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Abstract

On 14 June 2015, a severe afternoon thunderstorm event developed within the Taipei Basin, which produced
intense rainfall (with a rainfall rate of 131 mm h™) and urban-scale flooding. Cloud-resolving simulations using
the Weather Research and Forecasting (WRF) model were performed to capture reasonably well the onset of the
sea breeze and the development and evolution of this afternoon thunderstorm system. The WRF model had four
nested grids (with the finest grid size of 0.5 km) in the horizontal direction and 55 layers in the vertical direction
to explicitly resolve the deep convection over complex terrain.

It was found that convection was initiated both by the sea breeze at foothill and by the upslope wind at the
mountain peak. Convective available potential energy (CAPE) was increased from 800 to 3200 J kg™ with abun-
dant moisture transport by the sea breeze from 08 to 12 LST, fueling large thermodynamic instability for the
development of the afternoon thunderstorm. Strong convergence between the sea breeze and cold-air outflow trig-
gered further development of intense convection, resulting in heavy rainfall over Taipei City.

Microphysics sensitivity experiments showed that evaporative cooling played a major role in the propagation
of cold-air outflow and the production of heavy rainfall within the basin plain (terrain height < 100 m), where-
as melting cooling played a minor role. The terrain-removal experiment indicated that the local topography of
Mount Datun at the coastal region may produce the channel effect through the Danshui River Valley, intensify
sea-breeze circulation, and transport more moisture. This terrain-induced modification of sea breeze circulation
made its dynamic and thermodynamic characteristics more favorable for convection development, resulting in a
stronger afternoon thunderstorm system with heavy rainfall within Taipei City.
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ed with afternoon thunderstorms (Chen et al. 2014).

During the summer months with weak synoptic
forcing, most of the convection in Taiwan is associat-
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The local circulations of sea—land breeze and moun-
tain—valley flows are essential in triggering afternoon
thunderstorms in Taiwan (Johnson and Bresch 1991;
Chen and Li 1995; Kerns et al. 2010). Jou (1994)
indicated that most of the thunderstorms in northern
Taiwan were initiated on the mountain peaks and
propagated down the terrain slope and brought heavy
rain to the Taipei Basin (TB).
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Modification of thunderstorm outflow can occur
when the storm outflows collide with the sea breeze
near the base of the mountains surrounding the TB. As
a result, most afternoon thunderstorms occurred along
the windward slopes of the mountains in Taiwan,
rather than at higher elevations farther inland (Johnson
and Bresch 1991; Jou 1994; Chen et al. 2001)

Radar reflectivity climatology indicated that the
maximum thunderstorm frequency in northern Taiwan
was during 1500—1600 LST (Lin et al. 2011). Both
radar reflectivity and cloud-to-ground lightning data
showed that the highest frequency of thunderstorms
over northern Taiwan occurred along the lower moun-
tain slopes approximately parallel to the ridges of the
Snow Mountain Range.

In Chen et al. (2007), the afternoon thunderstorm
(ATS) occurrence over the TB was attributed to the
interaction of the sea breeze with the urban heat island
(UHI) in the central urban area and mountains south
of the TB. In the initial phase of ATS, the moist and
unstable flow was transported by the sea-breeze cir-
culation into the TB. The interaction of the sea breeze
with the Taipei UHI and the orography south of the
TB could trigger the onset of the ATS convection and
rainfall at about 1400 LST over the mountain slopes
(Chen et al. 2014). Later, the ATS convection and
precipitation would spread farther northward to cover
the whole TB and to the mountains south and north of
the TB.

However, observations alone may not be sufficient
to elucidate all dynamic and thermodynamic processes
of the sea breeze related to heavy rainfall. Numerical
simulations are frequently used to further understand
the physical mechanisms. For example, Baker et al.
(2001) coupled the atmosphere and land surface
models to identify the roles of initial soil moisture,
coastline curvature, and land-breeze circulations on
sea-breeze-initiated precipitation over central Florida.
Chen et al. (2015, 2016) investigated diurnal variations
of the land-sea breeze and its related precipitation
over southern China using the convection-permitting
simulations and observation data. Wang and Kirsh-
baum (2017) conducted idealized simulations to ex-
amine the impact of orography on sea-breeze strength
and frontogenesis over tropical islands. Huang et al.
(2019) investigated the role of the sea breeze in the
production of heavy rainfall over the coastal metro-
politan city of Guangzhou, China. Kuo and Wu (2019)
conducted idealized simulations to investigate the
precipitation hotspots of ATSs over the TB.

Because of the limitations in observations, several
key questions remain to be further explored, which are
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the focus of this modeling study: What are the spatial
structure and evolution of the sea-breeze circulation
over the TB for the thunderstorm system associated
with torrential rainfall? What microphysical process-
es are essential in determining the propagation of
precipitation-induced cold pool associated with the
thunderstorm system? What kind of impacts does
the local terrain at the coastal region have on the sea
breeze and its related rainfall? In this study, high-
resolution simulations using the Weather Research
and Forecasting (WRF) model are conducted to ad-
dress these questions. Through control and sensitivity
experiments, the impacts of local mountains and the
cold pool dynamics (induced by evaporative cooling
of raindrops and melting cooling of graupel) will be
investigated.

2. Case overview

Figure 1 shows the synoptic environment for the
ATS system over the TB on 14 June 2015 and the
local topography around the TB. It is clear from Fig.
la that the southerly wind prevailed over Taiwan for
the typical prefrontal condition ahead of a surface cold
front. Figure 1b shows that the ridge associated with
the subtropical high-pressure system at 500-hPa level
extended over the Taiwan Island. The sounding at
Banchiao station (46692) in the TB (Fig. lc; see Fig.
2a for the sounding location) indicated weak convec-
tive instability, with a convective available potential
energy (CAPE) of only 1076 J kg ', for the thermo-
dynamic condition in the morning (0800 LST or 0000
UTC). There was no significant synoptic-scale forcing
for this ATS event over the TB. Figure 1d shows the
terrains surrounding the TB, and the highest peak of
Mount Datun is 1092 m.

