (Ohsawa et al., 2001). Rainfall over the
adjacent ocean near the coast, which may play an important role on the hydrological cycle over ocean, may be
resulted from the complicated interactions of the offshore flow associated with inland convection and the
prevailing wind (Houze et al., 1981; Kerns et al., 2010; Ohsawa et al., 2001 among others). Although the
dynamic of orographic effects on the generation and maintenance of convection are reasonably well understood
(Lin, 2007; Chen, 2000), convection over an isolated mountainous island surrounded by oceans, such as
convection over Taiwan, is less well understood.

Over the windward slopes of CMR, convection is often triggered upstream and/or upslope (Lin, 1993; Chen et
al., 2005, 2011; Lin & Chen, 2002). It was found that the interaction of prevailing winds with the cool air
produced by evaporative cooling may generate and maintain convection. In a low moist Froude number (F,,)
regime (e.g., Fy, = 0.34), a convective system over the mountain slope may propagate upstream against the
prevailing wind, such as the southwesterly monsoon in the current study, due to cooler and denser air associated
with the density current and become a long-lived convective system (Chu & Lin, 2000; Lin, 2007). Here, F,, is
defined as F,, = U/Nyh (Chen & Lin, 2005; Lin, 2007), where U is the upstream basic flow speed perpendicular
to the mountain range (approximately zonal flow for the current case), N,, is the unsaturated moist Brunt-Vaiséla
frequency, and h is the mountain height. Besides, when the precipitation system propagates to the coastal area,
the low-level cooler air associated with the precipitation system tends to interact with the southwesterly monsoon
current to facilitate the development of new convections over the adjacent coastal area and ocean.
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Figure 1. Distribution of twenty-five conventional stations (crosses) and rainfall stations from the Automatic
Rainfall and Meteorological Telemetry System (ARMTS; triangles) in Taiwan. The grayscale shows terrain
elevations in meters. B stands for a buoy station off southwestern Taiwan coast. The Chi-Gu Doppler radar is
indicated by a star symbol

According to Kerns et al. (2010), the westward-movement of local rainshowers from CMR to Taiwan Strait is
frequently observed in summer. In studying the summer rainshowers over southwestern Taiwan for the period of
2005-2010, Lee (2012) recently found that in average there are 22 local rainshower days per year (132 days in
total), which have daily accumulated rainfall exceeding 50 mm. The average rainfall period over the entire
region of southwestern Taiwan due to this type of local rainshowers is about 7.5 h. There are 5 (25) rainfall days
whose rainfall period is over 10 hours with accumulated rainfall exceeding 130 (50) mm d™' during this period.
These long-lived convective systems initiated over the western slopes of Taiwan’s CMR may propagate more
than 50 km westward against the southwesterly monsoonal flow toward Taiwan Strait. These long-lived
convective systems tend to produce relatively large amount of rainfall, often associated with cooler air, which
affect western low-land areas. Many previous studies have conducted statistical studies of local rainshowers over
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the landmass of Taiwan in summer (Lin et al., 2011; Kerns et al., 2010; Wang & Chen, 2008), however, there is a
lack of case studies on the mechanisms responsible for producing long-lived heavy rainfall convective systems.
Their findings lead us to pursue the abovementioned mechanisms for producing long lasting (exceeding 10 h)
summer heavy rainfall systems.

In this study, we propose that (1) a series of individual convective cells are initiated by the cold downslope
outflow produced by preexisting convective cells move against the southwesterly prevailing wind; and (2) The
low-Froude number, conditionally unstable flow makes the precipitation system propagates upstream (westward)
while individual cells propagating downstream, behaving like Regime I proposed by Chen & Lin (2005) and, in
a way, analogous to a multicell storm. This paradigm will be verified by performing observational analyses of a
variety of data sets, such as the NCEP analysis data, satellite imagery, radar reflectivity, and rainfall data, and
numerical simulation using the Weather Research and Forecast model (WRF; Skamaock et al., 2008) to
investigate the synoptic and mesoscale processes and to test our hypothesis on the initiation and maintenance of
these long-lived convective systems.

