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Abstract

In this study, our objective is to identify the appropriate cold pool scales over Taiwan's
complex topography during predominant afternoon thunderstorms under a local-circulation
dominated weather regime in summer. We utilize semi-realistic TaiwanVVM simulations,
which cover the entire area of Taiwan, to investigate this phenomenon. Our findings reveal
that when buoyancy is defined using a conventional environmental scale (109 km), the cold
pool locations do not align with the precipitation areas, instead being concentrated mainly
along the mountain ridges. We hypothesize that this discrepancy arises from the
environmental scale at which cold pool buoyancy operates. To assess this, we conducted
systematic analyses and the results show that an optimal environmental scale of
approximately 7 to 11 km (about 3 times of the 75" and 90t percentile of the precipitation
object length) can be identified. The statistics of cold pool frequency better align with
precipitation hotspots, characterized by evaporative cooling over the plains and increased
water loading within the core of precipitation objects over the mountains. We demonstrate
that this method effectively captures the shift in cold pools associated with precipitation
responses in a warming climate in Taiwan. This work highlights the importance of using an
appropriate environmental scale when estimating buoyancy over complex topography.

Keywords cold pool; complex topography; buoyancy

1. Introduction
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Diurnal convection over tropical islands is well known for its significant contribution to

overall precipitation (Nesbitt and Zipser, 2003; Yang and Slingo, 2001). This convection is

typically thermally driven and produces intense, short-duration heavy rainfall (Romatschke

and Houze, 2011; X. Chen et al., 2015; Song and Zhang, 2020; Jian et al., 2021; P.-J. Chen

etal., 2021; Krishna et al., 2021). In Taiwan, particularly over its complex topography, diurnal

convection primarily occurs in the mountainous regions of southwest Taiwan, accounting for

up to 40% of summer diurnal rainfall under local circulation-dominant conditions (Chang et

al., 2023).

During convection development, the cold pool, driven by cold and dry downbursts from

the cooling effect of precipitation evaporation (Doswell, 2001; Benjamin, 1968; Von Karman,

1940; Keulegan, 1957; Kuenen, 1950; Byers and Braham, 1949; Webster and Lukas, 1992),

induces mechanical lifting for new convection initiation from the leading gust front (cold pool

edge) (Droegemeier and Wilhelmson, 1985; Thorpe et al., 1982). The cold pool also triggers

convection initiation from the surrounding cold pool under unstable atmospheric conditions

(Tompkins, 2001a, 2001b). Moreover, convection initiation is more likely induced by cold

pool collisions than by isolated cold pool lifting (Feng et al., 2015). Additionally, the collision

of cold pools generated by convection with the sea-breeze front triggers new convection in

the Taipei Basin (Kuo and Wu, 2019; Miao and Yang, 2020, 2022). This process

demonstrates how cold pool dynamics extend convection development and influence its

spatial distribution on tropical islands.
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There are three primary methods used to identify cold pools. The buoyancy method
involves the vertical integration of negative buoyancy derived from the density potential
temperature (6,,) anomaly (Schlemmer and Hohenegger, 2015; Tompkins, 2001a; Feng et
al., 2015). The radial derivatives method identifies the cold pool edge by locating the
steepest gradient of buoyancy (Drager and van den Heever, 2017). The radial gradient-
based method identifies the cold pool edge where strong and narrow convergence regions
exist near the surface (Fournier and Haerter, 2019; Henneberg et al., 2020).

The radial derivatives and radial gradient-based methods primarily identify the cold pool
edge without considering the cold pool structure. In the radial gradient-based method, the
surface convergence region calculated from near-surface wind is notably affected by steep
terrain. Conversely, the buoyancy method not only identifies the cold pool edge but also
characterizes the cold pool structure. This method can be used to explore the contribution
of cold pools to the buoyancy structure near convective regions, which is related to the non-
local effect in convection (Kuo and Neelin, 2022), particularly in diurnal convection over
complex topography in Taiwan.

In our study, we quantify cold pools based on cold pool intensity (m s') using the

buoyancy method (Tompkins, 2001a; Feng et al., 2015). The buoyancy B is given by:

_ 5(6,-9,)

Yo

B (Eqgn. 1)

6, =6(1+ 0.608q, — q,) (Eqn. 2)
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cold pool intensity = | —2 [ (Eqn. 3)

where B is the buoyancy (m s2), g is the acceleration due to gravity (m s2), 6 is the potential
temperature, g, is the mass mixing ratio of water vapor, and q; includes cloud condensate
water, rainwater, and ice. The 0, represents the reference state (Stevens, 2005, Yano et
al., 2004). The @, represents the 8, average under conventional environmental scale
(109km, the size of red box region in Fig.4a), which is used in previous studies (Feng et al.,
2015)

The cold pool intensity is determined by integrating B from the point where it first exceeds
-0.003 (m s2) (following Feng et al., 2015), which helps to estimate the cold pool depth (k)
above the land surface. Fig. 1 shows the cold pool intensity in plain and mountainous regions
from TaiwanVVM. However, the cold pool intensity is notably stronger and primarily
concentrated near mountain ridges around 500 meters high, while it is nearly 0 m s-' in the
plains. The appropriate cold pool intensity for a tropical island is approximately 4 m s
'(Drager & van den Heever, 2017; Zuidema et al., 2017).