Figure 2 shows the evolution of the ATS system
observed by the RCWF radar located at Mount
Waufen. The hourly observed winds at Danshui, Shilin,
Chungho, Keelung, Shizi, and Wenshan weather sta-
tions from 1300 LST to 1600 LST are shown in Fig.
2. Processing of radar data was done using the NCAR
Radx and Solo3 programs, and the radar data were
analyzed using the Py-ART software (Helmus and
Collis 2016). At 1302 LST (Fig. 2a), convection oc-
curred along the mountain peak south of the TB. The
wind barbs at 1302 LST illustrated that the sea breeze
penetrated inland from the northwestern coast (Dans-
hui) and northeastern coast (Keelung). At 1331-1400
LST (Figs. 2b, c), scattered convection occurred along
the mountain slope south of the TB. Convection also
appeared over the central basin where the commercial
districts were located. The wind at Chungho station
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Fig. 1.

Synoptic condition at 0000 UTC (0800 LST) 14 June 2015: (a) CWB surface analysis map; (b) 500-hPa map

from the ERA-Interim reanalysis with the geopotential height in solid contours, temperature in dashed contours,
and horizontal wind in wind barbs (full barb is 10 kts, and half barb is 5 kts); (¢) CWB sounding of temperature
and dew point (blue line) at Banchiao station. The location of Banchiao sounding station is shown in Fig. 2a. (d)
Taipei Basin domain with terrain elevations plotted (colored; in units of meter). Mount Datun, Mount Guanyin,
and Southern Slope are labeled. Danshui River Valley and Keelung River Valley are denoted by DRV and KRV,

respectively.

turned east-southeasterly at 1400 LST, which might
be related to the cold pool produced by the convection
at the central basin. At 1435—-1459 LST (Figs. 24, e),
convection over the southern slope and central basin
gradually merged into the thunderstorm complex
with a large area of strong reflectivity (greater than
40 dBZ). The wind at Shilin station turned southerly
at 1459 LST. At 1522-1559 LST (Figs. 2f, g), the
thunderstorm complex propagated northward and
gradually weakened. Note that the wind at the weather
stations turned southerly or calm at 1600 LST. Con-

vectively generated cold pool appeared to account
for the shift of surface winds from northerly (at 1302
LST) to southerly (at 1559 LST) over the TB.

3. Numerical model and experimental design

3.1 WRF configuration

The Advanced Research version of the Weather
Research and Forecasting model (WRF-ARW version
3.4.1; Skamarock et al. 2008) was used to simulate
this TB ATS event from 1200 UTC 13 June to 1200
UTC 14 June 2015, with a forecast period of 24 h.
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Fig. 2. PPI maps of radar reflectivity (in units of dBZ) at 0.5° elevation angle observed by the RCWF radar: (a)
1302 LST, (b) 1331 LST, (c) 1400 LST, (d) 1435 LST, (e) 1459 LST, (f) 1522 LST, and (g) 1559 LST. The hourly
observed winds at Danshui, Shilin, Chungho, Keelung, Shizi, and Wenshan weather stations are indicated in (a),
(c), (e), and (g). Half barb is for a wind speed of 5 kts. A circle represents the calm condition (< 1 kt). The RCWF
radar is labeled by the triangle in (a), and the square in (a) is the location of Banchiao sounding station. Terrain
heights are contoured by black lines at 100, 300, 700, and 1300 m.

Four nested domains with horizontal grid sizes of 13.5,
4.5, 1.5, and 0.5 km, respectively, were used in the
horizontal (Fig. 3). A two-way interaction between
inner and outer grids was considered. Fifty-five eta (1)
levels were used in the vertical, with a higher resolu-
tion within the planetary boundary layer (eight layers
below 1-km height). The model top was at 20 hPa,
and the time step for the outermost domain was 5 s.
The physical parameterization schemes used in the

model include the Kain—Fritsch cumulus parameter-
ization (Kain and Fritsch 1993), the WDM6 micro-
physics parameterization (Lim and Hong 2010), Rapid
Radiative Transfer Model (RRTM) longwave radia-
tion parameterization (Mlawer et al. 1997), Dudhia
(1989) shortwave parameterization, and the Yonsei
University (YSU) planetary boundary layer (PBL)
parameterization (Hong and Pan 1996). Note that
the cumulus scheme was used only in the outermost
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Fig. 3. Four nested domains (with horizontal grid
sizes of 13.5, 4.5, 1.5, and 0.5 km) of the WRF
model.

domain (with a grid size of 13.5 km), assuming that
the grid sizes of other domains (with grid sizes of 4.5,
1.5, and 0.5 km, respectively) were fine enough to
explicitly resolve convection. The WDM6 scheme is
a double-moment microphysics scheme that predicts
the mixing ratios of six categories of water species
(water vapor, cloud droplets, cloud ice, snow, rain, and
graupel) and the number concentrations of cloud and
rainwater. The initial and boundary conditions were
from the ERA-Interim dataset, which are updated
every 6 h, with a latitude—longitude resolution of 0.75°
(Dee et al. 2011).

3.2 Sensitivity experiments

The control (CNTL) and sensitivity experiments
(NMLT, NEVP, and NDAT; Table 1) were designed to
examine the impact of cold-pool dynamics and local
terrain on the ATS system and related precipitation.
All three sensitivity experiments had the same config-
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Fig. 4. A comparison between the simulated sound-
ing (orange) and the observed (blue) at Banchiao
sounding station (see Fig. 2a for its location) at
0800 LST 14 June 2015.

uration as that of the CNTL, except that melting cool-
ing of graupel was turned off in NMLT, evaporative
cooling of rainwater was turned off in NEVP (Yang
and Houze 1995), and local terrain of Mount Datun
(with the highest peak of 1092 m) north of TB was
removed in NDAT (cf. Figs. 17a, d). In the NMLT
(NEVP) experiment, the graupel (rainwater) was
allowed to melt (evaporate) without the feedback of
latent cooling into the thermodynamic equation. Note
that the microphysical sensitivity starts at 0800 LST
14 June 2015 (i.e., at the forecast time of 12 h) in
NMLT and NEVP.

