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rainfall within the basin plain.
The Hovmöller 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−1, 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−1 (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. 19c), 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 

Fig. 18.  (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.
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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 

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 

Fig. 19.  (a), (b) As in Figs. 15a and 15b but for the results from the NMLT experiment. (c), (d) As in Figs. 15a and 
15b but for the results from the NEVP experiment.
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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−1 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−1 
nearly overlapped with the 354-K θ e 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 θ e contour (or 900- 
J kg−1 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 10−2 m s−2), 
(b) cold-pool depth (in units of m), and (c) cold-
pool propagation speed (in units of m s−1) 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.

Fig. 21.  Horizontal cross sections of 10-m horizontal wind speed (colored; in units of m s−1) 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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with a CAPE difference of 200 J kg−1. 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−1) 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 

Fig. 22.  Vertical cross sections along the Danshui sea breeze: (a), (b) simulated meridional wind (colored; in units 
of m s−1; 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−1), and along-plane vector at (a) 1113 LST in the CNTL run and 
(b) 1120 LST in the NDAT run. (c) Difference between (a) and (b) (CNTL minus NDAT). (d), (e) Simulated CAPE 
(colored; in units of J kg−1), equivalent potential temperature (black contours; in units of K), updraft (gray con-
tours, 0.5, 1 m s−1), 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.
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was increased from 800 to 3200 J kg−1 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 

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 

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.
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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 

Fig. A.  Horizontal cross sections of 35-m buoyancy (colored; in units of m s−2), 35-m rainwater mixing ratio (orange 
contoured; 1 g kg−1), 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. 
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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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