2. Observational Data Analysis
2.1 Data Characteristics

Our synoptic analyses around Taiwan are based on the NCEP data in 1° x 1° resolution. Rainfall data comes
from the 250 ARMTS stations over the island (Chen et al., 2007). Radar reflectivity with 7.5 min time interval
and 1 km x 1 km spatial resolution is from CWB’s Chi-Gu Doppler radar (Fig. 1). Due to the limitation of
available radar data, cases A (9-10 July 2008) and B (18-19 August 2006) among the 5 long-lived heavy rainfall
events mentioned in the introduction are selected for investigation in this study. The accumulated daily rainfall
amount was greater than 130 mm in each case (Fig. 2), which is defined as heavy rainfall by Central Weather
Bureau (CWB).
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Figure 2. The daily rainfall accumulation (mm in color). (a) 9 July 2008 and (b) 18 August 2006. The terrain
elevation is shown at 500 m (solid line)

2.2 Case A (9-10 July 2008)

At 08 LST 9 July 2008 (7/9/08 LST), a low pressure system at 850 hPa was situated over northern Vietnam coast
and a monsoon trough extended southeastward to western South China Sea (SCS) (Fig. 3a). Meanwhile, the
western Pacific high pressure extended to The Philippines resulting in southwesterly flow over northern SCS,
Taiwan Strait, and Taiwan. The flow pattern is similar to Monsoon I type proposed by Ko & Tzeng (2013). The
low-level prevailing southwesterly wind speed was about 8.8 m s and the F,, is about 0.3 (h~2500 m and
N,~0.01 s™). In addition, Taiwan was under a 200-hPa divergent area over the eastern edge of the Tibetan high
(not shown). The direction of the low-level prevailing wind is different from that of the upper-level wind. The
lifting condensation level (LFC) was around 875 hPa and weak descending motion (ascending motion) occurred
below (above) the 750 hPa over Taiwan Strait (Lee, 2012). Over the mountains, radar echoes occurred before
noon (not shown) and intensified in the afternoon (Fig. 4a). Onshore and upslope flows were present over most
coastal and sloped areas, respectively. Meanwhile, radar echoes over southern Taiwan Strait were also detected.
Radar echoes from the mountains extended to the western slopes of CMR and formed a north northwest-south
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southeast line of echoes over southwestern Taiwan at 7/9/19 LST (Fig. 4b). Downslope flow was observed over
the southwestern slopes.
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Figure 3. (a) The 850-hPa synoptic analysis at 7/9/08 LST 2008 from the NCEP data including geopotential
heights (solid lines, 10 gpm contour interval) and winds (a full barb and a half barb represent 5 and 2.5 ms™,
respectively; also used for other figures). The grayscale represents the equivalent potential temperature in K. (b)
Satellite image at 7/9/20 LST 2008. (c) Same as (a) but for 975 hPa at 7/10/02 LST. The shaded areas represent
the convergence in 107 s™!

Satellite images at 7/9/20 LST also showed a cloud line over southwestern Taiwan coast (Fig. 3b), corresponding

to the line echo. The line echo over southwestern Taiwan in Fig. 4b moved westward to Taiwan Strait at 7/10/02

LST (Fig. 4c). Offshore flow and northerly flow occurred over southwestern coast and an island off southwestern

coast, respectively. According to Lee (2012), there was about 2 K difference in potential temperature between the

stations over southwestern coast and a buoy station offshore of the southwestern coast (see Fig. 1 for the location)
in the early morning of 10 July. Apparently, the offshore flow interacted with prevailing southwestern wind over

the adjacent ocean off southwestern coast to enhance convection there. In addition, a low-level mesoscale

convergence zone can be seen in the southern Taiwan Strait (Fig. 3c) to help strengthen convection. The

relatively high radar reflectivity over southeastern Taiwan Strait and the adjacent ocean of southwestern Taiwan

is also shown in the hourly-averaged radar reflectivity during the period in 7/10/01-06 LST (Fig. 4d).

a)

d)