In this study, we use the precipitation object length to determine the environmental scale,
based on the concept that cold pools primarily occur near precipitation regions generated
by convection. As the precipitation area increases, the area with cold pools also increases,
indicating that the environmental field that can contain the negative buoyancy of the cold
pool generated by convection also expands. Therefore, by using the precipitation area and

expanding outward by a certain proportion as the environmental field for the negative
5
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103  buoyancy of the cold pool, we can identify the signals of cold pools generated near the

104  convection. When the environmental scale is small, the resulting cold pools may be weak

105 and fragmented, whereas when the environmental scale is large, the buoyancy calculation

106  could be dominated by terrain surface heating/cooling or mountain-valley wind effects. In

107 this study, we will identify an appropriate environmental scale for cold pools driven by

108 convective precipitation over complex topography in Taiwan.

109 To investigate the relationship between cold pools and convection in complex terrain, we

110 will calculate the statistics of diurnal precipitation objects. Cold pools formed by

111  precipitation can trigger new convection, leading to convection merging process and

112  stronger rainfall. Thus, cold pools not only initiate new convection but also act as a bridge in

113 the process of convection merging, which is the primary scenario we studied. For large

114  convection scales, the situation becomes more complex; for example, the lower atmosphere,

115 influenced by heavy precipitation, becomes nearly saturated, and cold pools primarily form

116  within the core of convective precipitation. Such scenario is beyond the scope of this study.

117 This study is organized as follows. Section 2 provides the model description and initial

118 conditions of the TaiwanVVM ensemble member, and details of the ldentification of the

119  precipitation object length. Section 3 first presents the patterns of precipitation evolution in

120 Taiwan under a local-circulation dominated weather regime, then examines the behavior of

121  cold pool calculated from environmental scale structure and at last discuss the contribution

122 on cold pool over complex topography in Taiwan. Section 4 discusses cold pool hotspot
6
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changes under Pseudo-Global Warming (PGW) scenario (Chen et al., 2024). The summary

and conclusions are discussed in Section 5.

2. Data and Method

2.1 Model and experiment description

In this study, we use 30 cases of TaiwanVVM semi-realistic simulations as the member

ensemble representing both the current and PGW climate, following Chang et al. (2021) and

Chen et al. (2024). In the semi-realistic, the realistic aspect refers to the use of real

topography and land-type distributions to construct the boundary conditions in the model to

represent Taiwan island. Meanwhile, the semi aspect indicates that the atmospheric initial

conditions are based on the 00Z Bangiao sounding data, assuming a horizontally

homogeneous initial state which is typically used in Large-Eddy Simulations (LES). This

setup focuses on the development of local circulation and convection-driven precipitation

processes through surface boundary perturbations and differential heating caused by the

terrain and land surface. TaiwanVVM (Wu et al., 2019) predicts the three-dimensional

anelastic vorticity while the vertical velocity is diagnosed by solving a 3-D elliptic equation.

The model uses predicted particle properties microphysics scheme (P3, Morrison and

Milbrandt, 2015) and use the Rapid Radiative Transfer Model for GCMs (RRTMG; lacono

et al., 2008) as the radiative parameterization. To estimate the surface fluxes, the model

uses the flux—profile relationship of Deardorff (1972), and the eddy viscosity and diffusivity

coefficients depending on deformation and stability (Shutts and Gray,1994) as the first-order
7
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143  turbulence closure. TaiwanVVM includes realistic Taiwan orography (Wu and Arakawa,

144  2011) at 500m horizontal resolution and coupling Noah land surface model (Chen and

145  Dudhia, 2001; Chen et al., 1996) version 3.4.1 to capture the differential surface heating

146  over complex topography as the boundary conditions.

147 We adopted the definition of local-circulation dominated weather regime for the summer

148 months (May to September) from 2005 to 2015 and selected 30 sounding dates as

149 representative cases from Chang et al. (2021) as our TaiwanVVM simulation. The initial

150 thermodynamic soundings (Fig. 2) represent a conditionally unstable environment typical of

151 Taiwan’s summer, which is the only difference among the simulations. This setup is to

152  highlight the interactions between physical processes that control the development of local

153  circulation and convection, as well as to examine the sensitivity of these processes to key

154  environmental factors (Chen et al., 2024). The model setting of the whole cases we studied

155 isin Table 1. For the discussion on cold pool frequency change, the PGW scenario is also

156 considered.

157 2.2 Identification of the precipitation object length and environmental scale

158 The precipitation object length is determined by the precipitation object, which is

159  connecting the raining grid points (= 5 mm h™") (Fig. 3a) in a two-dimensional (x-y) manner,

160 following Tsai and Wu (2017). The precipitation object length (Fig. 3b) is calculated from the

161  square root of the precipitation object's size, which also represents the convective scale in

162  mountain region in Taiwan.
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g(0,—8,)

B= (Eqn.4)
9170

Next, eqn. (1) is modified from eqn. (4), where we 8, is 8,. Note that 6, is evaluated
for the environmental scale of 109 km (red box region in Fig.4a), but 8, is evaluated by
using environmental scales that will be derived later. The 8,, is the horizontal average of 6,
calculated for the square domain with the edge length of an environmental scale. For
example, the black box in Fig.3b which covers the precipitation object, is selected to
calculate the local environmental state for convection developing under complex topography.
In this study, we will evaluate the environment scale based on the precipitation object length.
In each ensemble member, the precipitation object length is calculated based on four
specific percentiles (251, 50t, 75, and 90t) (We will illustrate the meaning of choosing
these percentiles in section 3.1) for each time period, reflecting the evolution of precipitation
object length within the studied region. The selection of these percentiles aims to identify
the precipitation object lengths at each time period in Southwest Taiwan.

