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Abstract13

In the recent period between 2014 and 2017, five hail events have been reported in Surabaya14

of which four of them occurred in the urban area. The increasing number of high build-15

ings is the proof of Surabaya government to deal with the urbanization challenge. Al-16

though deep convective clouds commonly develop, hailstorm development requires spe-17

cific conditions. This lead to the question: Is the urbanization the culprit of the recent18

hail events in Surabaya? An investigation of the 7th March 2017 hail event has been con-19

ducted using the high-resolution Weather Research and Forecasting (WRF) model to an-20

swer this question. The study does not only address the effect of urbanization, but also21

the impact of sea surface temperature and aerosol load to the thunderstorm’s dynamic22

and physics are examined. The combination of Morrison-2 and single-layer urban canopy23

model was selected as a reference simulation due to the good correspondence of the storm24

cloud initiation and movement as well as the rain pattern over the city. The low-level25

convergence creates an instability, while the urban-heat release provides more energy to26

induce hail formation and retain the thunderstorm’s lifetime in the city. The factors con-27

tribution to the thunderstorm intensity in analyzed using factor separation method. Both28

urbanization and SST increase contribute to the enhanced thunderstorm in the city which29

produces three times stronger updraft, two times more of maximum graupel mass mix-30

ing ratio, and finally results 15-30% more accumulated precipitation in the Surabaya ur-31

ban area.32

1 Introduction33

Deep convective clouds in the maritime tropical area (i.e Indonesia) commonly de-34

velop [Zipser et al., 2006], yet hailstorms are exceptional due to the very specific con-35

dition of formation and subsequent development [Chevuturi et al., 2014]. For hail for-36

mation, strong vertical wind shear with sufficient moisture load flow is needed [Orville37

and Kopp, 1977; Chevuturi et al., 2014]. Multiple updrafts and downdrafts are also re-38

quired to produce a hailstone through continuous deposition and shedding of ice parti-39

cles within thunderstorm developments [Chatterjee et al., 2008]. Nonetheless, in the pe-40

riod of 2014 - 2017 five hail events have been reported in Surabaya [Ary , 2017], Indone-41

sia.42

Since these hail events are quite new for Surabaya, the dynamics and physics of the43

thunderstorms are not well understood yet. This leads to the unpreparedness of early44
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warning system and mitigation towards the impacts. As a result, the most recent hail45

event accompanied by strong wind gust are severe treats for the society. The storm caused46

damage to public building structures and some vehicles, heavy traffic jam, and falling47

trees caused some casualty [Eusabio, 2017]. Furthermore, instead of forecasting the hail-48

storm, the weather warning is disseminated by ‘nowcasting’ [Adams-Selin and Ziegler ,49

2016] because only weather radar can detect this event. Yet, the weather radar does not50

provide a full understanding of the thunderstorm’s physics and dynamic as well as the51

cause of the thunderstorm intensity increase. Therefore, this study utilizes a numerical52

weather prediction technique to bridge this gap knowledge.53
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Figure 1. The location where hail event reported in Surabaya as well as the study area of

this current study in Indonesia big map; Blue and green marks indicate the area where hail event

reported as its sequence of occurrence and the location of Automatic Weather Station, respec-

tively. The open black rectangle displays the defined urban sector with upwind (downwind) area

indicated by U(D) alphabet.
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Nevertheless, forecasting thunderstorm is still a challenging task in the field of nu-59

merical weather prediction (NWP)[Halder et al., 2015]. The interaction of convection60

and microphysics in the convective cloud development has been proven as the main fac-61

tor in the success or failure of NWP [Stensrud et al., 2015]. Moreover, latent heating in62

cloud microphysics because of condensation, freezing, and deposition plays an important63

role in the development of convective systems [Hazra et al., 2013]. Due to the great con-64

tribution of cloud microphysics to convective cloud modelling, the sensitivity of cloud65
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microphysics scheme during hail event simulation should be accounted for. Thus, to the66

author’s knowledge, this is the first study that investigates vigorous thunderstorm dur-67

ing hail event related to cloud microphysics using the high-resolution model in Indone-68

sia.69

Furthermore, urbanization is expected to continue in the next decades including70

Surabaya as the second largest city in Indonesia [Tjiptoherijanto, 1999]. The change of71

land use land cover (LULC)[Sobirin and Fatimah, 2015] and the rapid growth of high72

buildings and/or apartments [Salanto, 2015] are proofs of Surabaya government’s attempt73

to meet housing needs in the city [Pemerintah Walikota Surabaya, 2014]. The fact that74

most of the hail events reported in Surabaya urban area (Figure 1) [Ary , 2017] deduce75

a hypothesis that the presence of urban area induce the vigorous thunderstorm. Some76

studies also found that three mechanisms associated to urban aspects; (i) urban heat is-77

land (UHI)[Lin et al., 2011], (ii) the roughness effect of urban surface [Li et al., 2013],78

and (iii) urban aerosol effects [Yang et al., 2017], can trigger stronger convective cloud79

formation [Han et al., 2012], increase precipitation rate over and downwind of the ur-80

ban area [Gunst , 2016], and modify the regional precipitation pattern [Li et al., 2013].81

In addition, the increasing frictional drag in the rougher terrain of the urban surface can82

enhance the flow convergence in the city [Bornstein and Lin, 2000]. The accumulating83

urban aerosol which functioned as cloud condensation nuclei (CCN) also can intensify84

the condensation process in cloud microphysics during cloud development [Yang et al.,85

2017]. Moreover, the increasing sea surface temperature (SST) in Madura Strait is sus-86

pected to contribute to the thunderstorm, since most of the cloud development originates87

there [Sari , 2014]. Therefore, the impacts of urbanization and SST increase on the hail88

event need to be understood and this study will investigate urban-induced hail event in89

Indonesia, particularly Surabaya. With these considerations, the purposes of this study90

are listed: (i) to evaluate the skill and the sensitivity of cloud microphysics and urban91

canopy scheme’s combination of the high-resolution model to simulate hail event, (ii) to92

study in detail the thunderstorm’s dynamics and physics during hail event simulation93

using the most appropriate combination of cloud microphysics and urban schemes, and94