4. Model verification

The CNTL-simulated sounding was compared to
the one observed at 0800 LST in Fig. 4, which indi-
cated that the CNTL run reproduced reasonably well
the observed profiles of temperature, moisture, and

Table 1. Design of control and sensitivity experiments.
Run Initial time Description
CNTL 20 LST 13 Jun. 2015 full physics
NMLT 20 LST 13 Jun. 2015 no melting cooling of graupel after 08 LST 14 June 2015
NEVP 20 LST 13 Jun. 2015 no evaporative cooling of rainwater after 08 LST 14 June 2015
NDAT 20 LST 13 Jun. 2015 full physics with Mt. Datun removal
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Fig. 5. A comparison between observation (OBS) and CNTL simulation of the afternoon thunderstorm event on 14
June 2015. Observation results are (a) surface (2 m AGL) temperature (in units of °C) and near-surface (6 m AGL)
wind vectors at 1500 LST and (b) 6-h (1200—1800 LST) accumulated rainfall (in units of mm). Simulation results
are (c) surface (2 m) temperature (in units of °C) and near-surface (10 m) wind vectors at 1415 LST and (d) 6-h
(1200-1800 LST) accumulated rainfall (in units of mm). Black dots in (a) are locations of automatic weather sta-
tions, and blue dots in (b) are locations of rain gauge stations. Cross symbols in (b) and (d) are the observed and
simulated locations of the maximum accumulated rainfall, and numbers are the corresponding maximum rainfalls.
Terrain heights are contoured at 100, 300, 700, and 1300 m.

horizontal winds, except for the weak wind below 850
hPa. The wind errors in PBL were probably due to
small-scale turbulent processes that were not properly
represented in the model and due to subgrid variations
in the terrain and land use (Hanna and Yang 2001).
Figure 4 is shown here to indicate that, before the sea
breeze penetrated the TB, the regional-scale environ-
ment was realistically simulated, including the deep
dry air between 700 hPa and 300 hPa, the conditional
instability with weak CAPE (885 J kg™' in CNTL
sounding and 1076 J kg ' in observed sounding), and
the southwesterly between 850 hPa and 300 hPa.
Figure 5 shows the comparison between observa-
tion analysis (left panels) and CNTL simulation (right
panels). Note that a 45-min time difference between

the observation (Fig. 5a) and simulation (Fig. 5¢) was
used to adjust the timing difference of the movement
of the simulated convergence line between the sea
breeze and thunderstorm outflow to the observation.
Precipitation over the south of TB (Fig. 2d) reduced
the surface temperature to 25°C, and the temperature
near the TB center was 27—-28°C (Figs. 5a, c), consis-
tent with the observational analysis of Jou et al. (2016).
Both the observation (Fig. 5a) and simulation (Fig.
5c) show that the sea breeze from the ocean and cold-
air outflow associated with the precipitation south of
TB converged near the center of Taipei City. Figures
5b and 5d show that the spatial distribution of 6-h
(1200—1800 LST) accumulated rainfall was simulated
by the WRF model reasonably well, although the
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Fig. 6. (a) A comparison between the observed

surface wind (purple) and the simulated (orange)
at Danshui, Shilin, and Chungho stations. Half
barb is 5 kts. A circle represents the calm condi-
tion (< 1 kt). (b) As in (a) but for Keelung, Shizi,
and Wenshan stations.

position of the simulated rainfall maximum was 10
km southwest to the observed position and the sim-
ulated maximum magnitude (121 mm) was 63 % of
the observed magnitude (192 mm). The error in peak
rainfall amount may be due to the underestimation of
low-level moisture in the model (Fig. 7).

The simulated surface wind is compared to those
observed at Danshui, Shilin, and Chungho weather
stations in Fig. 6a, which shows the inland penetra-
tion of the sea breeze from the northwestern coast
(Danshui). The simulated onset time of the sea breeze
(= 5 kts) at Danshui station was 1000 LST, approxi-
mately 1 h earlier than the observation. After onset,
the observed and simulated sea breeze passed through
Shilin at 1100 LST and through Chungho at 1200
LST. Despite the timing error, the CNTL simulation
captured reasonably well the propagation of the sea
breeze from the northwestern coast (Danshui) to the
southern basin plain (Chungho). Moreover, the CNTL
simulation showed that northerly wind shifted to
southeasterly in the afternoon because of the cold-air
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outflows produced by convection.

The simulated surface wind is compared to those
observed at Keelung, Shizi, and Wenshan weather sta-
tions in Fig. 6b, which shows the inland penetration of
the sea breeze from the northeastern coast (Keelung).
The observed and simulated onset time of the sea
breeze (> 5 kts) at Keelung was 1100 LST. After onset,
the observed and simulated sea breeze passed through
Shizi and Wenshan stations at about 1200 LST. The
errors of wind speed and direction at Wenshan station
might be associated with local complex orography
(Liu et al. 2008) because the passage of the sea breeze
from Keelung was mostly over mountains. Despite
the presence of errors in wind speed and direction,
the CNTL simulation captured reasonably well the
sea breeze which propagated from the northeastern
coast (Keelung) to the southern basin plain (Wenshan).
Moreover, the CNTL run reproduced the observation
that the northerly wind shifted to the southerly wind in
the afternoon because of the cold-air outflows generat-
ed by convection.

The simulated water vapor pressure is compared
to those observed at Bali, Shilin, Chungho, Keelung,
Shizi, and Wenshan stations in Fig. 7. Unfortunately,
the observed humidity data at Danshui were not avail-
able, so we used the data from the nearby Bali station
(see Fig. 2a for their locations). The diurnal variation
of the observed and simulated 2-m water vapor pres-
sure was similar, but the simulated value is slightly
smaller than the observed. Both observation and sim-
ulation indicate that water vapor increased after the
passage of the sea breeze, except for Keelung, which
might be associated with local topography.

Figure 8 shows the evolution of the simulated
radar reflectivity at 1500-m height from 1200 LST
to 1500 LST. As compared to those shown in Fig. 2,
the CNTL simulation reproduced reasonably well the
evolution of the ATS system and its propagation from
the southern slope to the central basin, except that the
convective cell occurred at the center of TB (cf. Figs.
2b, 8b), which might be subjected to acrosol and UHI
effects (Chen et al. 2014; Miao and Yang 2018).