3. Results
3.1 Overall Results

To understand the spatial distribution of precipitation object over southern Taiwan, we
count the precipitation occurrence frequency where the rain rate is over 5 mm h-'. The result
shows that precipitation mainly occurs in the southwestern mountain hill (500-1500 m) and
high mountain (>1500 m) regions (Fig. 4a). Within this area, the highest precipitation

frequency is primarily found in the mountain hill region, with a frequency of about 10-15%,
9
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183 indicating a precipitation hotspot. Based on this result, the following study focuses on the
184  terrestrial region inside the red box in Fig. 4a. We hypothesize that the precipitation hotspots
185 are caused by sea-breeze inflow in the plain region (<500 m) and mountain winds from
186  surface heating or downbursts driven by convection in the high mountain region. To verify
187  this hypothesis, we analyze the mean precipitation evolution in three studied terrains: plains,
188  mountain hills, and high mountains.

189 To further understand when the precipitation mainly occurred, we analyze the
190 precipitation evolution in plain, mountain hill and high mountain regions. The result shows
191 that the time offset of the mean precipitation peak reflects the convection development in
192 these area (Fig. 4b). The earliest and most intense precipitation peak among the three areas
193  occurs in the high mountain region (2.1 mm h-') around 14 LST, and it decreases until 21
194  LST. In the plain region, the mean precipitation slightly increases by 0.1 mm h-' at 16 LST,
195 likely due to the convective system developing from the mountain hill region, where the
196 mean precipitation around 16 LST is still increasing.

197 In the plain region, precipitation before the diurnal peak at 15:30 LST, with a diurnal
198  amplitude of about 0.5 mm h-', which is much smaller than in other regions. In the mountain
199  hill region, the diurnal peak of mean precipitation is 1.9 mm h-' around 16 LST, which is
200 delayed by about 2 hours compared to the high mountain region and 0.5 hours compared
201 to the plain region. We infer that the additional forcing comes from mountain winds and

202  outflows from the high mountain region, as well as the sea-breeze inflow from the plain
10



Page 11 of 46 For Peer Review

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

region. After 16 LST, the mean precipitation in the mountain hill region was 0.25 mm h-' and
0.5-1.5 mm h-' greater than in the high mountain and plain regions, respectively. The mean
precipitation remains higher in the mountain hill region than in the other two regions until
night, with less surface heating from 17 to 21 LST. This highlights the persistence of
convection and the precipitation hotspot (Fig. 4a), which we infer is due not only to the
additional forcing from the high mountain and plain regions but also to the interactions of
local convection with cold pools and surface inflow over the complex topography,
maintaining the precipitation events in the mountain hill region.

From Fig. 4c, the result shows that the diurnal peak of largest 90t precipitation object
length is about 5.5 km, which reveals that the scale of the afternoon thunderstorm in Taiwan
is small. To identify the location of such precipitation objects, we label the most frequent
occurrence altitude among ensemble members using symbols: circles for below 500 m,
squares for 500-1500 m, and triangles for above 1500 m, respectively. The square on the
lines shows that the precipitation object, which the convection mainly occurs in mountain hill
region after 14 LST until night (21 LST). In 75" to 90" percentile, the diurnal peak is about
3.2 to 5.5 km, and the diurnal variation is larger (about 1.7 to 3.5 km) than in 25t and 50t
(smaller than 0.5 km), means that the object length in 75" and 90" percentile relatively
reflects the diurnal variation of convection. The analysis of precipitation object length reveals
that the scale of afternoon thunderstorms in Taiwan is generally small, even at the 90t

percentile. This suggests that, due to constraints imposed by the complex topography, the
11
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223 environmental scale of cold pools must be larger than the precipitation object but small
224  enough to avoid interference from the terrain. Therefore, we will design systematic analyses
225 based on the length scales obtained in this section as a guide to evaluate how to select an
226  appropriate environmental scale over complex terrain.

227 3.2 The analysis of environmental scale for cold pool

228 Based on the precipitation object analysis in Section 3.1, we will test the environmental
229 scale using the diurnally averaged 25", 50th, 75t and 90" percentiles of precipitation object
230 lengths, which are 0.88, 1.48, 2.42, and 3.67 km, respectively. By extending these spatial
231  scales outward by an additional factor of the object length on all sides, we select three times
232 the original scale, which is large enough to cover the precipitation objects, resulting in 2.66,
233 4.44,7.25, and 11.01 km, respectively. This approach will help determine the lower bound
234  of the environmental scale. Additionally, we extend the scale by incorporating larger
235 environmental scales—33 km, 66 km, 89 km and 100 km—to determine the upper bound,
236  which is constrained by the spatial scale of the terrain. This methodology allows us to
237 evaluate the environmental scale that can be applied to other tropical islands with complex
238 topography.

239 It is important to note that cold pool calculations will be excluded if the ratio of missing
240 grid points (e.g., due to terrain) to total grid points within the environmental scale domain
241  exceeds 0.5 for a specific land surface point (i.e., the black point in Fig. 3b).

242  To clearly illustrate the contrast in cold pool distribution at different scales, Fig. 5 presents
12
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results for four selected scales (2.66 km, 7.25 km, 33 km, and 89 km, respectively) and
focuses on the plain and mountain regions in one of the ensemble members. The
environmental scale is represented as a range, as the results between the 25" and 50t
percentiles are similar, while those between the 75" and 90" percentiles are also
comparable. For simplicity, these ranges are referred to as 24 km and 7-11 km,
respectively. Similarly, the results between 33 km and 60 km are comparable, as are those
between 89 km and 100 km. For simplicity, these ranges are referred to as 33—60 km and
89-100 km, respectively.

Figs. 5a and b show that with a small environmental scale (2—4 km), the cold pool
distribution shows weak signals surrounding the precipitation region in both plain and
mountainous areas. Even though the cold pool distribution exhibits a gust-front-like structure,
it is severely fragmented and appears as only a surface perturbation in the precipitation
region. This indicates that the scale is too small, capturing only grid-point scale negative
buoyancy signals and failing to show the cold pool structure driven by the local convective
system.