Figure 4. The radar echoes from Chi-Gu radar (dBZ in color). (a) 7/9/16 LST, (b) 7/9/19 LST, and (c) 7/10/02
LST; (d) The average radar echoes from 7/10/01 to 7/10/06 LST 2008; (e) The evolution of radar echoes along
line L1 in (d) from 7/9/10 LST to 7/10/08 LST 2008. Open and closed squares represent the elevation at 100 and
500 m, respectively. The terrain elevation is shown at 500 m (solid line). Note that the intense, stationary, and
north-south oriented line echoes (greater than 35 dBZ) in between 22.4-23.7°E and 120.5-121°E are the ground
clutter associated with high mountains of the CMR

The evolution of those radar echoes from the western slope of CMR to the adjacent ocean of southern Taiwan
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can be illustrated in more detail at constant height of 3.75 km with 7.5 min interval (Fig. 4¢) along L1 over
southwestern Taiwan (Fig. 4d). L1 passed the salient westward-movement convection system from southwestern
slope of the CMR to the adjacent ocean and high accumulated rainfall area (Fig. 2a). The radar echoes are
averaged perpendicular to L1 over a distance of about 10 km. Before 7/9/12 LST, convection occurred over
mountains. While the convective system moved westward in the afternoon, convective cells moved eastward
influenced by the prevailing southwesterly winds. This phenomenon belongs to Regime I, i.e. low F,,
conditionally unstable flow with high CAPE over mountains as proposed by Chen & Lin (2005). Note that Chen
& Lin’s categorization of conditionally unstable moist flow regime was based on Chu & Lin (2000), but added
CAPE as another parameter in determining the flow regimes. In the present case, the CAPE is 1258 J kg™, which
is considered to be high enough to form deep convective cells. The convective system arrived at the coast around
7/9/22 LST and remained there until 7/10/05 LST. From late night of 9 July till early morning of 10 July, radar
echoes from adjacent ocean of southwestern Taiwan moved onshore and merged with the westward-movement
of precipitation system over the coastal areas (Fig. 4e). The precipitation system formed over mountainous area
before noon on 9 July and propagated toward Taiwan Strait in the morning on 10 July. The lifespan of this
precipitation system exceeded 12 hours. The mechanisms for maintaining the long-lived rainfall system will be
examined in section 3.

2.3 Case B (18-19 August 2006)

At 8/18/08 LST, Typhoon Wukong was located over southwestern Japan (Fig. 5a) on 850 hPa. The northerly
wind associated with Wukong’s outer circulation over southeastern China coast converged with westerly wind
over southern Taiwan Strait and northeastern SCS. The flow pattern is similar to Monsoon I-TC type proposed
by Ko & Tzeng (2013). The westerly wind was about 3 ms™, which gave a low F,~0.15. At upper levels, Tibet
high dominated the East Asia and a divergent area was found over southern Taiwan Strait and northeastern SCS
(not shown). The direction of the low-level prevailing wind is different from that in the upper level. The LFC
was around 900 hPa and an ascending motion occurred above the 950 hPa over the Taiwan Strait (Lee, 2012). At
8/18/09 LST, radar echoes were located over the southwestern coast of Taiwan (not shown). By 8/18/11 LST, a
north-south oriented line of radar echoes extended from the central to southern coast (Fig. 6a).
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Figure 5. (a) Same as Fig. 3a but for 18 August 2006. (b) Same as Fig. 3¢, but for 19 August 2006

Meanwhile, relatively higher radar echoes also appeared over the western slope of the CMR. Similar to Case A,
onshore and upslope flows were present over most coastal and sloped areas, respectively. The relatively high
reflectivity area associated with this north-south oriented line of radar echoes moved eastward to CMR can also
be seen from Fig. 6e. Around 8/18/15 LST, this radar-echo line moved westward from the mountain slope to
Taiwan Strait (Fig. 6b) and the downslope flow occurred over the southwestern sloped areas. Although
convective cells weakened over the adjacent ocean near southwestern Taiwan in the evening of 18 August (not
shown), they intensified in early morning the next day (Fig. 6c). Offshore flow occurred over the southwestern
coast and interacted with prevailing westerly wind to help convective cells develop over the area from
southwestern Taiwan to southeastern Taiwan Strait. According to Lee (2012), there were about 1 to 2 K
difference in potential temperature between the stations over southwestern coast and a buoy station offshore of
the southwestern coast in the early morning of 19 August. Meanwhile, a low-level mesocale convergence region
was found over northeastern SCS and southern Taiwan Strait to strengthen convection there (Fig. 5b). The
hourly-averaged radar reflectivity from 8/19/01- 06 LST shows that higher radar reflectivity was present over the
coast and adjacent ocean (Fig. 6d) with local maximum appeared over the ocean near coastal arca and
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southeastern Taiwan Strait.