It is encouraging to see that the initiation locations
of the isolated convection at the mountain peak
(cf. Figs. 8a, 2a) and scattered convection over the
mountain slope (cf. Figs. 8b, 2b) were well simulated.
Furthermore, the simulated scattered convection over
the southern slope merged into the thunderstorm
complex and then propagated to the central basin as
in the observations (cf. Figs. 8d—f, 2d—{), although
the simulated thunderstorm occurred about 1 h earlier
than the observation. The reason for the early timing
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Fig. 7. A comparison of hourly 2-m vapor-pressure time series between the observed (purple) and the simulated
(orange) at (a) Bali, (b) Shilin, (c) Chungho, (d) Keelung, (e) Shizi, and (f) Wenshan stations.

of the simulated convection initiation is not certain,
which might be associated with deficiency in solar
heating and turbulence mixing in the boundary layer
parameterization and deserves further investigation in
future studies.

To sum up, despite some deficiency in detailed
features, we may state that the CNTL simulation cap-
tures reasonably well the evolution of the ATS system
and sea breeze circulation, as represented by radar
reflectivity and surface observations. Of particular
relevance to the convective development is that the
model reproduces the enhanced convergence produced
by the sea breeze and cold-air outflow over the central
basin, where Taipei’s commercial districts are located.
Given the general agreement between the observation
and CNTL simulation, we can examine the model
results in more detail.

5. Numerical model results

5.1 CNTL experiment
Figure 9 shows the hourly evolution of the sea

breeze over the TB from 1000 to 1400 LST. The sea
breeze began to establish at the northwestern and
northeastern coasts at 1000 LST (Fig. 9a). With an
increase in temperature contrast between inland and
ocean surface (not shown), the sea breeze extends
further inland through the central basin and to the
southern foothill at 1100—1300 LST (Figs. 9b—d). It is
clear that the sea breeze transported abundant moisture
from the ocean surface to the inland region, modifying
the near-surface thermodynamic characteristics at the
central basin and southern foothill. Note that the sea
breeze from Danshui (SBD) brought more moisture
than the sea breeze from Keelung (SBK).

Figure 10 displays the simulated soundings at 0800,
1100, and 1200 LST at Banchiao station (see Fig. 2a
for the sounding location) to examine the evolution
of the thermodynamic condition within the TB. As
shown in Fig. 4, the Banchiao sounding at 0800 LST
indicated a weak CAPE of only 885 J kg '. As the sur-
face layer was heated by solar radiation, the sounding
at 1100 LST indicated a well-mixed PBL with a depth
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Horizontal cross sections of 1500-m radar reflectivity (colored; in units of dBZ) and 10-m wind vectors from

the CNTL simulation: (a) 1200 LST, (b) 1230 LST, (c) 1300 LST, (d) 1330 LST, (e) 1400 LST, (f) 1430 LST, and
(g) 1500 LST. Black line is for the terrain height contoured at 100, 300, 700, and 1300 m. Bold box in (d) is the
rectangular area of 60 km by 45 km for the time series calculations in Fig. 20.

of 1.5 km and a moderate CAPE of 1833 J kg'. More-
over, the wind below 1 km turned northerly because
of the approach of SBD (Fig. 9b). After that, as the
SBD passed through Banchiao station at noon (Fig.
9c¢), the Banchiao sounding at 1200 LST indicated that
the PBL layer was more humid than 1 h before and
the depth of the northerly wind increased to 1.3 km.
Note that the CAPE increased dramatically from 1833
Jkg ' at 1100 LST to 3268 J kg ' at 1200 LST because
of the increase in boundary layer moisture.

Following Tompkins (2001) and Feng et al. (2015),
buoyancy b is calculated using the formula

> (M

where g is the gravitational acceleration and the over-
bar indicates the domain mean within the TB area (with
a size of 60 km by 45 km; see the bold box in Fig. 8d).
The virtual potential temperature 0, is defined as

0,=0(1+0.608q,—q.—q,), (2)

where 0 is the potential temperature and ¢,, ¢., and ¢,
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Black line is for the terrain height contoured at 100, 300, 700, and 1300 m. The vertical cross sections in Figs. 11
and 12 are along the N-S box in (b), and those in Figs. 13 and 14 are along the NE-SW box in (b).

‘ <’ ‘ are the mixing ratios of water vapor, cloud water, and
AN rain water, respectively. Cold-pool propagation speed
1 C defined in Rotunno et al. (1988) and Bryan and
N Parker (2010) is calculated using the vertical integral
S - of buoyancy b as
K;\—
N b )
- C=\-2[ bd, 3)
300 4 N 0
I N
Im - 4 ANNVAN “/:;;j where b is the buoyancy in Eq. (1) and 4 is the depth
M NZL\% OV W _ of the cold pool, which is defined as the height at
500 - A AR AN i which b first exceeds —0.05 m s .
XYY A % Figures 11 and 12 show the vertical structure and
700 2 ALYAN AN AN evolution of the sea breeze circulation from Danshui
/ % and the related convection initiation and development.
%0 N K NG NS ; < The vertical cross sections are along the prevailing
1000 — A . W A ; } wind of SBD (northerly) after a 10-km horizontal
e average (see the N—S box in Fig. 9b for its horizontal
location). The sea-breeze front accompanied by
Fig. 10. Simulated soundings and wind profiles at low-level updraft arrived at the foothill (x ~ 25 km)
the Banchiao station at 0800 (blue), 1100 (green), at 1200 LST, and the maximum low-level wind speed

and 1200 (red) LST 14 June 2015. of the sea breeze (northerly) was 6 m s ' (Fig. 11a).
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Fig. 11. Vertical cross sections showing the Danshui sea breeze: simulated meridional wind (colored; in units of
m s '; positive for southerly and negative for northerly wind), equivalent potential temperature (black contours; in
units of K), and along-plane vector: (a) 1200 LST, (b) 1230 LST, (c) 1300 LST, (d) 1330 LST, (e) 1400 LST, and (f)
1430 LST. The vertical cross sections are along the N—S direction of the rectangular box (after the 10-km average
in zonal direction) in Fig. 9b. The averaged topography profile along the N-S cross section is shown by the black
shading.

50 0
Distance (km) NS Distance (km) N S Distance (km) N
[ | [ | o
5 10 15 =20 25 30 35 40 45 50 55 eo 65 (dBZ

Fig. 12. As in Fig. 11, except for the simulated radar reflectivity (colored; in units of dBZ), vertical velocity (black
contoured at —1, —0.5, 1, 2, 4, and 8 m s™'; dashed for downdraft), and cold pool height (thick blue contour): (a)
1200 LST, (b) 1230 LST, (c) 1300 LST, (d) 1330 LST, (e) 1400 LST, and (f) 1430 LST.