With a larger environmental scale of approximately 7-11 km, the cold pool structure
forms a well-defined ring structure with an appropriate cold pool intensity of approximately
4 m s in the plain region (Fig. 5c). In the mountain region (Fig. 5d), where the terrain is
divided, the cold pool structure from large convective systems cannot form a complete ring

structure. Currently, the main focus is on observing the cold pools generated by convection
13
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263  before the convective cells merge and grow, which subsequently trigger new convection and
264  aid in further process of convection merging. The identified environmental scale ranges in
265 7-11 km, and the calculated cold pool signals mainly reflect the precipitation objects that
266  contain a single stronger precipitation core. In precipitation objects larger than 20 km, even
267  when using an environmental scale of 7-11 km to calculate the cold pool, it reflects the cold
268 pool signals generated around the stronger precipitation cores within the precipitation
269  objects.

270 When the environmental scale increases to 33-60 km, the cold pool intensity becomes
271  excessively strong, and the structure starts to become vague and mismatches with the
272  precipitation region in the plain region (Fig. 5e). In the mountain region (Fig. 5f), although
273 some of the cold pool distribution concentrates in the precipitation region similar to Fig. 5d,
274 it follows the mountain ridge without aligning with the precipitation region. Furthermore, the
275  cold pools within strong precipitation areas are primarily distributed within larger precipitation
276  objects without extending outward. It is hypothesized that the likelihood of triggering new
277  convection is lower (since the surrounding environment is within smaller precipitation areas).
278 Additionally, at this environmental scale, larger-scale environmental signals such as
279  orographic cooling or valley winds may also be reflected in the cold pool signals. When the
280 environmental scale is near the conventional value (89-100 km) (Figs. 5g and h), the cold
281  pool intensity becomes weaker (<1 ms) in the plain region and excessively strong (>5 ms-

282 ') in the mountain region, which does not align with the precipitation patterns shows in Fig.
14
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To sum up, from the cold pool distribution under the environmental scale from 2—4 to

89-100 km, we selected environmental scale in the range of 7-11 km as the appropriate

environmental scale in southwest Taiwan.

To demonstrate that the cold pool distribution is reasonable based on the precipitation

within our selected scales, we calculate the cold pool frequency distribution across

ensemble members. From Fig. 6a, which is the cold pool calculated from the environmental

scale in 7-11 km, the result shows that cold pool mainly occurred at the near-mountain

region, where is the precipitation region. And in Fig. 6b, the cold pool frequency distribution

using 89—100 km environmental scale shows that the cold pool mainly occurs in the coastal

and high mountain regions, which is without obvious precipitation occurred. These high

frequency regions of cold pool are due to the larger environmental and terrain cooling

features and cause the bias. From the statistic of frequency, the cold pool calculated from

the environmental scale in 7-11 km relatively better reflects the precipitation region. In

addition, within the environmental scale of 7-11 km, the cold pool distribution not only

concentrates near the mountainous region (500 m-1500 m altitude), which is close to the

high-precipitation area shown in Fig. 4a, but also exhibits a clear line structure extending

from the coastline to the inland. We infer that the cold pool signal results from different

contributions to the negative buoyancy near the surface. We will further discuss the

buoyancy contribution in the next subsection.
15



For Peer Review Page 16 of 46

303 3.3 Contribution for the negative buoyancy in cold pool

304 The cold pool intensity in this study is calculated based on buoyancy, which is the
305 density potential temperature (6,,) anomaly (Eqn.4). There are three terms contributing to 6,
306 (Eqn.2): potential temperature, water vapor, and liquid water loading (i.e., cloud, ice, and
307 rainwater). To analyze the contribution from these three terms individually, we follow the
308 linearized buoyancy equation in Wilhelmson and Ogura (1972), and Grabowski and
309 Morrison (2021) below:

310 B= g(% + 0.608q', — q; ) (Egn. 5), where

311 6=6-0, q,=q,— qy, the tilde term (~) is the spatial averaged with the environmental
312 scale domain. The 6, represents the reference state (Stevens, 2005, Yano et al., 2004).
313  From the linearized buoyancy equation, it shows the negative buoyancy contribution in cold
314  pools comes from negative potential temperature anomaly (e%), reduced water vapor (0.608
315 q,,), and increased liquid water loading (-q;). The negative potential temperature anomaly is
316  mainly from the evaporative cooling (roughly 2 order larger than radiative cooling in our study)
317 near the precipitation region under the environmental scale in 7-11 km. We use evaporative
318 cooling to refer to the effect caused by the negative potential temperature anomaly.

319 In Fig. 7, we calculate the cold pool contributions from these three terms for environmental
320 scale of 7.25 km. To discuss the spatial distribution of precipitation regions and the

321 contributions from the three terms to the cold pool and precipitation, we use three