The evolution of radar echo from the western slope of CMR to the adjacent ocean is illustrated in more detail

Figure 6. (a) Same as Fig. 4a but for 8/18/11 LST 2006. (b) Same as (a) but for 8/18/15 LST. (¢) Same as (a) but
for 8/19/06 LST. (d) Same as Fig. 4d but for 8/19/01-06 LST 2006. (¢) Same as Fig. 4e but for 8/18/07 LST to
8/19/08 LST 2006 along L2 (see Fig. 6d). Similar to Fig.4, the intense, stationary, and north-south oriented line

echoes (greater than 35 dBZ) in between 22.4-23.7°E and 120.5-121°E are the ground clutter associated with
high mountains of the CMR

(Fig. 6e) along L2 over southern Taiwan (Fig. 6d) at z = 3.75 km. Note that L2 passes through the maximum
daily accumulated rainfall area in southwestern lowland area (Fig. 2b). The radar echoes are averaged
perpendicular to L2 over a distance of about 10 km. Before 8/18/14 LST, radar echoes moved inland from
adjacent ocean of southwestern Taiwan. After 8/18/15 LST, the convective system propagated toward ocean
while individual convective cell moved eastward along with the westerly component of the wind (Fig. 5a). In the
late night of 18 August, the southwestward movement of convective system interacted with the northeastward
movement of convective cells over the nearby ocean of southwestern Taiwan (Fig. 6e). In the early morning of
19 August, enhanced convection over the adjacent ocean of southwestern Taiwan moved back toward coastal
area (Fig. 6e).

Similar to the precipitation system of Case A, which belonged to Regime I of Chen & Lin (2005) since the F,; is
low and CAPE (2652 J kg") is high. The cold pool of air produced by the precipitation system of Case B
propagated upstream against the low-level wind toward southern Taiwan Strait. The lifespan of the precipitation
system is over 12 h. However, convection over the adjacent ocean of southwestern Taiwan coast in the early
morning is stronger in case B. The mechanisms for maintaining the precipitation system and making it long-lived
will be examined in next Section.

3. Experiment Design and Simulation Results
3.1 Experimental Design

The WRF model is employed to simulate the above described events with Domains 1, 2, and 3 with horizontal
grid interval of 27, 9 and 3 km respectively. The domain configurations for Cases A and B are shown in Fig. 7.
All grids are comprised of 31 vertical levels from the surface to 50 hPa. In Domains 1 and 2, cumulus convection
is parameterized by Kain & Fritsch scheme (1993) for Case A and Grell-Devenyi ensemble scheme (Grell &
Devenyi, 2002) for Case B. The microphysical processes are parameterized by the Thompson scheme
(Thompson et al., 2008) for both cases. For Domain 3, the convective parameterization is deactivated. The
Yonsei University PBL parameterization (Hong et al., 2006) is used to represent the planetary boundary layer
processes. The land surface model is the 5-layer thermal diffusion model (Dudhia, 1996). The model is
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initialized from the NECP FNL analysis at 7/8/20 LST (12 UTC) 2008 and 8/17/20 LST 2006 for Case A and B,
respectively. All simulations are integrated for 36 h. In order to examine the impacts of the evaporative cooling
associated with raindrops on the development of long-lived heavy rainfall system, the experiment with
evaporative cooling deactivated (NEV) is performed.
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Figure 7. Configurations of the model simulation domains for (a) case A and (b) case B. The horizontal grid sizes
for Domains 1-3 are 27, 9 and 3 km, respectively