(iii) to understand the impact of urbanization and SST increase towards the thunder-95

storm intensity.96

This study is organized as follows: section 2 describes a brief overview of the se-97

lected case study, section 3 depicts model configuration and experimental design, sec-98
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tion 4 shows the results of model performance and baseline run selection, section 5 presents99

the detail investigation of thunderstorm’s dynamic and physic of selected case study us-100

ing the baseline run, section 6 delivers analysis of the influence of urbanization and SST101

factors to the intensity of thunderstorm over Surabaya urban area. Lastly, conclusions102

are drawn in Section 7.103

2 Case description104

This study performs a real case simulation of the 7th March 2017 hail event in Surabaya.111

The vigorous thunderstorm was reported hit Surabaya urban area at 15.50 LST (Local112

Standard Time = UTC+7) [Hermawan, 2017]. In the meantime, the westerly monsoon113

was active in Indonesia, carrying moist mass air from the Indian Ocean, including Surabaya.114

Yet, the storm was observed by the Doppler Weather Radar (DWR) had opposite di-115

rection to this main synoptic wind flow (Figure 2a). This indicates that the local scale116

of sea breeze occurrence (Figure 2b) dominating the storm development and movement117

as the typical convective cloud growth over this area [Sari , 2014]. The vigorous thun-
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Figure 2. a.The first occurrence of modelled storm cloud echoes on column-maximum reflec-

tivity on 7th March 2017 at 14.20 LST. Blue (green) dots indicates the observed hail occurrence

(Juanda Meteorological Station (JMS)) location; b.The modelled cross-section of zonal-vertical

flow at 10-meter (u-w; vector) and potential temperature (θ; contour) at 30 minutes before the

cloud storm development indicating sea breeze occurrence in the surface (at 13.50 LST). The

x-axis corresponds to a red horizontal line in Figure 2a.
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derstorm development is quite fast. The first cloud echo swiftly appeared on the JMS119
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DWR screen at 14.41 LST in the eastern part of Surabaya coastal area with core reflec-120

tivity of 55 dBz. About 40-minutes after its initiation, this cloud headed to a southwest121

part of the Surabaya urban area. It reaches its highest reflectivity of 65 dBz while pass-122

ing the urban area from 15.41 to 16.01 LST and should be responsible for the hail event123

occurrence. However, an early morning sounding (07.00 LST) taken at JMS observatory124

showed a stable layer from 925 hPa level (not shown). The Convective Available Poten-125

tial Energy (CAPE) was only 763 J/kg, indicating atmosphere marginally unstable. Yet,126

it has not been categorized has a high possibility to develop vigorous thunderstorm in127

Surabaya according to Taruna’s study about the possibility of cumulonimbus cloud and128

thunderstorm development using Radiosonde in Surabaya [Taruna et al., 2016]. A se-129

vere cumulonimbus producing hail in Surabaya occurred when CAPE is about 901 - 1669130

J/kg in the morning (before the hail event occurrence)[Tresnawati , 2016]. Whilst, the131

night sounding of 7th March 2017 showed an unstable layer from 900 to 750 hPa, indi-132

cating that the middle layer atmosphere was still unstable as the remaining of the storm133

presence. Unfortunately, there were no soundings in between, revealing an incomplete134

investigation of the storm development. Therefore, due to the greatest impacts yet the135

lack information of the hail formation during this typical thunderstorm, suggesting the136

7th March 2017 hail event is suitable to conduct in this study.137

3 Methodology138

3.1 Model configuration and data139

The Advanced Weather Research and Forecasting (WRF-ARW) model version 3.7.1142

is employed to reach the study aim. WRF is a non-hydrostatic model combined with ARW143

dynamics solver which comprise physics schemes, numeric/dynamics options, and some144

packages that allow the users to modify these options as their preferences [Skamarock145

et al., 2005]. In this study, all simulations used three nested domains of 25 km, 5 km,146

and 1 km horizontal resolutions. The number of grid points are 51 x 51 for each domain147

with the JMS location set as the centre of the domains (Figure 3a and Table 1). The high-148

est resolution of 1-km spatial and 10-minutes temporal of the innermost domain follow149

previous studies which succeed carry out the hail event simulation within this range [Che-150

vuturi et al., 2014; Luo et al., 2017]. The model uses 45 levels of hydrostatic vertical pres-151

sure, with about 25 layers located below 1.5 km above the ground. The model top is 100152

hPa and the lowest level set at about 30 m above the surface to prevent instability on153
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the urban canopy model (UCM) scheme when the average building height (ZR) is mod-154

ified.

Figure 3. (a) WRF Model domain and (b) LULC dominant category of the innermost do-

main

140

141

155

All simulations are integrated for 48 hours, starting from 6th March 2017 at 19.00156

LST. In total, 12 hours for spin-up time and 36 hours the remaining data are used for157

verifying and analyzing the thunderstorm. Three operational analysis dataset of 0.25◦158

European Centre for Medium-Range Weather Forecasts (ECMWF), 1◦ ECMWF, and159

1◦ National Centers for Environmental Prediction (NCEP) were tested beforehand. Re-160

sults demonstrated that WRF can simulate the vigorous thunderstorm reasonably us-161

ing 0.25◦ ECMWF compared to other datasets (i.e forceful updraft, stronger convergence,162

higher surface-CAPE number). The finer resolution of ECMWF dataset also able to sim-163

ulate the similar length of the thunderstorm lifetime with clearly updraft and downdraft164

side by side (result not shown). Hence, the 0.25-degree resolution and six hourly updated165

of ECMWF dataset are used as the initial and lateral boundary condition for this study.166

The surface weather variables (i.e 10-meter wind, 2-meter air and dew-point tempera-167

ture) of automatic weather station (AWS), soundings observation, and JMS DWR (i.e168

reflectivity and accumulated precipitation) are used as corresponding observational data.169

This simulation used a 15-seconds resolution of MODIS LULC due to its consistency of170

the urban area size yet only one urban area category is treated, a high-density residen-171

tial (Figure 3).172

–7–



Confidential manuscript submitted to JGR-Atmospheres

Table 1. Overview of model and parameterization option in the 7th March 2017 hail event173

Model WRF Version 3.7.1

Map Projection Mercator

Horizontal resolution Nested domains of 25, 5, and 1 km

Vertical resolution 45 levels with 100 hPa of model top

Central point of domains JMS point observation (7.384◦S, 112.783◦E)