322  precipitation thresholds to represent the regions with precipitation intensity above light
16
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342

rainfall (5 mm h-1, red solid contour), moderate rainfall (15 mm h-', red dashed contour), and
heavy rainfall (50 mm h-', green contour). The contribution to cold pool intensity from
evaporative cooling (Figs.7a and b) are roughly similar to those from increased liquid water
loading (Figs.7c and d), while the contribution from reduced water vapor (Figs.7e and f) is
the smallest among the three; however, they have different spatial distribution over plain
and mountain regions. Fig.7a shows that in the plain region, the cold pool contribution from
evaporative cooling is mainly distributed around the regions above moderate rainfall
intensity, while the cold pool intensity over the regions above light rainfall is relatively less
pronounced. Fig. 7b shows that, in the mountainous region (X = 3-5 km), the cold pool
caused by evaporative cooling is also primarily distributed around the moderate precipitation
region. However, the cold pool intensity resulting from evaporative cooling in the
mountainous region is weaker than that in the plain regions. A possible reason for this is the
higher temperature in plains compared to mountains, which results in a higher saturation
vapor pressure over plains. Consequently, the amount of water vapor available for
evaporation is greater in plains than in mountainous areas. As a result, evaporative cooling
is more effective in plains, leading to the formation of stronger cold pools compared to those
in mountainous regions. Fig.7c shows that the cold pool caused by increased liquid water
loading is primarily distributed within the center of the region above moderate rainfall
intensity. In Fig.7d, in the vicinity of the mountain hill region, the cold pool caused by

increased liquid water loading distribute within both the moderate precipitation region (X =
17
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343  3-5 km) and the heavy precipitation regions within the mountain hill area (X = 18-20 km, Y
344 =8-15km, and X =15 km, Y = 22 km). In Figs.7e and 7f, the distribution of the cold pool
345 contribution from water vapor does not exhibit clear relationship with the precipitation
346 regions either in the plain or mountainous areas, and its overall intensity remains relatively
347 weak (<1 m s™). These results indicate that the cold pool associated with precipitation over
348 Taiwan's plains and mountainous regions is primarily driven by evaporative cooling and
349 increased liquid water loading.

350 To demonstrate the statistics of the cold pool from the three terms (evaporative cooling,
351 liquid water loading, and water vapor) in Southwestern Taiwan across all ensemble
352 members, we define the cold pool intensity greater than or equal to 1 m s™! as cold pool
353 occurred. In Fig.8a, the result shows that the cold pool caused by evaporative cooling is
354  mainly distributed in the mountain hill region and the plains near the mountain hill region.
355 This may be due to the cold pool generated by evaporative cooling from convective
356 precipitation, triggered when the sea breeze advances toward the mountain hill region in our
357 simulation. The broader distribution of the cold pool in this area might be related to the
358 widespread occurrence of convection in the plains near the mountainous region.

359 Next, the cold pool from the increased liquid water loading shows that the cold pool
360 caused by increased liquid water loading is primarily distributed in the mountain hill and high
361 mountain regions (Fig.8b). This distribution is associated with intense precipitation occurring

362 in these mountainous areas. However, due to the smaller spatial extent of intense
18



Page 19 of 46 For Peer Review

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

precipitation, the frequency and spatial coverage of this cold pool are relatively smaller and

less frequent compared to those caused by evaporative cooling.

Finally, the cold pool contributed from reduced water vapor is mainly distributed over

the coastal plains (Fig.8c). And it roughly shows a distinct north-south boundary with the

cold pool contributed from evaporative cooling (Fig.8a). The cold pool contributed from

reduced water vapor may be due to local subsidence, in addition to the sea-breeze inflow,

forming Horizontal Convective Rolls (HCR) (Dailey and Fovell, 1999) before the convective

precipitation initiated from sea-breeze front and surface heating. This local subsidence

brings relatively dry air with less water vapor, contributing to negative buoyancy in this region.

While the cold pool contributions from water vapor induce some convection in the plain

region, the intensity and occurrence are too small to be significant in our study.

Based on the results from different environmental scales and cold pool contributions,

it is shown that the 7-11 km environmental scale can accurately reflect the cold pool

distribution over Taiwan's complex topography. In Section 3.4, we evaluate the cold pool

structure over this complex terrain by examining the evolution of the cold pool and

convection in a cross-sectional view of the mountainous region.

3.4 The evolution of cold pool and the convection interaction in mountain region

To demonstrate the evolution and interaction between the cold pool and convection

over Taiwan's complex topography, we evaluate the cold pool's development and its

interaction with convection and near-surface inflow in the mountainous region. As indicated
19
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383 by the cold pool evolution over a time interval from 14:40 to 15:00 LST (Figs. 9a to c), the
384 cold pool and convection together induce lower boundary updrafts in less than 10 minutes,
385 with the cold pool providing more convection triggering than the terrain. Additionally, the
386 evolution shows that these updrafts (seen as new convection initiations) generate new cold
387 pool signals, which can then induce updrafts in other locations.

388 We use vertical cross-section diagrams to illustrate the interactions among cold pools,
389 convection, inflows, and terrain. These processes occur on a short convective timescale,
390 with significant changes happening within approximately 20 minutes. In Fig. 9d (14:40), at
391 around 10 km, the inflow collides with the leading edge of the cold pool near the mountain
392 slope from the previous time step, triggering an updraft. This process exemplifies how the
393 cold pool edge leads to new convection. Simultaneously, at around 18 km, a downburst
394 generated by precipitation interacts with the outflow from the convection at 10 km. Ten
395 minutes later (14:50, see Fig. 9e), convection and precipitation occur at around 15 km,
396 accompanied by a negative 6, signal at a height of 1-1.5 km, indicating cooling of about
397 0.1-0.3 K. This process maintains the cold pool's presence below (X=12—15 km).

398 From 14:50 to 15:00, precipitation shifts to steeper terrain at horizontal positions of 15—
399 17 km. The accompanying cold pool accumulates along the mountain slope, inducing
400 localized updrafts at 15 km and cold pool heights between 1.5 and more than 2 km, with
401 vertical velocities reaching approximately 1 m s-'. These results demonstrate that the cold

402 pools defined in this study over complex terrain exhibit preliminary evidence of interactions
20
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419
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422

among inflows, convection, cold pools, and terrain on small horizontal scales (approximately

5 km) and short timescales (10—20 minutes). This provides a foundation for future research

on the physical processes of convection and cold pools in complex terrain.