3.2 Simulation Results
3.2.1 Case A (9-10 July 2008)

The simulated 850-hPa synoptic environment at 7/9/08 LST before the occurrence of long-lived precipitation
system is shown in Fig. 8a. The simulated high pressure over the East China Sea and the Philippines and the low
pressure over China are similar to those observed (Fig. 3a). However, the simulated low pressure over northern
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Figure 8. (a) The simulated 850-hPa geopotential height (solid lines, 10 gpm contour interval), winds and
equivalent potential temperature (gray scale in K) in Domain 1 (27 km grid interval) at 7/9/08 LST 2008. (b)
Same as (a) but for 975 hPa at 7/10/02 LST. The contour interval for geopotential height is 20 gpm. The
convergence is represented by gray scale in 107 s™

Vietnam coast and the monsoon trough over western SCS were weaker than those observed resulting in a slightly
weaker southwesterly flow (Lee, 2012). The simulated rainfall formed over the western mountainous area of
CMR at 7/9/11 LST (not shown) and intensified over the western slope of CMR at 7/9/16 LST (Fig. 9a) which
was consistent with observations (Fig. 4a). The simulated rainfall over southern Taiwan Strait and southern coast
of Taiwan, and the simulated onshore and upslope flows over western Taiwan are similar to the observations (Fig.
4a). The simulated rainfall propagated westward toward the coast at 7/9/18 LST (Fig. 9b). In the meantime, some
convective cells, which formed near the coastal area, were moving onshore (not shown). These phenomena are
similar to observations (Figs. 4a and 4b). In the early morning of 10 July, no rainfall was found over the adjacent
ocean near southwestern Taiwan in the simulation (not shown), which is not consistent with observations (Fig.
4c). Most of the rainfall on 9 July (Fig. 9¢) was over the mountainous and sloped areas, similar to observations
(Fig. 2a). But, the magnitude of the simulated rainfall over western slope in central Taiwan is higher than that
observed. The simulated local maximum rainfall over southwestern coast and over the adjacent ocean of
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southern Taiwan Strait is consistent with observations (Lee, 2012).

The evolution of the simulated precipitation system is depicted by the simulated rainfall along line L1S over
southwestern Taiwan, which is denoted in Fig. 9c, as shown in Fig. 10a. Line L1S is similar to line L1 in Fig. 4d.
In the afternoon, the simulated precipitation system occurred over the mountain. The simulated convective cell
(Cell A) moved from the slope eastward toward the mountain (Fig. 10a). Several convective cells (Cells B-F)
also moved eastward after 7/9/13 LST. On the other hand, the whole precipitation system moved westward
toward the low land and ocean. When those east-moving convective cells encountered the relatively cooler air
(e.g. virtual potential temperature 6, < 303 K) associated with the precipitation system at the low-land and
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Figure 9. (a) Simulated hourly rainfall (mm in color bar) and surface winds from Domain 3 (3 km grid interval)
for (a) 7/9/16 LST 2008, and (b) 7/9/18 LST 2008. (¢) The simulated accumulated daily rainfall (color bar in mm)
on 9 July 2008. The simulated virtual potential temperature is represented by purple lines (302 K) and blue lines
(303 K). The terrain elevation is shown at 500 m (black solid line)

ocean, they intensified. The westward-movement of the simulated precipitation system is similar to that of radar
echoes (Fig. 4e) except with more detailed formation of individual convective cells and their evolution depicted.

The mechanism for maintaining the long-lived precipitation system is examined through the analysis of the
kinematic and thermodynamic fields (Fig. 11) along the vertical cross section of L1S (Fig. 9¢). In the afternoon
around 7/9/13 LST, the simulated precipitation system formed over mountain (Fig. 11a). Meanwhile, cell A
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Figure 10. (a) Evolution of the simulated 10 min-accumulated rainfall (mm in color bar) along L1S in Fig. 9¢
from 3 km grid size from 7/9/10 LST to 7/10/08 LST 2008. Open and closed squares represent the elevation at
100 and 500 m, respectively. The virtual potential temperature at 975-hPa level is shown at 302 and 303 K in
black lines. (b) Same as (a) but for the NEV run