Radiation Dudhia for shortwave, RRTM for longwave

Land Surface Model a unified Noah (Noah LSM)

Planetary Boundary Layer Yonsei University (YSU)

Cumulus parameterization Kain-Fritsch (used only in 1st and 2nd domain)

Cloud Microphysics Single moment of Goddard Cumulus Ensamble

with hail option (Goddard)

Single moment of New-Thompson scheme, but ice

and rain water in double moment (Thompson)

Double moment of Morrison-2 (Morrison)

Urban Canopy Model No UCM (SLAB)

Single Layer UCM (SUCM)

3.2 Experimental design174

There are three stages of data analyzing to address the threefold detailed purposes.175

Two experimental designs have been developed to: (i) obtain a baseline run (CNTL) of176

the most appropriate combination of microphysics and urban parameterization; this will177

be used for further investigation of the thunderstorm and (ii) modify the urban surface178

representation and SST using the CNTL run as a reference. In the first experiment, six179

model runs are considered (i.e. combination of three microphysics and two UCM schemes),180

while the second experiment explores scenarios for urbanization and SST increase.181

To understand the microphysical process as well as the effect of the city on the hail182

formation, a comparative simulation is performed using three microphysical schemes and183

two UCM schemes. These three microphysics schemes include two popular bulk micro-184

physics schemes which successfully simulate tropical deep convection [Stanford et al., 2017]:185

–8–



Confidential manuscript submitted to JGR-Atmospheres

(i) The New-Thompson (Thompson) [Thompson et al., 2008], (ii) the Morrison-2 (Mor-186

rison) [Morrison et al., 2005], and one single-moment with hail option which succeeded187

on simulating hailstorm in India [Chevuturi et al., 2014] and Sydney [Benjamin, 2015],188

namely (iii) the Goddard Cumulus Ensemble (Goddard)[Tao et al., 2003]. They com-189

pute at least same six hydrometeor particles of water vapour, cloud water, rain water,190

snow, cloud ice, and the third class of ice (can be graupel or hail). Whilst, the impor-191

tance of the use of urban physics schemes is evaluated by (i) switching off the UCM (SLAB)192

and (ii) activating the single-layer UCM of WRF model (SUCM). By implementing SUCM,193

all urban effects are vertically treated to be sub-grid scale in which all urban processes194

are considered to occur below the lowest eta level. This scheme is known as a fairly so-195

phisticated manner to mimic a wide range of urban processes [Kusaka and Kimura, 2004]196

which includes the influence of (i) street canyons parameterization, (ii) building shad-197

owing and radiation reflection, and (iii) roof, wall, and road heat fluxes based on ther-198

modynamics[Kusaka et al., 2001]. During the sensitivity assessment, for each microphysics199

and urban parameterization used their default settings and no attempt has been made200

to modify or fine-tune beforehand.201

Table 2. Summary of second experiment design.202

Experiment SST Building Height CCN Concentrations

(◦C) (m) (cm -3)

CNTL default default default

SST3.0 +3.0 default default

ZR25 default 25 default

CCN4000 default default 4000

SST3.0ZR25 +3.0 25 default

SST3.0CCN4000 +3.0 default 4000

ZR25CCN4000 default 25 4000

SST3.0ZR25CCN4000 +3.0 25 4000

For the second modelling experiment, the SST threshold follows SST data anal-203

ysis which derived from the monthly average of the ERA-Interim-40 dataset. It shows204
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that SST in the Madura Strait already increased 1.5◦C with a positive trend (y = 0.0031x205

+ 28.111) in the last thirty years during the wet season (figure not shown). Therefore206

if we assume that SST will linearly increase, in the next 30 years the SST can reach up207

to 3.0◦C. However, in this study, we did not increase the water vapour in the atmosphere208

since they are unlimited under westerly monsoon due to a moist mass air coming from209

India Ocean. Therefore, the SST increase is expected to be a driver of the cloud forma-210

tion as the local circulation of sea-breeze promotes water vapour to the inland.211

Whilst, the default building height (ZR) setting is 7.5 m for the high-density cat-212

egory. The change of this parameter follows the regulation of Surabaya government [Pe-213

merintah Walikota Surabaya, 2014] which says that the allowed height for housing/private214

building is only 3 - 5 meters/floor. However, the current situation of Surabaya average215

building height is 2 - 3 storeys in which the average building height is about 6 - 15 me-216

ter. Therefore, the high scenario of ZR for residence is assumed to be 25 m and can only217

be higher if it is for commercial purposes [Pemerintah Walikota Surabaya, 2014]. Finally,218

the CCN number permutation follow the scenario of Han et al. [2012] who also inves-219

tigated the urban aerosol impact on an idealized deep convective cloud. The CCN con-220

centration of 4000 cm-3 set as the threshold of the high scenario.221

The factor analysis technique of Stein and Alpert [1993]; Rozoff et al. [2003] is used222

to find which process is dominant among three factor influence. Because of three-factor223

variations are considered (i.e SST, ZR, and CCN), eight simulations (include CNTL) must224

be carried out (Table 2). The denoted term, as well as the difference fields necessary cal-225

culation using that technique, are listed in Table 3. It should be noted that attention226

is not only paid to individual factor but also the contribution of interacted factors since227

in real condition it is difficult to separate one to other.228

4 Model performance and baseline run selection231

This section compares the results of the model simulation with observations. It will232

provide a general overview of the WRF model performance as well as the sensitivity of233

the thunderstorm to the microphysics and urban physics scheme used in the model. First,234

the performance of the model to simulate atmospheric vertical profile in the morning be-235

fore thunderstorm growth is assessed. Afterwards, a verification of the cloud microphysics236

scheme on simulating 6-h accumulated precipitation during thunderstorms will be per-237
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Table 3. Summary of denoted terms and the difference field mechanism of factor separation

analysis.