140 Journal of the Meteorological Society of Japan

Furthermore, the isolated convection occurred at the
mountain peak at 1200 LST because of the upslope
wind. After that, the sea breeze merged with the ups-
lope wind, so it was hard to find the position of the sea
breeze front. However, the region of high equivalent
potential temperature (0, > 357 K) still moved south-
ward to the mountain slope (Figs. 11b, c¢). Because
the moisture associated with the sea breeze was lifted
by the terrain, another convection initiated at the
mountain slope (x ~ 20 km) (Fig. 12¢). Moreover, the
isolated convection at the mountain peak gradually
propagated northward with very shallow cold pool
(x ~ 10 km) (Fig. 12¢). Figures 11d and 12d show
that the convection over the mountain slope evolved
into the thunderstorm complex with a large extent
of reflectivity greater than 40 dBZ (x ~ 10—-30 km).
The convectively generated outflow (southerly) and
sea breeze (northerly) produced enhanced low-level
convergence with a depth of about 1 km. The moisture
associated with the sea breeze was forced to rise up
over the cold pool and then condensed, releasing
the potential instability (see the 6, contour of 354 K
reaching up to 5 km AGL in Fig. 11d). After 1400
LST (Figs. lle, f, 12e, f), the cold-air outflow inten-
sified with a maximum wind speed of 7.5 m s ', and
the depth of the cold pool significantly elevated, with
a maximum depth of 3 km because of the precipita-
tion-induced latent cooling. The ATS system associ-
ated with the strong cold pool propagated northward
to the basin plain, resulting in heavy rainfall in the
commercial districts of Taipei City.

Figures 13 and 14 illustrate the vertical structure
and evolution of the sea-breeze circulation from
Keelung and its interaction with thunderstorm outflow.
The vertical cross sections are along the prevailing
wind of SBK (northeasterly) after a 10-km horizontal
average (see the NE-SW box in Fig. 9b for its hori-
zontal location). A comparison between the SBK and
SBD at 1330 LST in Figs. 13d and 11d indicates that
the SBK was weaker (i.e., with the maximum low-
level wind speed of 6 m s™') than SBD (i.e., with the
maximum low-level wind speed of 7.5 m s ') and that
the SBK was dryer (i.e., with the highest low-level 6,
of 354 K) than SBD (i.e., with the highest low-level
0. of 357 K). In addition, the thunderstorm outflow
was relatively weak in the northeast direction (Figs.
13d—f), and the depth of the cold pool was lower
than 1 km (Figs. 14d—f). As a result, the convergence
between SBK and outflow was so weak that the cold
pool could not lift the moisture effectively (see the
354-K 6, contour reaching up to only 2 km AGL in
Figs. 13d-f1).
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The Hovmoller diagrams along the SBD (Fig. 15)
have the same horizontal dimension with the vertical
cross sections in Figs. 11 and 12, which was along the
prevailing wind of SBD (northerly) with a horizontal
average of 10 km (see the N-S box in Fig. 9b). The
Hovmoller diagram of meridional wind on the lowest
model level (the 0.9965-eta level; about 35 m AGL)
is shown in Fig. 15a. The Hovmdller diagram of
most unstable convective available potential energy
(MUCAPE) and the level of free convection (LFC) are
shown in Figs. 15b and 15c, respectively. MUCAPE is
the CAPE of parcel lifted from the level with the high-
est O, below 3 km AGL. Note that the “parcel” here
refers to a “mean” parcel of 500-m depth, with the
temperature and moisture averaged over that depth.

After 1000 LST, the SBD (> 3 m s ') established at
the coastal region (25.1°N) and propagated southward
with a speed of 4.6 m s ' (estimated from the solid
arrow in Fig. 15a). The upslope wind was established
at the mountain slope (24.8—24.9°N) at about 0900
LST. As the SBD accompanied by abundant moisture
expanded farther southward, the MUCAPE at the
central basin and southern slope significantly in-
creased (Fig. 15b). For example, the MUCAPE at the
basin plain (25°N) increased from 200 J kg™ at 0800
LST to 1600 J kg ' at 1200 LST. On the other hand,
the MUCAPE at the mountain region increased at
0800—1100 LST because of the enhanced solar heat-
ing. The convection which occurred at the mountain
region at 1200—1300 LST (Figs. 8a—c) produced the
cold pool with weak outflow (southerly) and shallow
depth (Figs. 15a, c). After the convection evolved into
the thunderstorm complex at 1330 LST (Figs. 8d—f),
the cold outflow intensified to have a wind speed
greater than 7.5 m s~', producing much stronger low-
level convergence with the SBD (Fig. 15a). More-
over, the northward-propagation speed of the cold
pool increased to about 6.3 m s ' (estimated from
the dashed arrow in Fig. 15a), and the passage of the
cold pool resulted in a dramatic release of MUCAPE.
Figure 15¢ may be used to explain the reason why the
cold pool could release MUCAPE dramatically and
maintained the subsequent convective development of
the ATS system. After 1330 LST, the depth of the cold
pool elevated to 1300 m, which was higher than the
LFC of moist parcels of SBD (~ 1100 m) (Fig. 15¢),
so the cold pool could lift the moist air parcels up to
LFC and then release their potential instabilities.

