
JFA (JURNAL FISIKA DAN APLIKASINYA) VOLUME 20, NUMBER 1, JANUARY 2024

Sensitivity of WRF-HAILCAST Model for Hailstone
Detection in Central Lombok on 24 February 2019

Muhammad Ikko Safrilda Maulana1 and Aries Kristianto2

1Soekarno Hatta Meteorological Station, Bandara Soekarno Hatta, Gedung 725, Kota Tangerang, 15125
2Meteorology, Sekolah Tinggi Meteorologi Klimatologi dan Geofisika, Jl. Perhubungan I No. 5, Kota Tangerang Selatan, 15221

Abstract: Hail is a type of extreme weather produced by Cumulonimbus clouds or convective clouds. Due
to deep convection involve in physical processes and cloud dynamics, hail may occur in Indonesia. WRF-
HAILCAST was used in this study to detect hailstone. The HAILCAST model is applied to WRF-ARW version
4.0 and above in WRF-HAILCAST. The purpose of this study was to determine the sensitivity of the WRF-
HAILCAST model with a modified WSM6 microphysics scheme to detect hailstones that are possible to reach
the surface. The maximum reflectivity value, vertical reflectivity, maximum hailstone diameter, and cloud mi-
crophysics were all approximated properly as a result of this study. The estimation of the maximum diameter
hailstone was 1.6 cm at the time of hail occurred, and the graupel mixing ratio showed 2.2 g/kg which rep-
resented small hail could be detected in this model. However, WRF-HAILCAST tends to underestimate and
has not been able to estimate the time of hail events according to weather radar properly. This research can
contribute to hailstone detection in Indonesia using numerical methods and give a breakthrough in hailstone
detection and disaster preparedness.
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I. INTRODUCTION

Extreme weather is a rare and exceptional weather occur-
rence that has the potential to cause property damage and hu-
man fatalities [1]. In terms of cloud physics, hail can be pro-
duced by supersaturation of the air with liquid water, which
results in the formation of clouds also called the condensa-
tion process. The control factor for the mass growth of ice
crystals occurs through heterogeneous deposition in the atmo-
sphere when ice crystals are concentrated in clouds during the
collision and coalescence mechanism with other ice crystals.
Heterogeneous deposition can occur if there are condensation
nuclei in the cloud. The condensation nuclei can contribute
to the sticking ice crystal during the collision and coalescence
process. During those processes, it will contribute to the in-
crease in mass and particle size so that it becomes denser
which is called a hailstone. If there is a downdraft in the
cloud and it is supported by a relatively cold surface tempera-
ture, the hailstone will be lifted above the freezing level so that
when it reaches the surface the hailstone does not melt com-
pletely and hail fall can occur [2]. Hail is an uncommon event
in the tropics because of relatively cold temperatures on the
surface, but deep convection with intense updrafts and down-
drafts occurs frequently [3]. Hail in the tropics is conceivable
due to the effects of updraft and downdraft in storm clouds,
which can rapidly drop hailstone in the clouds to the surface.
Hail is another local occurrence that is difficult to predict, un-
even, and occurs unexpectedly [4]. Hailstone detection using
weather radar in Indonesia is a very common method, but this

research gives a breakthrough to detect hailstone using a nu-
merical model. The importance of hail detection in Indonesia
can be applied for weather forecasting and disaster prepared-
ness although the hail occurrence is very rare in this region.

HAILCAST combines a time-dependent hail growth model
with a one-dimensional cloud steady-state model [5]. HAIL-
CAST calculates atmospheric profiles such as temperature,
humidity, and wind used to drive cloud models and generates
simulated vertical profiles with vertical velocity, liquid wa-
ter and ice content, and temperature associated with the cloud
[6]. Large-scale circulation, dominant hydrometeor fields, and
processes associated with storm systems or convective sys-
tems can be generated by the HAILCAST model when run
at a spatial resolution of 4 km or finer [7, 8]. Tests of the
WRF-HAILCAST model have been carried out by [6] which
resulted in realistic predictions of hail prediction without any
modification at a spatial resolution of 1 km. The HAILCAST
model from [9] and [5] has been significantly improved in this
WRF-ARW hereinafter referred to as WRF-HAILCAST.