229

230

Term Difference Mechanism

CNTL CNTL Baseline run

SH SST3.0 - CNTL SST

ZH ZR25 - CNTL Building height

CH CCN4000 - CNTL CCN concentration

SHZH SST3.0ZR25 - (SST3.0 + ZR25) + CNTL SST and building

height interaction

SHCH SST3.0CCN4000 - (SST3.0 + CCN4000) + CNTL SST and CCN

concentration interaction

ZHCH ZR25CCN4000 - (ZR25 + CCN4000) + CNTL Building height

and CCN concentration

interaction

SHZHCH SST3.0ZR25CCN4000 - Interaction of all factors

(SST3.0ZR25 + SST3.0CCN4000 + ZR25CCN4000) +

(SST3.0 + ZR25 + CCN4000) - CNTL

formed. Finally, the importance of applying the UCM to obtain the model results closer238

to the observation will be discussed. Indeed, assessing the urban scheme will only work239

with the selected microphysics from previous verification step. The best combination of240

microphysics and urban canopy scheme will then be chosen as a baseline run consider-241

ing to the closest value and pattern of spatial accumulated precipitation and statistical242

number of weather variable observation.243

4.1 Atmospheric vertical profile244

The modelled and observed JMS sounding data at 07.00 LST and model output248

for different ensemble schemes shown in Figure 4. In general, it shows that vertical at-249

mospheric profile is well simulated yet there is some bias in a certain level of each vari-250
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Figure 4. Modelled (color line) and observed (black dot) vertical profile of a. potential tem-

perature (θ; K), b. specific humidity (q ; g/kg), and c. horizontal wind speed (Ū ; m/s). Sounding

taken at JMS point observation on 7th March 2017 at 07.00 LST.
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able. For instance, the model produces a warm bias of potential temperature (∼1-2 K)251

from the surface to the height of 4 km and cannot capture the temperature inversion at252

the lowest level (z∼0.6 km) (Figure 4a). The missed inversion is because the model has253

a coarse initial condition compared to the observation. The model also tends to under-254

estimate the specific humidity in the low level (∼2 km) and overestimate in the upper255

air (Figure 4b). The moister layer of the sounding profile observation by ∼ 1-1.5 g/kg256

in the surface indicates that the real atmosphere contains much more water vapor due257

the closer of point observation to the body water. Furthermore, the modelled near-surface258

wind speed is overestimated by ∼2-3 m/s, which agrees with the findings of Kilpeläinen259

et al. [2012] who found that the modelled low-level jet (LLJ) was deeper and stronger260

than the observation. Surprisingly, the pattern and the height of maximum wind which261

located at ∼280 m is in a good agreement to the observation (Figure 4c) since normally262

models have difficulties to capture this LLJ feature [Dutsch, 2012; Gevorgyan, 2018]. Al-263

though the model does a good job in the vertical atmosphere simulation, this analysis264

seems not sensitive to the use of different microphysics schemes. The difference among265

the schemes are very small and only Morrison which looks slightly closer to the obser-266

vation when simulating vertical profile of wind speed. This difference on the simulated267

wind speed can be related to the difference of simulated downdraft strength among the268
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schemes in which influenced by the parameterization of precipitation evaporation [Ra-269

jeevan et al., 2010]. Therefore, a comparison of simulated accumulated precipitation among270

the schemes is needed to understand this microphysics sensitivity.271

4.2 Accumulated precipitation field272
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Figure 5. The 6-hour (6-h) accumulated precipitation of DWR JMS PAC product (mm) on

7th March 2017 at 19.00 LST (Source: Ary [2017]).; black box indicates Surabaya urban area.

273

274

Figure 5 presents the 6-h accumulated precipitation field derived from precipita-275

tion accumulation (PAC) of the JMS DWR product. The PAC product is generated from276

13.00 to 19.00 LST by converting radar reflectivity to rain using Z-R relationship [SE-277

LEX , 2007]. This conversion may lead to the uncertainty of the precipitation value due278

to the variability of raindrop size distribution during a rainfall event [Alfieri et al., 2010],279

but it is still useful to verify the rain pattern spatially. From this figure it is shown that280

the most precipitation is elongated from eastern coastal area to the southwest of Surabaya281

urban area and exceeds 50.1 mm. This elongated pattern of the high precipitation area282

is well simulated by the model (Figure 6), yet slightly shifted to the sea compared to ob-283

servation. This pattern can be seen in all schemes although the area of the maximum284

values tend to be somewhat narrower. This can be explained by the model’s coarser res-285

olution (i.e the model has a 1-km resolution while the radar has 200-m).286
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Despite the model shows a bias in the location of accumulated precipitation, among287

the microphysics schemes, Morrison shows the best agreement of the elongated precip-288

itation peak and pattern (Figure 6a-b). The qualitative precipitation forecast also con-289

curs to the observation, which exceeds 50 mm. Although Thompson also produces the290

same amount of the highest precipitation, it overestimates the rain area coverage (Fig-291

ure 6c-d). This because Thompson tends to generate more small raindrops on higher num-292

ber concentrations (Figure A.1c-d) in which increasing rain production (Figure A.2c-d).293

The extensive area of the rain production not only leads to an increased latent cooling294

(especially from the surface to the height of 1.6 km) but also enhances the cover area295

of precipitation. The cold pool is somewhat stronger than Morrison producing wider rain296

area coverage more eastward over the sea (Figure A.2c-d). This finding contradicts to297

the result of Stensrud et al. [2015] which stated that Thompson has no coherent special298

bias due to the weaker cold pools intensity. Yet, it confirms the previous study of an-299

other hail event in Surabaya [Sari , 2017] that Thompson tends to develop thunderstorm300

too far from observation and wider cloud areal coverage. Among two others, Goddard301

single moment is the poorest scheme on producing rain mass (Figure A.1e-f), even the302

latent cooling is lower compared to another microphysics scheme (not shown). This scheme303

produces the least 6-h accumulated precipitation as well as the narrowest of precipita-304

tion spatial coverage (Figure 6e-f).305

4.3 Surface parameter analysis309

A point-to-point comparison of the surface variable between JMS AWS observa-314

tion and WRF output for the use of urban physics schemes is shown in Figure 7. Here,315

the comparison only includes the Morrison microphysics scheme, since this scheme can316

simulate better than the others in terms of vertical profiles and accumulated precipita-317

tion field. Generally speaking, WRF can reproduce surface variable fluctuations as ob-318

servations, though there is bias for each variable. The model seems producing a higher319

2-meter dew point in the morning compared to observation (Figure 7b) which can help320

to provide a fuel for thunderstorm development in the afternoon. This higher moisture321

can be related to the ECMWF operational analysis as a forcing data which provides higher322

water vapour content in the low level compared to NCEP dataset (not shown). The short323

occurrence of the sea breeze, indicated by the change of westerly to the easterly wind324
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Figure 6. Simulated 6-h accumulation precipitation field for different ensemble scheme; the

small black star indicates the location where hail accompanied by heavy rain reported on 7th

March 2017 from 13.00 to 19.00 LST.