Next, let us compare the evolution of SBK to that
of SBD. The Hovmdller diagrams along SBK (Fig.
16) have the same horizontal spatial dimension with
the vertical cross sections in Figs. 13 and 14, which
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Fig. 13. Vertical cross sections showing the Keelung sea breeze: simulated along-plane wind (colored; in units of
ms”'; positive for southwesterly and negative for northeasterly wind), equivalent potential temperature (black con-
tours; in units of K), and along-plane vector: (a) 1200 LST, (b) 1230 LST, (c) 1300 LST, (d) 1330 LST, (e) 1400
LST, and (f) 1430 LST. The vertical cross sections are along the NE-SW direction of the rectangular box (after the
10-km average in NW-SE direction) in Fig. 9b. The averaged topography profile along the NE-SW cross section
is shown by the black shading.
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Fig. 14. As in Fig. 13, except for the simulated radar reflectivity (colored; in units of dBZ), vertical velocity (black
contoured at —1, —0.5, 1, 2, 4, and 8 m s™'; dashed for downdraft), and cold pool height (thick blue contour): (a)
1200 LST, (b) 1230 LST, (c) 1300 LST, (d) 1330 LST, (e) 1400 LST, and (f) 1430 LST.
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Fig. 15. Hovméller diagrams of (a) meridional wind (colored; in units of m s™'; positive for southerly and negative

for northerly wind) at the 0.9965 eta-level; (b) most unstable convection available potential energy (MUCAPE)
(colored; in units of J kg '); (c) level of free convection (LFC) (colored; in units of m) and cold pool height (con-
toured at 200, 500, 900, and 1300 m) along the Danshui sea-breeze circulation. The Hovmoller diagrams are along
the N-S direction of the rectangular box (after the 10-km average in zonal direction) in Fig. 9b. The averaged

topography profile is shown by black shading in (a).

was along the prevailing wind of SBK (northeasterly)
with 10-km horizontal average (see the NE-SW box
in Fig. 9b). A comparison between the SBD and SBK
indicates that the near-surface wind speed of SBK was
weaker (cf. Figs. 16a, 15a) and the MUCAPE of SBK
was smaller (cf. Figs. 16b, 15b), which are consistent
with previous discussions in Figs. 11—-14. After 1400
LST, the depth of the gust front along the SBK in
NE-SW orientation (< 500 m; Fig. 16c) was much
shallower than that along the SBD in N—S orientation
(~ 1300 m; Fig. 15¢), so the gust front which collided
with the SBK could not effectively lift the air parcels
within the SBK to LFC (~ 1100 m). It appears that the

convectively generated cold pool tends to propagate
toward the area with the highest low-level 6, and
highest MUCAPE.

In summary, the SBD was fueled with more mois-
ture and higher thermodynamic instability (MUCAPE)
than the SBK. Moreover, the collision between the
cold-air outflow and the SBD produced stronger dy-
namic forcing (low-level convergence), so convection
inhibition could be overcome, and the MUCAPE
associated with SBD could be fully released. These
results suggest that the SBD played a major role in the
development of ATS within the TB, whereas the SBK
played a relatively minor role for this event.
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Fig. 16. Hovmoéller diagrams of (a) along-sea-breeze wind (colored; in units of m s™'; positive for southwesterly and
negative for northeasterly wind) at the 0.9965 eta-level; (b) most unstable convection available potential energy
(MUCAPE) (colored; in units of J kg '); (c) level of free convection (LFC) (colored; in units of m) and cold pool
height (contoured at 200, 500, and 900 m) along the Keelung sea-breeze circulation. The Hovmoller diagrams are
along the NE-SW direction of the rectangular box (after the 10-km average in NW-SE direction) in Fig. 9b. The
averaged topography profile is shown by black shading in (a).

5.2 Sensitivity experiments on microphysics (NMLT
and NEVP)

Figure 17 shows the simulated accumulated rainfall
at 1200—1430 LST for the CNTL, NMLT, NEVP, and
NDAT experiments. Note that the maximum rainfall
within the whole TB and basin plain (terrain height
< 100 m) is labeled on each panel. The simulated
precipitation pattern between CNTL (Fig. 17a) and
NMLT (Fig. 17b) was similar, except that the maxi-
mum rainfall within the basin plain in NMLT (74 mm)
was smaller than that in CNTL (107 mm). The rainfall
pattern between CNTL and NEVP (Fig. 17¢) was very
different. The maximum rainfall over the whole TB

in NEVP was substantially shifted southward to the
mountain peak (terrain height > 1300 m), with an ac-
cumulated amount (153 mm) more than that in CNTL
(121 mm). Note that, as the evaporative cooling of
rainwater is turned off in NEVP, the maximum rainfall
at the basin plain where the commercial districts are
located decreased dramatically to 26 mm, which is
much less than that in CNTL.

To elucidate the physical mechanisms responsible
for the heavy rainfall at the basin plain, Fig. 18 shows
the horizontal and vertical cross sections of the ATS
system at 1430 LST in the NMLT and NEVP exper-
iments. Intense convection (with radar reflectivity
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Fig. 17.
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1200—1430 LST accumulated rainfall (in units of mm) from (a) CNTL, (b) NMLT, (c) NEVP, and (d)

NDAT experiments. Black line is for the terrain height contoured at 100, 300, 700, and 1300 m. The location of
the maximum accumulated precipitation within the Taipei Basin is denoted by the cross symbol in each panel. The
maximum accumulated precipitation within the basin plain (terrain height Z < 100 m) is indicated at the upper

right corner in each panel.

greater than 50 dBZ) propagated from the southern
slope to the central basin and reached 25°5'N in the
CNTL and NMLT runs (Figs. 8f, 18a). The vertical
cross sections show that the convectively generated
outflow (southerly) converged with the sea breeze
(northerly) in the CNTL and NMLT runs, but the cold-
pool depth in NMLT (with the maximum depth of
2.3 km) was shallower than that in CNTL (with the
maximum depth of 3.3 km) at 1430 LST (cf. Figs. 12f,
18c¢).

Evaporative cooling of rainwater is turned off in

the NEVP run, which basically eliminates the major
mechanism for cold-pool generation by moist convec-
tion. In the absence of evaporative cooling, the intense
convection was confined to the southern slope, and the
sea breeze could still be found over the southern slope
at 1430 LST in NEVP (Figs. 18b, d). Furthermore, the
convection at the mountain slope was vigorous be-
cause of the continuous lifting of the sea breeze by the
terrain, but it could not propagate to the basin plain as
CNTL (cf. Figs. 12f, 18d). These results indicate that
the cold-pool dynamics was essential for the heavy
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(a), (b) As in Fig. 8f but for the results from the (a) NMLT and (b) NEVP experiments at 1430 LST. (c), (d)

As in Fig. 12f but for the results from the (c) NMLT and (d) NEVP experiments at 1430 LST.

rainfall within the basin plain.