According to information from Detik.com, there was a hail
occurrence on February 24, 2019, in Tapon Barat, Bilebante,
Pringgarata District, Central Lombok, and West Nusa Teng-
gara. Around 8:00 UTC, this event happens after a period
of severe rain. The WRF-HAILCAST model was expected
to give an output that is capable of producing an accurate hail
simulation in terms of atmospheric conditions in Central Lom-
bok on February 24, 2019 at 04.00 12.00 UTC by using the
best microphysical parameterization scheme from the prior re-
search in [10].
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FIG. 1: Domain configuration of WRF-HAILCAST

II. METHODOLOGY

The WRF-HAILCAST model is used to detect hailstones
on February 24, 2019 between 4:00-12:00 UTC, with Final
Analysis (FNL) reanalysis data used as the model’s initial
condition. These data were obtained in .grib2 format from
the https://rda.ucar.edu/ site. Data from FNL reanalysis has a
resolution of 0.25 and a temporal resolution of 6 hours. The
length of data was at 00, 06, and 12 UTC.

The Lombok Meteorological Station provides weather
radar data every 10 minutes from 07:00 to 20:00 UTC. The
CMAX product which shows the radar’s highest reflectivity
value, and the VCUT product, which shows a vertical slice of
the storm cloud structure, were both used in this study [11].
The threshold reflectivity from [9] of 52 dBZ and the threshold
of freezing level from [12] of 5 km are utilized to determine
the probability of hail. Additionally, the analysis of cloud mi-
crophysics variables that made up mixing ratio of hydrome-
teor particles, which include vapor, cloud water, rain, ice, and
graupel.

In this study, three domains were Domain 1 with a resolu-
tion of 24.3 km, Domain 2 with a resolution of 8.1 km, and
Domain 3 with a resolution of 2.7 km, as summarized in Table
I. Those domains were used in the nesting process of WRF-
HAILCAST. Nevertheless, only Domain 3 was examined in
this study because it possessed the finest resolution out of
the three. Additionally, the WSM6 microphysics scheme was
chosen based on an earlier study by [10] that was the best mi-
crophysics scheme.

The next process was post-processing, it used ARW-
post and GrADS software. ARWpost converted the WRF-
HAILCAST output and GrADS was used to display the vari-
ables in this study. To determine the sensitivity of the model,
hereinafter the verification model used several methods that
are Root Mean Square Error (RMSE), Pearson Coefficient,
Mean Bias Error, and visual verification. Microsoft Excel
2016 was used to calculate those methods.

TABLE I: Configuration of WRF-HAILCAST

Parameterization
Schemes (Domain 1) (Domain 2) (Domain 3)

Resolution (km) 24.3 8.1 2.7
Microphysics WSM6
Cumulus No Cumulus
Longwave radiation RRTM
Shortwave radiation Dudhia
Planetary Boundary Layer YSU
Surface NOAH

TABLE II: Correlation Coefficient Category

Interval Correlation Rate

0.00 - 0.199 Very weak
0.20 - 0.399 Weak
0.40 - 0.599 Moderate
0.60 - 0.799 Strong
0.80 - 1.000 Very Strong

A. Root Mean Square Error (RMSE)

RMSE describes the average magnitude of errors, it calcu-
lates based on the square of the error. The larger magnitude
of RMSE indicates a larger error. Its sensitivity to large errors
means that the model may not give stable estimates of error
[13]. The RMSE equation is shown as follows.

RMSE =

√
Σn

i=1(Fi −Oi)2

n
(1)

with n = lots of data, Fi = the value of the i-th WRF model
output variable, Oi = the value of the i-th observation variable.

B. Pearson Correlation

Pearson Correlation is a number that states the level of the
relationship between two variables [14]. It ranges from -1 to 1.
Table II shows the categories of Pearson Correlation. Pearson
Correlation equation is shown as follows.

C =
Σn

i=1(FO)(Fi − ~F )√
Σn

i=1(Oi − ~O)2
√

Σn
i=1(Fi− ~F )2

(2)

with a value of n = lots of data, ~F = average of WRF model
output variable data, ~O = average of observational variable
data, Fi = i-th value of WRF model output variable, Oi = i-th
value of an observational variable.

C. Mean Bias Error (MBE)

MBE defines a model’s average bias as the systematic inac-
curacy that results in estimations that are both underestimate
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FIG. 2: Time series of radar maximum reflectivity and WRF-HAILCAST

and overestimate. A tendency to exaggerate the observational
data is indicated by a positive value. Additionally, a nega-
tive value denotes a tendency to underestimate the observation
[15]. The MBE equation is shown as follows.

MBE =
1

n
Σn

i=1(Fi −Oi) (3)

with n = lots of data, Fi = the value of the i-th WRF model
output variable, and Oi = the value of the i-th observation vari-
able.