306

307

308

from ∼14.00-16.00 LST is also well reproduced although this is lagging 30 - 40 minutes325

behind the observation (Figure 7d).326

Overall, the use of a UCM can decrease the bias for each variable except for wind327

direction. For temperature and surface dew point depression, the UCM reduces the bias328
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Figure 7. Time series of modelled (colour lines) and observed (black dot) surface variable of

a. 2-m temperature, b. 2-m dew point depression, c. 10-m wind speed, and d. 10-m wind direc-

tion of JMS AWS. The vertical dashed line indicates the stage of the thunderstorm’s life cycle on

the day when hail event occurred over the Surabaya urban area according to the DWR JMS.

310

311

312

313

substantially from 0.89◦ to 0.58◦C and from 2.25◦ to 1.74◦C respectively. The greater329

bias reduction of dew point depression can be seen clearly after thunderstorm weaken-330

ing (Figure 7b). The observations show a moister surface layer after thunderstorm oc-331

currence while both schemes are slightly drier in the lowest level of the atmosphere. How-332

ever, the SUCM produces a moister layer in the low level compared to the SLAB scheme.333

This because SUCM calculates vegetation as well as anthropogenic latent heat [Kusaka334

and Kimura, 2004] which results higher latent heat flux over the urban area compared335

to SLAB scheme (figure not shown). It also stores more heat in the building which leads336

to the less available of sensible heat flux to heat the air. Thus it is expected that the 2-337

meter air temperature in SUCM become lower and moister than SLAB scheme. Despite338

the wind speed has the greatest bias reduction when the UCM is applied (∼45%) (Fig-339

ure 7c), the correlation of either wind speed or direction is somewhat lower compared340

to the SLAB (not shown). However, the quick change of wind direction is well simulated341

under the stronger wind speed (≥3 m/s)(Figure 7c) which implies that WRF is more ca-342

pable reproducing wind direction for relatively high wind speeds. This is consistent with343

findings of Papanastasiou et al. [2010] that WRF performs poorly on wind direction un-344
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der low wind speed conditions where the difference mean bias of wind direction between345

his and this study is relatively similar, 33◦ and 38◦ respectively.346

By considering the performance of ensemble microphysics and urban physics scheme347

in comparison to observations, a baseline run for the simulation and modelling of the hail348

event has been formulated. The combination of Morrison and SUCM scheme show more349

reasonably performance than others. Hence, this ensemble scheme will be the control run350

(CNTL) in the next analysis.351

5 Simulated thunderstorm in CNTL run352

5.1 Simulated spatial reflectivity353

Figure 8 shows the simulated spatial of column-maximum reflectivity from the radar354

observation and the CNTL run. The figure displays the stage of the thunderstorm from355

approaching to weakening while passing the urban area both in the observation and the356

simulation field. The approximately 20 - 30 minutes time lag for each stage is shown to357

commit the delay between the radar observation and the simulation. This time offset-358

ting is due to the delay of the sea breeze occurrence and the lower wind speed generated359

by the model compared to the observation (Figure 7). Although CNTL produces the 6-360

h accumulated precipitation pattern and a maximum value closer to the observation, it361

tends to produce wider clouds and more scattering on the simulated cloud main echo.362

However, the highest reflectivity when it passes the urban area corresponds quantita-363

tively with the observed value of 55-60 dBz. This value corresponds to the observed max-364

imum reflectivity in the thunderstorm mature stage and should be responsible for the365

stage where thunderstorm on its most intense stage. The ∼6 m/s westward movement366

of the thunderstorm is also well simulated in this CNTL field. Furthermore, the model367

is able to simulate the breakup of cloud storms over the urban area (Figure 8g-h) in which368

also shown by radar observation (Figure 8c). This findings is consistent to Zhang et al.369

[2017] who also found that the large surface drag force of the presence of urban area in-370

duced the storms to bifurcate in the upwind direction of the city. As a result, the accu-371

mulated precipitation is much more around the urban and the downwind area than in372

the city (Figure 5 and 6b). Due to the agreement of the highest reflectivity number as373

well as the westward propagation on this simulated field, therefore the dynamic and cloud374
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microphysics for each stage of the simulated thunderstorm will be analyzed in detail be-375

low.376

Radar Observation CNTL Simulation

a.

d.

c.

b.

e.

g.

f.

h.

70
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0

Figure 8. Column-maximum reflectivity field from JMS DWR observation (a-d) and CNTL

simulation (e-h) for each stage of the thunderstorm’s life cycle. The JMS DWR are from 15.10

to 17.10 LST at 40 minutes interval while the simulated at e. 15.40, f. 16.10, g. 16.50, and h.

17.30 LST, taking into accounts the time errors of the CNTL simulation compared to JMS DWR

observation. The black rectangles indicate Surabaya urban area, the horizontal black lines cor-

respond to the location of the cross-section for Figure 10-11, while the small black star at 16.10

LST (f) indicates the location where the hail event reported.

377

378

379

380

381

382

383
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5.2 Simulated cross sectional reflectivity, upward motion, and hydrom-384

eteor field385

Given the reasonable reflectivity field in the simulation, further analysis of the thun-386

derstorm related to its dynamic and microphysical field will be performed. The inves-387

tigation considers to the vertical reflectivity, upward motion and hydrometeor field dur-388

ing the evolution of the storm while passing the urban area. The selected time analy-389

sis for each stage of the thunderstorm’s life cycle is based on the averaged urban area390

of maximum vertical graupel mass flux time series, in order to examine the hail devel-391

opment.392
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Figure 9. Time series of average (line) and standard deviation (shaded) of the maximum

graupel mass flux (black) over the urban area and UHI (red) derived from the difference of mean

temperature between urban and the JMS station as rural area during the thunderstorm move-

ment in the CNTL simulation. The urban area averaged based on the black rectangular shape in

Figure 8.