The Hovmoller diagrams of 35-m meridional wind
and MUCAPE of NMLT and NEVP are shown in
Fig. 19. In CNTL, the northward-propagation speed
of the gust front was 6.3 m s ', and the passage of the
gust front resulted in a dramatic release of MUCAPE.
In NMLT, the northward-propagation speed of the
gust front was 5.3 m s ' (estimated from the dashed
arrow in Fig. 19a), which was slightly slower than
that in CNTL, since the melting cooling of graupel
was turned off in NMLT. A subtle difference between
the outflow structure in CNTL and NMLT (cf. Figs.
15a, 19a) was that the outflow in NMLT had two wind
speed maxima (one at the gust front and the other
behind the gust front), with a slightly weaker wind
speed at the gust front than that in CNTL. Therefore,
the low-level convergence produced by the outflow
and sea breeze in NMLT was weaker, resulting in a

less release of MUCAPE after the passage of the gust
front (cf. the dashed arrows in Figs. 15b, 19b) and less
rainfall at the basin plain.

In the absence of evaporative cooling, the sea breeze
continuously advanced southward to the southern
slope in NEVP (Fig. 19¢), and the MUCAPE within
the central basin (24.9°N to 25.1°N) could not be
released. As a result, the rainfall within the basin plain
in NEVP was much weaker than those in CNTL and
NMLT.

The evolution of cold-pool characteristics averaged
over the TB domain (Fig. 8d) from 1230 LST to 1500
LST is shown in Fig. 20. The temporal-average values
for three experiments over 1230—1500 LST are also
shown on each panel. It is clear from Fig. 20a that the
cold pool in NMLT was slightly weaker than that in
CNTL, and the cold pool in NEVP was much weaker
than those in CNTL and NMTL. For the time-average
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Fig. 19.
15D but for the results from the NEVP experiment.

value, the cold-pool speed is deceased by 38 % if
no evaporative cooling of rainwater (Fig. 20c) and
decreased by 13 % if no melting cooling of graupel.

To sum up, evaporative cooling of rainwater played
a major role in the propagation and intensification of
cold-air outflow, whereas melting cooling of graupel
only played a minor role. In the absence of evapo-
rative cooling of rainwater, the intense convection
cannot propagate from the mountain slope to the
central basin, and the rainfall within the basin plain is
decreased substantially.

5.3 Sensitivity experiment on local terrain (NDAT)
In the NDAT experiment where the local terrain of
Mount Datun north of TB was removed, the rainfall
significantly decreased (Figs. 17a, d). Figure 21 shows
the comparison of 10-m horizontal wind speed
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(a), (b) As in Figs. 15a and 15b but for the results from the NMLT experiment. (c), (d) As in Figs. 15a and

between CNTL and NDAT. Because the CNTL exper-
iment suggests that the SBD played a major role in
the development of ATS within the TB, we focus on
the SBD. It is clear that the wind speed of SBD inten-
sified after passing through the Danshui River Valley
between Mount Datun and Mount Guanyin (Fig.
21a). In the absence of Mount Datun, the wind speed
of SBD significantly decreased (compare the wind
speeds over the dashed circles in Figs. 21a, b). To
elucidate the impact of Mount Datun on the sea breeze
circulation and its related rainfall, we further compare
the difference of SBD characteristics between CNTL
and NDAT (Fig. 22). Note that a 7-min time differ-
ence between the CNTL (Figs. 22a, d) and NDAT
(Figs. 22b, e) is used to adjust the timing difference
of the movement of the sea-breeze front accompanied
by low-level updraft. Figure 22c shows the difference
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in the wind fields between the CNTL and NDAT ex-
periments along the cross section shown in Figs. 22a,
b. The sea breeze in CNTL was stronger than that in
NDAT, with a low-level wind speed difference of 0.8
m s~ near the sea-breeze front. The local topography
of Mount Datun produced the channel effect along
Danshui River Valley and intensified sea-breeze cir-
culation. In the absence of Mount Datun, the channel
effect and the sea breeze significantly weakened.

On the other hand, the CAPE contour of 900 J kg '
nearly overlapped with the 354-K 6, contour (Figs.
22d, e), indicating that they were positively correlated
at low levels. The distance between the sea-breeze
front and the near-surface 354-K 6, contour (or 900-
J kg™' CAPE contour) in NDAT was 5 km (Fig. 22e¢),
which was longer than CNTL (3 km; see Fig. 22d).
Figure 22f shows the difference in CAPE between the
CNTL and NDAT experiments along the cross section
shown in Figs. 22d, e. The CAPE associated with the
sea breeze in CNTL was stronger than that in NDAT,

Fig. 20. Time series of domain-averaged (a) near-
surface (35 m) buoyancy (in units of 107 m s7),
(b) cold-pool depth (in units of m), and (c) cold-
pool propagation speed (in units of m s ') from
the CNTL (solid), NMLT (long dash), and NEVP
(short dash) runs. The domain is for the rectangu-
lar box in Fig. 8d. The temporal-averaged values
over 1230-1500 LST in CNTL, NMLT, and
NEVP are also shown on each panel.
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Fig. 21. Horizontal cross sections of 10-m horizontal wind speed (colored; in units of m s™") and 10-m wind vectors
at (a) 1113 LST in the CNTL run and (b) 1120 LST in the NDAT run. Black line is for the terrain height contoured
at 100, 300, 700, and 1300 m. Mount Datun and Mount Guanyin are labeled in (a).
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Fig. 22. Vertical cross sections along the Danshui sea breeze: (a), (b) simulated meridional wind (colored; in units
of m s'; positive for southerly and negative for northerly wind), equivalent potential temperature (black contours;
in units of K), updraft (gray contours, 0.5, 1 m s ), and along-plane vector at (a) 1113 LST in the CNTL run and
(b) 1120 LST in the NDAT run. (¢) Difference between (a) and (b) (CNTL minus NDAT). (d), (¢) Simulated CAPE
(colored; in units of J kg™'), equivalent potential temperature (black contours; in units of K), updraft (gray con-
tours, 0.5, 1 m s '), and along-plane vector at (d) 1113 LST in the CNTL run and (e) 1120 LST in the NDAT run. (f)
Difference between (d) and (e) (CNTL minus NDAT). The vertical cross sections have the same horizontal spatial
dimension with the northern part of the vertical cross sections (x = 30—50 km) in Fig. 11. Note that the vertical

scale is up to 5 km.

with a CAPE difference of 200 J kg'. In the absence
of Mount Datun, the thermodynamic instability
(moisture) associated with the sea breeze significantly
decreased.