D. Visual Verification

The best approach for validating the outcomes of the visual
image of the model output is visual verification, which is the
oldest method [16]. To determine the accuracy of the model
estimate, this method compares the outcomes of model esti-
mation with observations while employing human judgment.
The analysis of time series and spatial descriptions of model
output variables can be done using this technique.

III. RESULTS AND DISCUSSIONS

A. WRF-HAILCAST Model Verification to CMAX Radar
Reflectivity Data

Verification is carried out by comparing the output of the
WRF-HAILCAST model and the Lombok Weather Radar ob-
servation data located at coordinates -8.636S; 116,171E. Table
III shows the results of calculating the RMSE value, Pearson
Correlation, and Mean Bias Error (MBE). This verification
process is carried out every 10 minutes starting at 07.00-09.00
UTC.

Based on Table III, the RMSE value is 38.45 and the cor-
relation coefficient shows a moderate level of negative rela-
tion. While the MBE value shows a tendency to underestimate

TABLE III: Verification of WRF-HAILCAST model output
to CMAX Radar

TIME RADAR WRF-HAILCAST Bias Error-i
(UTC) (default)

07:00 2 22 -20
07:10 -4 44 -48
07:20 1 54 -53
07:30 -3 50 -53
07:40 3 43 -40
07:50 28 25 3
08:00 61 0 61
08:10 50 0 50
08:20 49 0 49
08:30 30 0 30
08:40 3.5 0 4
08:50 2 0 2
09:00 1 0 1
RMSE 38.45
Pearson Correlation -0.56
MBE -1.13

the estimated reflectivity value. Negative correlation indicates
that the model shows the negative relation between radar and
WRF-HAILCAST model. When viewed from the maximum
reflectivity value from the radar, it shows a maximum value of
61 dBZ which interprets the occurrence of hail. While the es-
timated maximum reflectivity value of the WRF-HAILCAST
model is 54 dBZ. This value has reached the minimum thresh-
old for hail from [17], which is 52 dBZ. In addition, the pres-
ence of a high reflectivity value indicates that the number and
size of the hydrometeor particles are increasing and getting
bigger [18].

Fig. 2 shows a time series graph of the maximum re-
flectivity of the weather radar and the output of the WRF-
HAILCAST model every 10 minutes. In the figure, it can
be seen that the time of hail occurrence cannot be estimated
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(a) (b)

FIG. 3: Hail location (based on ZHAIL product radar) and estimation of hailstone maximum diameter.

properly using WRF-HAILCAST. On the weather radar, hail
can be detected with a maximum value of 61 dBZ at 08.00
UTC. While the output of the WRF-HAILCAST model shows
the time of hail at 07.20 UTC. The difference in the time of
hail occurrence can be influenced by several factors were hail
growing from cloud systems with low reflectivity and small
scale (less than 1 km). Furthermore, estimating the reflectiv-
ity value from the model is difficult because the reflectivity
value depends on the mixing ratio and distribution of precipi-
tation particles, but the model output may be able to produce
a fairly good precipitation process [17]. So that it could not
be represented properly in this study. To improve the models
timing accuracy it can be done by increasing the resolution of
the model (1 km resolution or finer), extending the time-step
model of more than 12 hours, because the time-step model is
very influential on the stable conditions in the modeling, and
choosing the right microphysical scheme in the region.

B. Hailstone Maximum Diameter Distribution and Cloud
Vertical Profile

The results of the distribution and estimation of hailstone
size using weather radar and WRF-HAILCAST were pre-
sented in Fig. 3. Using the average criterion for the tropics,
which was the height of freezing level at an altitude layer of 5
km, or around 560 mb, there was a potential of >80% of hail
in Central Lombok at 08.00 UTC. As a result, it can be used
as a verifier for the location of hail occurrence. This ZHAIL
product can reflect the possibility for hail to occur, which is
quite high (more than 80% probability).

The largest hailstone produced by WRF-HAILCAST had a
maximum diameter distribution of 16 mm or 1.6 cm. Due to
the lack of data for measuring the hailstone’s diameter at the
time of the incidence, the results of the estimation of the hail-
stone’s diameter could not be confirmed with observational
data. So, to verify the output of the WRF-HAILCAST model,
it is important to measure in situ hailstone during hail storms
in Indonesia. Furthermore, assuming the area of hail from
ZHAIL products was the actual location. The hail location

from the model showed the near of actual location. So, this
modified model could simulate the hail location properly.