393

394

395

396

397

Figure 9 enables us to distinguish the thunderstorm evolution while passing the ur-398

ban area; the approaching stage started at 15.20 LST, the intense stage occurred from399

15.40 to 17.30 LST with two peaks before weakening and leaving the urban area from400

17.30 LST onward. During the approaching stage, the 1 g/kg m/s of graupel flux indi-401

cates the small cloud echo starts to enter the eastern part of the urban area. The rapid402

increase of the graupel flux occurs after the thunderstorm approaches the urban area in403

the first twenty minutes. The flux reaches 35 g/kg m/s within 30 minutes, indicating that404
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the thunderstorm is on marginal lightening conditions [Creighton et al., 2014]. Besides405

the sharp increase of the graupel flux, there is one other smaller peak in the intense stage.406

This implies that the mature thunderstorm lasts longer in the urban area, the reason of407

this retained intense stage will be discussed later. In total, the simulated thunderstorm’s408

lifetime over the urban area lasts approximately 1 hour and 50 minutes.409

The approaching stage is marked when the graupel flux slightly increases over the410

urban area (Figure 9). The release CAPE of 2832 J/kg at 15.10 LST along with the low-411

level moisture incursion at 1.5 - 2 km above the surface (figure not shown) revealing the412

low-level instability promotes the storm development. Therefore, the sudden 45 - 50 dBz413

of first cloud echo appears along the coastal line at 15.20 LST and starts approaching414

the eastern part of the city 20-minutes afterwards (Figure 10a). At this time, the low-415

level convergence triggers wind shear at ∼250 m above the surface and ∼4 km in the front416

of the cloud storm, yet the maximum updraft is relatively weak (<5 m/s)) in the city.417

However, the stratified low-cloud already has a base of ∼800 m in the entire urban area,418

while rain mass mixing ratio is somewhat low (∼1.0 g/kg) at this time (Figure 11a).419
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The two peaks shown in Figure 9 indicate the mature stage of the thunderstorm.424

The most intense stage occurred at 16.10 LST and the second one was about 40 min-425

utes later. Looking into the thunderstorm dynamic in the most intense stage, within 30426

minutes from its approaching, the main echo of cloud storm only propagates ∼5 km west-427

ward. This indicates that the storm movement is somewhat slow. Consequently, the storm428

is more affected by the urban area while passing, in which results the longer lifetime and429

the stronger updraft. The delayed of the maximum graupel flux with respect to the max-430

imum UHI timing (Figure 9), however, implies that the city contributes to the vigorous431

thunderstorm development due to the urban-heat release. As a result, the rise of warm432

air parcels in the city leads the graupel production to reach its peak about 30 minutes433

afterwards.434
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Figure 11. Vertical longitude cross-section of graupel (shaded; g/kg), rain (green; g/kg), liq-

uid water (black; g/kg) mass mixing ratio, negative perturbation potential temperature (dashed

black line; K), and temperature (red line; C) for each stage on 7th March 2017 at a. 15.40, b.

16.10, c. 16.50, and d. 17.30 LST in the city. The cloud contours set from 0 to 2.0 g/kg with

0.5 g/kg interval, rain contours are set randomly with 5 contours per time step, the negative

perturbation temperature chosen from the surface to the height of 250 m.
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In the meantime, the wind shear triggering upward motion mostly appears at the441

level about ∼600 - 900 m above the surface during this most mature stage (Figure 10b).442

The updraft ascends in the opposite direction of the moving thunderstorm, particularly443
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in front of the cloud storm indicates a typical of hailstorm formation in which this find-444

ing is consistent to the study of hailstorm evolution carried by Chalon et al. [1976] and445

Chevuturi et al. [2014]. The most forceful updraft reaches ∼25 m/s in the height of ∼13446

km and produces the large graupel mass (8-10 g/kg) in the temperature between -15◦447

and -45◦C (Figure 11b), revealing that the hail formation occurs in this most intense stage.448

However, the highest reflectivity in the low level (∼500 - 2000 m) corresponds to449

the area where rain mass mixing ratio appears instead of graupel (Figure 11b). This may450

imply that graupel shed with water is recognized as big raindrops instead of intact grau-451

pel by the model. As a result, although high reflectivity (40 - 60 dBz) appears, no grau-452

pel/hail sediments out at the surface area from this simulation. This finding agrees to453

Stanford et al. [2017] who found that a ubiquitous ice size bias on microphysics param-454

eterization leads the model to produce high bias convective reflectivity for tropical deep455

convective cloud. The relatively moister air between 700 and 400 hPa (figure not shown)456

and the high freezing level (∼4.8 km) likewise can increase the melting of graupel as they457

fall. This CNTL also tends to release small latent cooling (figure omitted) in which cre-458

ates warmer layer and weaker low-level cold pool (Figure 11c) compared to an idealized459

thunderstorm study carried by Morrison and Milbrandt [2010]. Thus, it is understand-460

able that in this study model seems difficult to retain graupel particle in the surface layer.461

Apart from the fact that this CNTL simulation fails to produce graupel/hail in the462

surface level, the dynamics and cloud microphysics of the thunderstorm are still well cap-463

tured. Therefore, we can investigate the reason why the thunderstorm lasts longer over464

the urban area. The second intense stage is marked by the appearance of high reflectiv-465

ity (40 - 45 dBz) in the low level atmosphere (0 - 2000 m) at 16.50 LST (Figure 10c).466

This figure shows that the retained sea breeze in the western part of the city seems able467

to create convergence area. The sea breeze front triggers the wind shear yet resulting468

a weaker upward motion than the first intense stage. The warm air parcel, facilitated469

by the low-level cold pool (Figure 11c), is lifted due to the high sensible heat flux over470

the city (figure not shown). For that reason, the hydrometeor production still appear471

in this stage but the number is lower (Figure 11c) compared to the previous intense stage.472

Hence, the longer lifetime of the intense stages can be concluded as the effect of retained473

sea breeze and warmer air which is indicated by the high UHI in the city (Figure 9). This474

finding agrees to Yoshikado [2017] who found that a sea breeze front remained over the475

city as a result of UHI effects. Finally, the cloud storm started to weaken as the sea breeze476
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decays and the UHI slowly decrease due to rain chill the city (Figure 9). At 17.30 LST,477

the wind completely westerly in the low level (surface to 1.5 km height) and the rain area478

lasts only in the western part of Surabaya urban area (Figure 11d).479

6 Influence of SST increase and urbanization to the thunderstorm in-480

tensity481

As the sea breeze and urban-induced vigorous thunderstorm contribute to the 7th482