4. Implication of cold pool hotspot changes under global warming

From the previous analysis, we identified an appropriate environmental scale (7—11 km)

for the cold pool calculation over Taiwan's complex terrain. To highlight the advantages of

our cold pool definition compared to the conventional scale (89—100 km), we used the cold

pool defined by these two scales to analyze the afternoon thunderstorm simulations in

TaiwanVVM. We then compared the changes in cold pool distribution between the current

and PGW scenarios.

Based on Chen et al. (2024), where 30 ensemble members are simulated under local-

circulation-dominated weather patterns during summer, the PGW scenario assumes an

increase of 3 K in the entire atmospheric temperature (while maintaining the same relative

humidity) compared to the current climate. In the current climate scenario, the precipitation

hotspot is primarily concentrated in the mountainous region, as discussed in Section 3.1.

Under the PGW scenario, the precipitation hotspot expands to the plains (Fig. 10a). The

transition from the current climate to the PGW scenario shows the precipitation hotspot

shifting from the mountainous region (Fig. 4a) to plain area near the mountains (Fig. 10b),

with a frequency increase of up to 9%.
21
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423 Under the PGW scenario, the cold pool calculated using the 7-11 km environmental scale

424  shows a frequency distribution pattern (Fig. 10c) similar to that of the current climate (Fig.

425 6a). The difference in cold pool frequency between the current and PGW scenarios (Fig.

426 10d) shows an overall increase in frequency, with a greater concentration over the plain

427  areas near the mountains compared to the mountainous regions. The cold pool frequency

428 increases by approximately 9% in the corresponding regions. However, when the

429 conventional environmental scale is used, the pattern of cold pool frequency distribution

430 becomes less distinct (Fig. 10e), with differences of up to 20%, primarily reflecting cold pools

431 driven by land, sea, and mountain-scale forcing (Fig. 10f). This preliminary diagnosis opens

432 up future applications for studying convection—cold pool interactions over complex

433  topography, which could contribute to longer and stronger convective lifetimes and

434 intensities, as discussed in Chen et al., 2024.

435 5. Summary and Conclusions

436 This study investigates the identification of appropriate cold pool scales over Taiwan's

437  complex topography, particularly during prevalent afternoon thunderstorms under a local-

438 circulation dominated weather regime in summer. Using semi-realistic TaiwanVVM

439 simulations covering the entire Taiwan, we identify the appropriate environmental scale for

440 calculating cold pools. We hypothesize that the environmental scale should be large enough

441  to cover the precipitation object while remaining small enough to avoid interference from

442  land, sea, and mountain distributions. Our analysis identifies an optimal environmental scale
22
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462

of approximately 7-11 km, corresponding to three times the precipitation object length

between the 75th and 90th percentiles. This newly identified environmental scale better

captures the cold pool frequency distribution in relation to precipitation hotspots, with cold

pools characterized by evaporative cooling over plain area near the mountains and

increased water loading over mountainous areas. We also demonstrate that cold pool

interactions associated with topography can be clearly identified using this definition.

In conclusion, this study provides a new insight into identify the cold pool over complex

topography in Taiwan through the environmental scale about 7-11 km based on the

relationship with the precipitation object of afternoon thunderstorm. The selection of such an

environmental scale for other tropical islands can follow our approach by first identifying the

dominant precipitation object scale, then systematically increasing it to the conventional

environmental scale to determine the optimal scale which further studies of cold pool related

processes.
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List of Figures

Fig. 1 The cold pool intensity (blue shading, m s™) is calculated using the conventional
environmental scale (109km, red box in Fig. 4), shown alongside the precipitation region
(red contour, 5 mm h™") and near-surface wind (purple vectors) in the (a) plain and (b)
mountainous regions. The terrain is represented by grey shading.

Fig. 2 The initial profiles of equivalent potential temperature and saturated equivalent
potential temperature for the current and PGW scenarios. Solid lines represent the current
scenario, and dashed lines represent the PGW scenario. Red lines indicate equivalent
potential temperature, and green lines indicate saturated equivalent potential temperature.
Thick lines represent the mean initial soundings, while thin lines represent 30 initial
soundings. In Current and the PGW scenario, the mean lifting condensation level (LCL)
are both 960hPa, level of free convection (LFC) are 820 and 840hPa. The convective
inhibition (CIN) are 55 and 45 Jkg!, and the convective available potential energy (CAPE)
are 1600 and 3200 Jkg, respectively.

Fig. 3 Schematic diagram of the precipitation object length. (a) shows a color-shaded
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607
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snapshot of the precipitation rate in the mountainous region for one ensemble member
during the afternoon, while (b) shows the corresponding snapshot of the precipitation
object length at the same time. The grey shading represents the terrain, with black
contours indicating altitudes of 0, 500, and 1500 meters. The edge length of the black box
represents the environmental scale (approximately 10 km), based on three times the 75t
and 90" percentile of the precipitation object length at the same time and for the same
ensemble member. The value of 8, is the horizontally averaged potential temperature

within the black box region, centered at the black point.

611 Fig. 4 (a) The frequency (%) of precipitation exceeding 5 mm h™" (shaded), based on

612

613

614

615

616

617

618

619

620

621

622

statistics from 14 to 21 LST across 30 ensemble members. Black contours represent
altitudes of 0, 500, and 1500 meters. The red box highlights the study region with relatively
high precipitation frequency. (b) The precipitation evolution in three sea-level height
regions (below 500 m, 500-1500 m, and above 1500 m) within the red box from (a). The
line represents the mean, and the shaded area indicates one standard deviation of
precipitation across 30 ensemble members. (c) The evolution of precipitation object length
over four percentiles (25", 50, 75, 90t) per time period for each ensemble member.
The line represents the mean, and the shaded area indicates one standard deviation of
precipitation object length across 30 ensemble members. The markers indicate different
sea-level height regions where the mode of precipitation object centers falls within the four

percentiles across all 30 ensemble members. Dots represent areas below 500 m (plain),
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623 squares correspond to regions between 500 and 1500 m (mountain hill region), and

624 triangles denote areas above 1500 m (high-mountain region).