The WRF-HAILCAST output could properly represent the
vertical structure of the cloud based on the vertical reflectivity
of the cloud, however, the time of occurrence did not match
the observations. This was shown by a vertical reflectivity
pattern that was essentially identical to VCUT products, but
the model’s estimate of vertical velocity in the 7-8 km layer
was 5060 dBZ, which was higher than the radar’s estimate of
5055 dBZ (Radar observation), as shown in Fig. 4. The ex-
istence of a strong reflectivity pattern above the freezing level
layer allows hail to occur because small hailstone particles
were concentrated above the freezing level layer and could be
lifted to the top layer during an updraft [19].

The vertical velocity pattern showed (in black line contour)
-0.6 m/s until -1.8 m/s at 1000-400 mb layer during hail event.
This value showed there was downdraft during hail. The pres-
ence of downdraft could enhance the hail reach surface [20].
But this variable could not be verified by the radar data be-
cause there was no data in v-component radar at the 45◦-90◦

elevation. So that this variable could be represented by the
model properly although there was no observation data.

C. Hail-Producing Cloud Microphysics

To ascertain the concentration of hydrometeor particles
contained in the cloud during the hail occurrence, an examina-
tion of the microphysics process of hail-producing clouds was
conducted. Utilizing the mixing ratio of each type of hydrom-
eteor, this analysis was conducted. Water vapor (QVAPOR),
cloud water (QCLOUD), rainwater (QRAIN), ice (QICE), and
graupel are the types of hydrometeor particles examined in
this study (QGRAUP). The outcomes for each type of hy-
drometeor particle are shown in Fig. 5.

The graph depicts the water vapor particle concentration
from the 950 mb layer to the 200 mb layer. Above the layer
of the freezing point, the highest concentration of water vapor
particles is between 6.2 and 0.3 g/kg. The spontaneous rime
process, which occurs when water vapor transforms directly
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(a) radar (b) WRF-HAILCAST

(c)

FIG. 4: Vertical reflectivity at the time of hail event from (a) radar and (b) WRF-HAILCAST.

FIG. 5: Microphysics of cloud vertically at the time of hail occurrence

into ice or ice nuclei without first going through the liquid
phase, was made possible by the presence of water vapor
particles at a height above the freezing level layer [21]. A
phase transition of the cloud water particles into supercooled
water was produced at the below-freezing level which was

0.3 g/kg. A minimum of 0.1 g/kg of ice particles are also
present in the 250 mb layer that was indicated the ice particles
are still being lifted from the layer 450-250 mb which was
supported by the updraft 0.3-0.6 m/s in Fig. 4. The presence
of ice particles in this relatively high layer suggests that it has
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a minor role in the production and growth of hail in clouds
[22].

When clouds are carried higher by an updraft, the process
of graupel production and growth happens from supercooled
water [23]. Layers between 700 and 150 mb showed graupel
mixing ratio values, with a maximum value of 2.2 g/kg.
Indicating a successful merging and formation process where
cloud water particles could develop and transform into
rainwater and rain water could influence graupel forming. As
shown by graupel water (blue dot line), the graupel particles
were present at the same height and above cloud water
particles (600-500 mb). Meanwhile, the fact that there are
graupel particles beneath the freezing level layer suggests that
the hail was small and had a chance of reaching the surface
because it continues to exist after passing through the layer
[3].

Furthermore, layers in the level from 950 mb to 400 mb
contained rainwater droplets. Between a layer of 950 mb and
500 mb, the maximum value of rainwater particles varies from
0.1-1.0 g/kg. Particles of rainwater were found above the layer
of the freezing level, indicating that the rainwater had under-
gone supercooling process [19]. Ice or hail formation is pro-
foundly influenced by the presence of supercooled water [24,
25]. Graupel particles and or small hail will form when super-
cooled water collides and coalesces with ice particles under
these conditions.

IV. CONCLUSION

Based on the results of the research that has been done, it
can be concluded that WRF-HAILCAST with this modifica-

tion of the WSM6 microphysical scheme can detect the pres-
ence of hail. The maximum reflectivity value near the surface
produced by WRF-HAILCAST tends to be underestimated
compared to the maximum reflectivity of radar. Meanwhile,
the hail time occurrence in WRF-HAILCAST cannot estimate
the time of occurrence according to the radar. There is a lag
time of about 40 minutes between the WRF-HAILCAST re-
sults and the weather radar where the hail produced by WRF-
HAILCAST precedes. The vertical profiles and microphysics
process of the cloud can be simulated properly. The sugges-
tions of the next research to improve the time accuracy in the
model are increasing resolution up to 1 km or finer, extend-
ing the time-step model, and choosing the right microphysical
scheme in Indonesia region. This model can contribute to hail-
stone detection in Indonesia using numerical method and give
a breakthrough in hailstone detection and disaster prepared-
ness.
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