March 2017 hail event case, further investigation regarding urbanization and SST increase483

in Surabaya is performed. Factor separation is applied to examine how SST, building484

height, CCN concentration of urban aerosol, and their interactions influence the thun-485

derstorm intensity. Despite that the CNTL only misses the graupel/hailstone at the sur-486

face, however, the thunderstorm dynamic and microphysics is well simulated. Therefore,487

in this section, the CNTL is chosen as the base run in which all the model simulations488

will be compared to. The used symbol on hereafter simulation is based on Table 2 and 3489

in section 3. The analysis includes the upward motion, hydrometeor particle distribu-490

tions, 6-h precipitation accumulation, and latent heat budget. Due to the complexity of491

the thunderstorm initiation and dynamic on each simulation, thus we only focus on the492

temporal and spatial analysis of those variables.493

6.1 Influence of SST increase494

The SH simulation adopts the single influence of the SST increase. Among other501

single factor influence, SST plays a main role in the thunderstorm intensity. The enhanced502

latent heating (Figure 16) triggers the upward motion reach up to 40 m/s. This stronger503

updraft contributes to the lifting of cloud droplet to the upper level of the atmosphere504

(Figure 12a). As a result, the urban-averaged of maximum graupel mass mixing ratio505

reach number of 7.5 g/kg (Figure 12a). Consequently, the cloud top is also higher than506

in the CNTL.507

This SH simulation also shows that the increasing SST leads the formation of the508

thunderstorm earlier in time (Figure 12a). Since SST increases, the sea breeze circula-509

tion pattern remains the same but the strength becomes weaker due to the smaller gra-510

dient of temperature between land and ocean [Kawai et al., 2006]. In consequence, the511

cloud will be easier to develop due to extra moisture supply (∼0.5 g/kg) because of the512
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Figure 12. The difference field of simulated vertical temporal cross-section of graupel

(shaded; g/kg), liquid water (black line; g/kg), rain (green line; g/kg), upward motion (blue

line;m/s), and melting layer (red line; 0◦C) between experiment and the CNTL for a. SH, b. ZH,

and c. CH on 7th March 2017. The contour set from 0.2 to 0.8 g/kg at 0.2 g/kg interval, 0.5 to

2.0 g/kg at 0.5 g/kg interval, and 20 to 80 m/s at 20 m/s interval for cloud, rain, and upward

motion respectively.

495

496

497

498

499

500

higher SST (not shown). Therefore, the first cloud initiation took place ∼1.5 hours ear-513

lier than the CNTL.514

As the graupel mass mixing ratio increases, the rain mass tends to follow due to515

the ice particles melt below the freezing level. Yet, the most of the precipitation falls in516

the urban area when the SST increase (Figure 13a). This is because the moister air in517

the inland is closer to the urban area compared to the CNTL. However, the highest ac-518

cumulated precipitation amounts to 45 mm and is more spotted at the location of the519

first cloud initiated and downwind area.520

6.2 Influence of building height521

The ZH simulation shows that the increased building height barely results in any526

differences of upward motion and hydrometeor particle distribution in the city. The CNTL527

and ZH simulation share the maximum graupel as well as the cloud mass (Figure 12b).528

However, the accumulated precipitation field ∼30% larger in the upwind area and the529
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Figure 13. The difference field of simulated 6-h precipitation accumulation between exper-

iment and the CNTL for a. SH, b. ZH, and c. CH. The rectangular black line indicates urban

area while the black star shows the location hail reported on on 7th March 2017 from 13.00 to

19.00 LST.

522

523

524

525

urban side (Figure 13b). With increasing building height, the average wind speed in the530

city during the hail event is ∼0.5 m/s or ∼11% lower (figure omitted) which weakens the531

upward motion compared to the outside of the city because of the higher roughness ef-532

fect of the urban area. As a result, the moving thunderstorm produces more scattered533

precipitation fields around the side of the city (Figure 13b) than in the city. The split534

cloud echoes due to the barrier effect (Figure 8g-h) also occur later (Figure 12b) and be-535

comes stronger (Figure 13b) in the eastern part of the city (upwind area). Consequently,536

the precipitation is less in the city, particularly in the location where the hail event re-537

ported (Figure 13b). These findings agree to Gunst [2016]’s study who found that the538

building barrier effect in Houston, USA restricts the advection of convective precipita-539

tion so that decreased urban precipitation in the city.540
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6.3 Influence of CCN concentration of urban aerosol541

Figure 14. Same as in the Figure 12, but for interacted factors of a. SHZH, b. SHCH, c.

ZHCH, and SHZHCH.

542

543

The single factor increasing of urban aerosol CCN concentration noted as the CH544

simulation. Although the maximum upward motion is similar (i.e ∼20 m/s), the max-545

imum graupel mass is 1.5 g/kg or ∼33% lower over the urban area compared to the CNTL546

(Figure 12c). The small latent heating of this simulation above the freezing level can be547

the reason of the weakening ice formation over the city (Figure 16). In contrast with548

the SH simulation, in this CH simulation, the hydrometeor production comes later (Fig-549

ure 12c). The reason for this later graupel and rain formation is 10-minutes delayed of550

the storm initiation. This because according to Köhler [1936] curve, in the same liquid551

water content, the more droplet on the cloud results the smaller droplet size in which552

more difficult to maintain. These findings also agree to the results of Han et al. [2012]’s553

study who found that higher concentration in the urban area delays raindrop formation554

due to the slow down of the diffusional cloud drops growth leads to the inefficient the555

collision-coalescence process in which takes longer on the raindrop formation.556

Similar to the ZH simulation, in this CH simulation, the maximum of accumulated559

precipitation is 7.5 mm larger than the CNTL (Figure 13c). However, due to the slow560

westerly progress (not shown), most precipitation falls in the upwind area and only one561

spotted precipitation in the northern part of Surabaya urban area. With more CCN, less562
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Figure 15. Same as in the Figure 13, but for interacted factors of a. SHZH, b. SHCH, c.

ZHCH, and SHZHCH.