appeared over the plain area where a well-mixed boundary layer is formed. Cell A then moved toward the
mountain slope and intensified since it is embedded in a conditionally unstable atmosphere (i.e., d6,*/dz < 0
where 6,* is the saturated equivalent potential temperature) at 7/9/14 LST (Fig. 11b). At 7/9/16 LST, cell B
formed over the coastal area (Fig. 11¢) where an area of low-level convergence was present due to orographic
lifting (Fig. 12a). Cell B intensified over the mountain foot area and merged with the westward moving
precipitation system at 7/9/17 LST (Fig. 11d). A pool of cool air, approximately depicted by 6, =303 K was
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produced below convective cell B. Meanwhile, cell C formed over the adjacent ocean where an area of low-level
convergence existed (Fig. 12b). At 7/9/1730 LST, cell C intensified and moved eastward encountering the cool
air associated with cell B (Fig. 11e). At this time, cell C merged with the westward moving precipitation system.
As a result, the intensity of the precipitation was maintained. West (upstream) of cell C, cell D started to form
where the westerly flow decelerated along coast and convergence was present (Fig. 12b). Similar to cell C, Cell
D intensified when it encountered the cool pool generated by cell C, then merged with the precipitation system at
later time (not shown). The westward-moving precipitation system became long-lived while it continued
merging with and strengthened by these eastward moving individual convective cells sequentially. This process
is similar to the evolution of a multicell storm and can be explained by the advection mechanism (Lin et al., 1998;
Lin & Joyce, 2001; Lin, 2007 - p276). Compared to the observed radar echoes along L1 (Fig. 4e), the simulated
convective cells A-D formed earlier and farther to the coast (Fig. 10).

Figure 11. (a) The simulated rainwater mixing ratio (shaded in g kg™), virtual potential temperature (red contour
intervals of 1 K), along cross section winds and vertical velocity (black lines at -2, 5, 50 cm s™) along line L1S in
Fig. 9¢ from Domain 3 (3 km grid interval) at 7/9/13 LST 2008. (b) Same as (a) but for saturated equivalent
potential temperature (blue lines with contour interval of 2 K) at 7/9/14 LST. (c) Same as (b) but for 7/9/16 LST.
(d) Same as (b) but for 7/9/17 LST. The virtual potential temperature at 303 K is represented by a red line. (e)
Same as (d) but for 7/9/1730 LST. Wind speed scale is shown at the bottom of the figure. The dark line at the
bottom of the figure represents the land. Open and closed squares represent the elevation at 100 and 500 m,
respectively. Cells A - E represent the different convection centers

To examine the impact of the low-level evaporative cooling on the development of the precipitation system, we
run a case with evaporative cooling deactivated (NEV run). The time evolution of the simulated rainfall along
line L1S (depicted in Fig. 9¢) over the southwestern Taiwan is shown in Fig. 10b. Similar to the control run (CR
run) (Fig. 10a), the precipitation system developed from the mountain ridge to the slope from afternoon to
evening. Unlike the CR run, no further cell development is found over the low-land and coastal area. The lack of
development in Fig. 10b is in the area where the cold pool or density current was formed along with the
simulated precipitation system in CR run (Fig. 10a). Thus, the simulation results confirm the hypothesis
proposed in the Introduction. That is, individual convective cells were generated by the cold downslope outflow
against the prevailing southwesterly flow which was conditionally unstable with low-Froude number. This made
the individual cells propagating downstream (eastward) while the precipitation system was maintained by the
continuing merging with convective cells sequentially and propagated upstream (westward). Therefore, the
precipitation system fell into Regime I as proposed by Chu & Lin (2000) and behaved like a multicell storm and
can be explained by the advection mechanism (Lin, 2007-p.276). Note that this hypothesis has also been verified
by observational analyses performed in section 2.
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3.2.2 Case B (18-19 August 2006)