625 Fig. 5 The precipitation at rates of 5, 15, and 50 mm h™" (red solid, red dashed, and green

626 solid contours, respectively) and cold pool intensity (blue shading, unit: m s™) calculated
627 using different environmental scales in the plain (a, c, e, g) and mountainous (b, d, f, h)
628 regions for one ensemble member. Grey shading represents sea-level height (in meters).

629 Fig. 6 The occurrence frequency map of cold pools under the appropriate environmental

630 scale of (a) 7-11 km and (b) 89—100 km during 14-21 LST. Frequency is defined by the

631 number of occurrences where cold pool intensity is =2 1 m s™'. Contours represent altitudes

632 of 0, 500, and 1500 meters.

633 Fig. 7 The negative buoyancy contribution to the cold pool, under the appropriate

634 environmental scale (7—11 km, represented here by a scale of 7.25 km), is shown in Figs.
635 5c and 5d for the plain (a, ¢, e) and mountainous (b, d, f) regions. Panels (a, b), (c, d), and
636 (e, f) correspond to the contributions from evaporative cooling, increased liquid water
637 content loading, and reduced water vapor effects, respectively. Precipitation rates of 5,
638 15, and 50 mm h™" are shown with red solid, red dashed, and green solid contours,
639 respectively, while cold pool intensity is shown in blue shading (unit: m s™). Grey shading
640 represents altitude (in meters).

641 Fig. 8 The occurrence frequency map of cold pools driven by negative buoyancy

642 contributions from (a) evaporative cooling, (b) increased liquid water loading, and (c)
32
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643 reduced water vapor under the appropriate environmental scale (7—11 km) during 14-21
644 LST. Frequency is defined by the number of occurrences where cold pool intensity is = 1
645 m s~'. Contours represent altitudes of 0, 500, and 1500 meters, respectively.

646 Fig. 9 The evolution of the horizontal (a—c) and vertical cross-section (d—f) from 14:40 to

647 15:00 LST with the cold pool calculated using the 7-11 km environmental scale. In the
648 upper panel (a—c), grey shading represents sea-level height (m), blue shading shows cold
649 pool intensity (m s7"), and the red contour marks the updraft region where vertical velocity
650 is 1 ms™ at a 1 km height. In the lower panel (d—f), the vertical cross-section follows the
651 black dashed line in (a—c), oriented from Northwest to Southeast. In the upper portion of
652 (d—f), green bars represent terrain height (km), blue line indicates cold pool height (km),

653 purple shading denotes the negative 6',, which is (6, —0,) (K). Black contour

654 represents where the combined cloud water and ice water mixing ratio higher than 0.01 g
655 kg™, and bright shading highlights rainwater regions where the mixing ratio exceeds 0.5
656 g kg™'. Purple vectors represent the horizontal wind anomaly, calculated by subtracting
657 the horizontal wind at X = 0 km (sea-breeze inflow) from the original wind field, and are
658 projected along the dashed line. These vectors are combined with vertical wind (m s™),
659 while red vectors highlight vertical winds exceeding 1 m s™. The red contour represents
660 a region where the updraft velocity is higher than 3 m s™. In the lower portion, blue bars
661 depict cold pool intensity (m s7), and the green line represents precipitation rate (mm h™).

662  Fig. 10 The occurrence frequency map from 14:00 to 21:00 LST for precipitation (a, b) and
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cold pools under environmental scales of 7-11 km (c, d) and 89—100 km (e, f) in the PGW
scenario, along with the difference between the two scenarios (PGW - current). Frequency
is defined by the number of occurrences where cold pool intensity is 2 1 m s™. Black

contours represent altitudes at 0, 500, and 1500 meters, respectively.
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Fig. 1 The cold pool intensity (blue shading, m s™) is calculated using the conventional
environmental scale (109km, red box in Fig. 4), shown alongside the precipitation region
(red contour, 5 mm h™") and near-surface wind (purple vectors) in the (a) plain and (b)

mountainous regions. The terrain is represented by grey shading.
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Initial Conditions of the Current and PGW Ensemble Members
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Fig. 2 The initial profiles of equivalent potential temperature and saturated equivalent

potential temperature for the current and PGW scenarios. Solid lines represent the current

scenario, and dashed lines represent the PGW scenario. Red lines indicate equivalent

potential temperature, and green lines indicate saturated equivalent potential temperature.

Thick lines represent the mean initial soundings, while thin lines represent 30 initial

soundings. In Current and the PGW scenario, the mean lifting condensation level (LCL)

are both 960 hPa, level of free convection (LFC) are 820 and 840 hPa. The convective

inhibition (CIN) are 55 and 45 Jkg', and the convective available potential energy (CAPE)

are 1600 and 3200 Jkg™, respectively.
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690 Fig. 3 Schematic diagram of the precipitation object length. (a) shows a color-shaded

691 snapshot of the precipitation rate in the mountainous region for one ensemble member
692 during the afternoon, while (b) shows the corresponding snapshot of the precipitation
693 object length at the same time. The grey shading represents the terrain, with black

694 contours indicating altitudes of 0, 500, and 1500 meters. The edge length of the black box

695 represents the environmental scale (approximately 10 km), based on three times the 75"
696 and 90" percentile of the precipitation object length at the same time and for the same
697 ensemble member. The value of 8, is the horizontally averaged potential temperature
698 within the black box region, centered at the black point.