557

558

precipitation falls in the location of hail reported. It is because the CCN concentration563

does not influence the horizontal motion, therefore the wind speed remains same as the564

CNTL run which is lower than the observation (not shown).565

6.4 Interaction among the factors566

In reality it is difficult to just isolate individual factors to the urban-induced thun-567

derstorm, thus in this section, we examine different interactions among the factors. The568

results show that the interactions among the factors greatly influence the accumulated569

precipitation. In all panels of Figure 15, the maximum 6-h accumulated precipitation570

tends to be larger 7.5 - 15 mm than the CNTL. It implies that both urbanization and571

SST increase has a contribution to the thunderstorm intensity in Surabaya urban area572

and its surrounding.573
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Nonetheless, the interaction between factors causes the thunderstorm’s dynamics574

to differ from each other, in which results in a variation to the accumulated precipita-575

tion spatially. As the Figure 15a and 15b shows, the interactions where the SST contribute576

results wider rain area coverage compared to the CNTL. However, the feedback process577

between SST and CCN concentration is more prominent in the precipitation field (Fig-578

ure 15b) than with the building height (Figure 15a). When SST variations are excluded,579

the area of accumulated precipitation is less and the maximum rain number is more scat-580

tered outside the city (Figure 15c). This is because the barrier effect of the increased build-581

ing height forces the thunderstorm difficult to cross the city. Hence, the enhanced pre-582

cipitation surrounding the urban area (upwind and side of the city in particular). It is583

not surprising that the modelled maximum graupel mass is less over the city when build-584

ing height is increased (Figure 14a, 14c).585
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Figure 16. The Surabaya urban area and time-averaged of the vertical profile of difference

field mean latent heating/cooling on the 7th March 2017 hail event case. Time-averaged from

13.00 to 19.00 LST. The colour and line style variation indicates the difference of factor influence.

586

587

588

Whilst, in the SHZHCH simulation, the enhanced thunderstorm intensity and ac-589

cumulated precipitation becomes more prominent over the urban area (Figure 14d, 15d).590

The intensified of the latent heat release among three-factor interactions (Figure 16) trig-591

ger the updraft become three times stronger (from ∼20 to ∼60 m/s). The number of the592

hydrometeor production results in a longer thunderstorm lifetime than the CNTL and593
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reaches 7.5 g/kg of maximum graupel mass mixing ratio (Figure 14d). It is because the594

SST increase with its additional moisture supply and the higher heat release due to the595

building height increase (not shown) initiates the thunderstorm earlier. However, this596

signal does not appear in two factors interacted, revealing a nonlinear contribution to597

this SHZHCH simulation. This suggests the presence of an additional/hidden factor which598

plays a significant role in this interactions. Thus, further physical analysis may be re-599

quired to support this factor separation method in such cases as suggested by Krichak600

and Alpert [2002]who also found inconsistency of latent and sensible heat flux contribu-601

tion to the cyclone development in eastern Mediterranean. Apart from the insufficiency602

of the factor separation method, it can be concluded that the SST increase is the main603

driver of thunderstorm development while the urbanization provides heat supply to en-604

hance the thunderstorm intensity in the city (Figure 14 and 15).605

To examine the influence of the urbanization on the thunderstorm intensity, one606

additional numerical simulation was performed in which the urban land-use changed to607

the cropland. The results showed that the replaced-urban area produced a shorter thun-608

derstorm lifetime, a lower cloud top, and less accumulated precipitation compared to the609

CNTL. However, in this replaced-urban simulation, the thunderstorm can cross Surabaya610

urban area due to the absence of barrier effect. Consequently, the rain area is spotted611

in the Surabaya urban area (not shown).612

7 Summary and conclusions613

This study investigates the role of cloud microphysics, sea surface temperature (SST),614

and urbanization on the hail event simulation in Surabaya, Indonesia. The sensitivity615

of three cloud microphysics (Morrison-2, Thompson, and Goddard) and the use of ur-616

ban canopy model were tested and compared to observations. Although simulation with617

combination of Morrison-2 and single urban canopy model underestimates the spatial618

extent of the rain area, the spatial structure corresponds to weather radar observation.619

It also exhibits suitable performance for the vertical atmosphere profile and the surface620

variables (i.e 2-m surface temperature, dew-point depression, 10-m wind speed and di-621

rection). Thus it is selected as a baseline run to carry out the two other study purposes;622

(i) to investigate the thunderstorm’s physics and dynamics, (ii) to study the impact of623

the SST increase and urbanization on the location, timing, and intensity of the hail storm.624
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The control run worked reasonably well to simulate three stages of thunderstorms625

according to the time series of the maximum graupel mass on the averaged urban area.626

In the most intense stage, the stronger upward motion was triggered by the presence of627

the low-level convergence over the city. The UHI effect contributes to the urban-heat in-628

duced vigorous thunderstorm. This not only leads the hail formation but also retains the629

thunderstorm’s lifetime longer due to the remained sea breeze front and warm air over630

the city.631

In total, eight experiments have been conducted to study the influence of the ur-632

banization and the increasing SST toward the thunderstorm intensity in the future. To633

distinguish the influence of the single factor and the interaction among them, the fac-634

tor separation technique is used. Both urbanization and SST enhance the thunderstorm635

intensity in the urban area. Still, the SST is the main driver of moisture supply, followed636

by the CCN concentration and the building height. The sea breeze which promotes ad-637

ditional water vapour due to the SST increase supports cloud formation as the low-level638

convergence occurs. The raised CCN concentration due to urban pollution delays the639

graupel and rain formation because of the inefficiency of collision-coalesce process. Yet,640

the accumulated precipitation still increase in the upwind area. In spite of the enhanced641

accumulation precipitation is true for the building height increase, the barrier effect of642

this factor hinders the thunderstorm cross over the urban area.643

When all factors are taken into account, the upward motion becomes three times644

stronger and graupel production is two times larger than in the reference run. This leads645

to a higher cloud top development and longer lifetime of the vigorous thunderstorm. Con-646

sequently, the accumulated rain becomes ∼15 - 30% larger, particularly in the western647

part of upwind area. However, nonlinear feedbacks among the factors suggesting a con-648

tribution of a hidden factor which is not well explained by factor separation method. Lastly,649

although the SST is the most contributory factor to the vigorous thunderstorm, yet the650

SST increase takes longer than the urbanization in the real world. Thus, a variety of ur-651

banization factors (i.e urban fraction, urban size, anthropogenic heat release, etc.) await652

future work in investigating urban-induced hail event.653
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A: Cross-section analysis on different microphysics scheme654
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