The simulated low-level synoptic environment on 850 hPa before the formation of long-lived precipitation
system at 8/18/08 LST is shown in Fig. 13a. The numerical model is able to reproduce Typhoon Wukong which
was well-simulated and located over southwestern Japan, similar to the observation (Fig. 5a). The observed
westerly wind in southern Taiwan Strait (Fig. 5a) is also reproduced by the model (Fig. 13a). Around 8/18/12
LST, the simulated rainfall was located over the low-land of western Taiwan (not shown), similar to that
observed. At 8/18/16 LST, the simulated rainfall over southwestern slope of CMR (Fig. 14a) moved to
southwestern coast and the adjacent ocean (Fig. 14b) at 8/18/18 LST, which is an hour late than the observations
(not shown). The simulated rainfall persisted over the southern Taiwan Strait until early morning of 19 August
(Fig. 14c). The simulated accumulated rainfall on 18 August (Fig. 14d) shows that there was more (less) rainfall
over the southwestern slope of CMR (southwestern coast) than that observed (Fig. 2b.).
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Figure 12. (a) Simulated convergence (shaded areas in 10 s™") at 975-hPa level from 3 km grid size at 7/9/16
LST 2008. Blue lines represent the 10 min-rainfall rate exceeding 0.2 mm. The virtual potential temperature at
303 K is represented by the red lines. The terrain elevation is shown at 500 m (dashed line). (b) Same as (a) but

for 7/9/17 LST
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Figure 13. (a) Same as Fig. 8a but for 8/18 08 LST 2006. (b) Same as Fig. 8b but for 8/19/02 LST

Similar to Case A, the evolution of the long-lived simulated precipitation system over southwestern Taiwan is
examined by the variation of the simulated rainfall along L2S (Fig. 14d) and is shown in Fig. 15a. Similar to
Case A, a series of convective cells (A-L) formed consecutively and propagated eastward individually, while the
precipitation system moved westward and long-lived. At 8/18/12 LST, the simulated convective system formed
over the mountainous area. At the same time, cell A formed over the low-land area and moved northeastward
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merging with the precipitation system. The simulated precipitation system intensified over the mountainous area
in the afternoon and moved southwestward to Taiwan Strait after 8/18/16 LST. Several convective cells (D, E, F
and G) then developed over the coastal area along the cold pool in the afternoon and merged with the westward
moving precipitation system. Over the adjacent ocean, the preexisting cell H jointed by cells I, J, K and L was
present in the evening. The westward moving precipitation system from southwestern Taiwan merged with the
preexisting cell H and lasted until the early morning of 19 August to become a long-lasting precipitation system.

In order to investigate the maintenance mechanism of the long-lived precipitation system over southwestern
Taiwan, the kinematic and thermodynamic fields along L2S (Fig. 14d) are analyzed (Fig. 16). Similar to Case A,
convective cell A formed over a well-mixed boundary layer (not shown) within a conditionally unstable
atmosphere at 8/18/11 LST (Fig. 16a) and intensified over slope at 12 LST (Fig. 16b). The well-developed
precipitation system over the mountainous area produced a cold pool and interacted with the southwesterly wind,
enhancing cell D (not shown) and cell E at 17 LST (Fig. 16¢). The merging with cell E prolonged the westward
moving precipitation system. The cold pool then developed into density current propagating to the adjacent
ocean and strengthened the preexisting convective cells in the early morning (not shown). The formation of the
convective cells over southern Taiwan Strait was also reinforced by the low-level convergence due to the
simulated northerly wind associated with Typhoon Wukong’s (2006) circulation and the simulated prevailing
westerly winds (Fig. 13b).