699
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Fig. 4 (a) The frequency (%) of precipitation exceeding 5 mm h™ (shaded), based on

statistics from 14 to 21 LST across 30 ensemble members. Black contours represent
altitudes of 0, 500, and 1500 meters. The red box highlights the study region with relatively
high precipitation frequency. (b) The precipitation evolution in three sea-level height
regions (below 500 m, 500-1500 m, and above 1500 m) within the red box from (a). The
line represents the mean, and the shaded area indicates one standard deviation of
precipitation across 30 ensemble members. (c) The evolution of precipitation object length
over four percentiles (25", 50t, 75, 90t) per time period for each ensemble member.
The line represents the mean, and the shaded area indicates one standard deviation of
precipitation object length across 30 ensemble members. The markers indicate different
sea-level height regions where the mode of precipitation object centers falls within the four
percentiles across all 30 ensemble members. Dots represent areas below 500 m (plain),

squares correspond to regions between 500 and 1500 m (mountain hill region), and
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714 triangles denote areas above 1500 m (high-mountain region).

715
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717  Fig. 5 The precipitation at rates of 5, 15, and 50 mm h™" (red solid, red dashed, and green

718 solid contours, respectively) and cold pool intensity (blue shading, unit: m s™) calculated
719 using different environmental scales in the plain (a, c, e, g) and mountainous (b, d, f, h)
720 regions for one ensemble member. Grey shading represents sea-level height (in meters).
721
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722

723  Fig. 6 The occurrence frequency map of cold pools under the appropriate environmental
724 scale of (a) 7-11 km and (b) 89—100 km during 14—21 LST. Frequency is defined by the
725 number of occurrences where cold pool intensity is 21 m s™'. Contours represent altitudes
726 of 0, 500, and 1500 meters.

727

728
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730 Fig. 7 The negative buoyancy contribution to the cold pool, under the appropriate

731 environmental scale (7—11 km, represented here by a scale of 7.25 km), is shown in Figs.
732 5c and 5d for the plain (a, ¢, €) and mountainous (b, d, f) regions. Panels (a, b), (c, d), and
733 (e, f) correspond to the contributions from evaporative cooling, increased liquid water
734 content loading, and reduced water vapor effects, respectively. Precipitation rates of 5,
735 15, and 50 mm h™" are shown with red solid, red dashed, and green solid contours,
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736 respectively, while cold pool intensity is shown in blue shading (unit: m s™). Grey shading
737 represents altitude (in meters).
738
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741 Fig. 8 The occurrence frequency map of cold pools driven by negative buoyancy
742 contributions from (a) evaporative cooling, (b) increased liquid water loading, and (c)
743 reduced water vapor under the appropriate environmental scale (7—11 km) during 14-21
744 LST. Frequency is defined by the number of occurrences where cold pool intensity is = 1
745 m s~'. Contours represent altitudes of 0, 500, and 1500 meters, respectively.
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754
755
756
757
758
759

760

761

762

763 Fig. 9 The evolution of the horizontal (a—c) and vertical cross-section (d—f) from 14:40 to
764 15:00 LST with the cold pool calculated using the 7—11 km environmental scale. In the
765 upper panel (a—c), grey shading represents sea-level height (m), blue shading shows
766 cold pool intensity (m s™), and the red contour marks the updraft region where vertical
767 velocity is 1 m s™ at a 1 km height. In the lower panel (d—f), the vertical cross-section
768 follows the black dashed line in (a—c), oriented from Northwest to Southeast. In the

769 upper portion of (d—f), green bars represent terrain height (km), blue line indicates cold
770 pool height (km), purple shading denotes the negative 6',, whichis (6, —8,) (K). Black
771 contour represents where the combined cloud water and ice water mixing ratio higher

772 than 0.01 g kg™, and bright shading highlights rainwater regions where the mixing ratio

773 exceeds 0.5 g kg™. Purple vectors represent the horizontal wind anomaly, calculated by
774 subtracting the horizontal wind at X = 0 km (sea-breeze inflow) from the original wind
775 field, and are projected along the dashed line. These vectors are combined with vertical
776 wind (m s™), while red vectors highlight vertical winds exceeding 1 m s™. The red

777 contour represents a region where the updraft velocity is higher than 3 m s™. In the

778 lower portion, blue bars depict cold pool intensity (m s™'), and the green line represents
779 precipitation rate (mm h™).
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781  Fig. 10 The occurrence frequency map from 14:00 to 21:00 LST for precipitation (a, b) and
782 cold pools under environmental scales of 7-11 km (c, d) and 89—-100 km (e, f) in the

783 PGW scenario, along with the difference between the two scenarios (PGW - current).
784 Frequency is defined by the number of occurrences where cold pool intensity is =1 m
785 s~'. Black contours represent altitudes at 0, 500, and 1500 meters, respectively.
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792 List of Tables

793

794  Table 1 Configuration of the TaiwanVVM for semi-realistic simulations under current and
795 Pseudo Global Warming (PGW) scenarios.

796

797

798 Table 1 Configuration of the TaiwanVVM for semi-realistic simulations under current and

799 Pseudo Global Warming (PGW) scenarios.

50 Domain size 512 km * 512 km * 19260 m
801 (grid points) 1024 * 1024 * 70 grids
802 Horizontal resolution 500 m
Vertical resolution 100 m (< 3900 m)
803 Stretch up to 955 m (3900 m ~ model
top)
Time step 10 secs
Simulation duration 24 h (00:00 ~ 24:00)
Lateral boundary condition Double periodic
Output frequency 10 mins
PGW scenario Temperature + 3K

Keeps the same Relative Humidity
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