These results suggest that the local topography of
Mount Datun may produce the channel effect along
Danshui River Valley, intensify sea-breeze circulation,
and transport more moisture into the TB. This terrain-
induced modification of the sea breeze circulation
made its dynamic and thermodynamic characteristics
more favorable for convection development, resulting
in a stronger ATS system with heavier rainfall within

Taipei City.
6. Conclusions

In this study, a severe ATS event associated with
an intense rainfall rate (131 mm h™') that developed
within the TB on 14 June 2015 was investigated. A
high-resolution WRF simulation with the horizontal
grid size nested down to 0.5 km was conducted to cap-
ture the evolution of the ATS system and sea-breeze
circulation of this event, with reasonable agreement
with the observations.

The CNTL simulation results show that the CAPE
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was increased from 800 to 3200 J kg™ with abundant
moisture transport by the sea breeze from 08 to 12
LST, fueling large thermodynamic instability for the
development of the ATS. Moreover, the SBD, which
was much more humid than that from the SBK, sup-
plied more convective instability.

It is found that convection was initiated by the ups-
lope wind from the valley at the mountain peak and by
the sea breeze at the foothill. After the onset of con-
vection, the scattered convective cells at the southern
slope merged into the severe thunderstorm complex
with a large area of radar reflectivity greater than 40
dBZ, and the depth of the cold pool was elevated to
1300 m, which was higher than the LFC for the most
unstable air parcel from the sea breeze (1100 m). The
collision between the convection outflow (southerly)
and sea breeze (northerly) produced the enhanced
low-level convergence. As the cold pool collided with
the sea breeze and lifted the moist parcels up to LFC,
substantial MUCAPE could be released dramatically
by overcoming convection inhibition, resulting in the
subsequent development of the ATS system.

Sensitivity experiments on cloud microphysics
indicate that evaporative cooling of rainwater played
a major role in the propagation and intensification of
cold-air outflow, whereas melting cooling of graupel
played a relatively minor role. In the absence of evap-
orative cooling of rainwater, the intense convection
(with radar reflectivity greater than 50 dBZ) could not
propagate from the southern slope to the central basin,
and the rainfall within the basin plain (terrain height
< 100 m) decreased dramatically.

A sensitivity experiment on the local topography
(Mount Datun) at the coastal region shows that the
local terrain of Mount Datun may produce the channel
effect along Danshui River Valley, intensify sea-breeze
circulation, and transport more moisture. This terrain-
induced modification of sea-breeze circulation makes
its dynamic and thermodynamic characteristics more
favorable for convection development, resulting in a
stronger ATS system with heavier rainfall within the
TB. To summarize our major findings in this study,
Fig. 23 is the schematic diagram illustrating the inter-
actions between the sea breeze, cold pool, and coastal
terrain for the development of the ATS within the TB
on 14 June 2015.

Although the control numerical simulation in this
study bears close resemblance with the radar and
surface observations, we should keep in mind that the
conclusions obtained from this modeling study are
mainly based on a numerical simulation with model
deficiencies, physics uncertainties, and numerical
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Fig. 23. Schematic diagram of the interactions

between the sea breeze, cold pool, and coastal
terrain for the development of the afternoon thun-
derstorm over the Taipei Basin.

errors. More ATS cases in other geographic locations
or under different synoptic settings should be investi-
gated in the future to verify or revise the conclusions
obtained from this case study.
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Appendix: Definition of the basic state

The definition of buoyancy highly depends on the
basic state, so it is essential to define the basic state
for convection. There are two different ways to define
basic state (for example, see Eq. (1) in the text for the
definition of buoyancy in terms of virtual potential
temperature). One way is to define basic state as the
atmospheric state in a pre-convection environment,
i.e., the ambient thermodynamics state before the ATS
convection occurs, and it is time-invariant. Thus, one
can select the sounding at the model initial time as the
pre-convection environmental condition. The other
way is to define the basic state as the horizontal mean
state of the environment where the thunderstorm con-
vection take places, so the basic state is a function of
time. The time-invariant condition in a pre-convection
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Fig. A. Horizontal cross sections of 35-m buoyancy (colored; in units of m s ), 35-m rainwater mixing ratio (orange
contoured; 1 g kg '), and 10-m wind vectors from the CNTL simulation at 1350 LST: Basic state is (a) the domain
mean within the rectangular area centered at the Taipei Basin (with a size of 60 km by 45 km; see the bold box in
Fig. 8d); (b) the domain mean within the rectangular area centered at the Taipei Basin (with a size of 100 km by 75
km); (c) Banchiao sounding at 0800 LST; (d) Banchiao sounding at 1100 LST. Black line is for the terrain height

contoured at 100, 300, 700, and 1300 m.

environment was widely used in the idealized simu-
lations in the literature in which the thermodynamics
condition, surface condition, and wind field were
assumed horizontally homogeneous in most idealized
simulations. However, the environmental conditions
are not horizontally homogeneous in real cases. More-
over, longwave and shortwave radiations are included
in real-case simulations. Therefore, in our real-case
study, it may be more appropriate to use the second

definition, i.e., the horizontal mean state of the am-
bient environment with embedded thunderstorms, as
the basic state. Thus, in our study, we use the second
definition to define the basic state as the domain-mean
state within the TB area.

Figure A above shows the horizontal distribution of
buoyancy, rainwater mixing ratio, and wind vectors
near the surface for different definitions of basic state
conditions. It clearly displays that the buoyancy field
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defined using the second definition of horizontal-mean
state (see Figs. Aa, b) corresponds well to the surface
rainfall pattern (in orange contour). On the other hand,
the buoyancy field defined using the first definition
of the time-invariant pre-convection state (see Figs.
Ac, d) corresponds poorly to the surface rainfall,
particularly for Fig. Ad, with the pre-convection state
just only 3 h before the occurrence of thunderstorm
rainfall. Hence, Fig. A supports our usage of the
horizontal-mean state as the basic state for buoyancy
calculation and for basic state for “cold-pool height”
and “cold-pool propagation speed”.
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