To investigate the impact of the low-level cooling on the development of the precipitation system, a NEV run is
performed. The variation of simulated rainfall along line L2S over southwestern Taiwan (Fig. 14d) is shown in
Fig. 15b. Similar to Fig. 15a (CR run), the precipitation system developed over the mountain peak and
propagated toward the upstream (western) slope in the afternoon. Unlike the CR run, no further development is
found over the low-land and coastal area. Similar to case A, convective cells failed to develop due to the lack of
evaporative cooling-induced cold pool (Fig. 15b). The numerical simulation confirms the hypothesis that the
evaporative cooling-induced cold pool played essential role in the maintenance of the long-lived heavy rainfall
system as proposed in section 2.
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Figure 14. (a) Same as Fig. 9a but for 8/18/16 LST 2006. (b) Same as (a) but for 8/18/18 LST. (c) Same as (a)
but for 8/19/06 LST. (d) The simulated accumulated daily rainfall (color bar in mm) from 3 km grid size on 18
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August 2006

4. Conclusion

Local rainshowers in summer is one of the main rain producers in Taiwan (Chen & Chen 2003). Only few
rainshowers with heavy rainfall (daily rainfall accumulation exceeding 130 mm) can last longer than 10 h. In this
study, both long-lived heavy rainfall systems in summer over Taiwan are investigated by performing
observational analyses of a variety of data sets, such as the NCEP data, satellite imagery, radar reflectivity, and
rainfall data, and the numerical simulations of the synoptic and mesoscale processes using the WRF model. Both
the initiation and maintenance mechanisms of these long-lived heavy rainfall systems are explored. The results
show that the precipitation systems developed over the western slope of CMR under the low-level southwesterly
flow for Case A (9-10 July 2008) or westerly flow for Case B (18-19 August 2006) in the early afternoon. The
upper-level flow had easterly wind component. The precipitation systems moved westward toward Taiwan Strait
while individual cells moved eastward. The evaporated cooling near surface enhanced the formation and
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Figure 15. (a) Same as Fig. 10a but for 18-19 August 2006 along L2S in Fig. 14d. (b) Same as (a) but for the
NEV run
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Figure 16. (a) Same as Fig. 11b but for 8/18/11 LST 2006 along L2S in Fig. 14d. (b) - (¢) Same as (a) but for
8/18/12 LST and 8/18/17 LST, respectively
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Figure 17. A conceptual model for the initiation and maintenance mechanisms for heavy precipitation systems
over a mountainous island under a prevailing wind, which is similar to Regime I of Chen and Lin (2005) and
Chu and Lin (2000), and a multicell storm (Lin et al., 1998; Lin and Joyce, 2001) that individual convective cells
A-E are generated by the cold downslope outflow against the prevailing southwesterly flow (U) which was
conditionally unstable with low-Froude number. This made the individual cells propagating downstream
(eastward) with a speed of C; while the precipitation system was maintained by the continuing merging with
convective cells sequentially and propagated upstream (westward) with a speed of Cs. This regime is represented
by low-Froude number (F,,) and high CAPE. The forcing associated with the cold outflow, F)p, is related to the
CAPE

maintenance of individual cell. Because of sequential formation of the convective cells and merged into the
original precipitation system, the precipitation system became long-lived. This phenomenon belongs to Regime 1,
i.e. low-Froude number and high CAPE flow, as proposed by Chen & Lin (2005) and the formation and
propagation in a way are similar to multicell storms (Lin et al., 1998; Lin & Joyce, 2001). When the precipitation
systems moved to the adjacent ocean of southwestern coast of Taiwan, the air of the cold pool converged with
the prevailing wind and helped prolong the precipitation system. In addition, the mesoscale low-level
convergence over the adjacent ocean of southwestern Taiwan either due to prevailing wind deceleration by CMR
or by mesoscale environmental flow also helped the longevity of the prolong precipitation system.

In summary, the initiation and maintenance mechanisms for the current two heavy precipitation systems over a
mountainous island under a prevailing monsoon current may be illustrated by a conceptual model (Fig. 17)
which is similar to Regime I of Chu & Lin (2000) and Chen & Lin (2005) and a multicell storm (Lin et al., 1998;
Lin & Joyce, 2001) that individual convective cells are generated by the cold downslope outflow against the
prevailing southwesterly flow which was conditionally unstable with low-Froude number. This made the
individual cells propagating downstream (eastward) with a speed of C; while the precipitation system was
maintained by the continuing merging with convective cells sequentially and propagated upstream (westward)
with a speed of Cs. This regime is represented by low-Froude number (£,) and high CAPE. The forcing
associated with the cold outflow, Fp, is related to the CAPE.
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