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Abstract: The complex topography of the Bandung region, with the presence of mountains and valleys, can
affect air flow patterns and rainfall distribution. Accurate weather predictions and spatial precision are crucial
for anticipating the impacts of heavy rainfall. This study aims to evaluate the capability of the WRF physics
ensemble prediction system in forecasting heavy rainfall events in the Bandung region. The use of an ensemble
prediction system is a viable approach to quantifying uncertainty in numerical weather prediction and provide
more reliable information. The case study used is the heavy rainfall event that caused flooding on October
4, 2022, in the Pagarsih area. Global Forecasting System (GFS) data with a spatial resolution of 0.25 x 0.25
and a temporal resolution of three hours were used as input for downscaling in the WRF-ARW model. This
study used 9 configuration schemes of the WRF-ARW model parameterization as ensemble members. The
results of the study indicate that the WRF model (a combination of the Purdue Lin, Yonsei University Scheme,
and Betts-Miller-Janjic Scheme) provided the most accurate heavy rainfall prediction, with an RMSE value of
2.13. The probability maps of rainfall products can effectively identify peak heavy rainfall between 1:00 PM
- 4:00 PM. This is indicated by the large area with a greater than 90% probability of rainfall exceeding 10
mm. The ensemble mean product of rainfall predictions tends to underestimate heavy rainfall in the Pagarsih
area. The ensemble mean product of surface air temperature can effectively identify the pattern of observational
fluctuations with a low RMSE value (0.77), and the ensemble mean product of surface layer air humidity can
identify the pattern of observational fluctuations with a relatively high RMSE value (13.28).
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I. INTRODUCTION

Extreme rainfall tends to trigger natural disasters such as
floods, landslides, and debris flows, which can cause signif-
icant losses both in terms of human and economic aspects
[1]. Numerous studies have documented a global increase in
the frequency and intensity of extreme rainfall events [2-4].
Complex topographical features, variations in land use, and
distance from the sea are some of the key characteristics that
affect synoptic scale and local weather conditions [5-7].

Convective activity in the Bandung Basin is local and can
occur due to the unique and complex topography, consisting
of a series of mountains in the north, east, and south. Since
the 1960s, the Pagarsih area in Bandung has frequently expe-
rienced high rainfall and recurrent flooding. The impacts of
flooding in Pagarsih include loss of life, infrastructure dam-
age, economic losses, transportation disruptions, and health
risks. Therefore, evaluating the predictability of models in this
area is crucial. Developing spatially and temporally respon-
sive simulations through numerical weather prediction (NWP)
models is essential to anticipate the potential consequences of
disasters. According to a study by Prein et al. (2015), by han-

dling initial and lateral boundary conditions and appropriate
physical model configurations, convection simulations (with
resolutions finer than 4 km) using NWP models show signifi-
cant potential in improving rainfall forecasts [8].

Forecasting the spatial and temporal variations of extreme
rainfall is a challenging issue, especially in regions with com-
plex topography [7, 9]. As a more advanced generation of
numerical weather prediction models, the WRF (Weather Re-
search and Forecasting) model has been widely used in over
150 countries for atmospheric research and operational fore-
casting purposes [10, 11]. However, WRF and similar nu-
merical models are imperfect due to measurement, analysis
errors, and biases. Initial conditions rarely match reality, with
errors growing over time, especially at smaller scales [12, 13].
Moreover, the model equations do not fully encompass all at-
mospheric processes. Therefore, ensemble methods were de-
veloped to quantify uncertainty and provide more reliable in-
formation to users.

Ensemble prediction systems can produce probabilistic
forecasts that provide users with information on the likelihood
of an event. Research by Joslyn and Savelli (2010) shows that
with probabilistic forecasts, users can make more accurate
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FIG. 1: The domain configuration of the WRF ARW model
is centered on the research area, specifically in the Pagarsih

region, Bandung.

decisions [14]. Additionally, probabilistic forecasts can bet-
ter maintain user confidence in the forecast results compared
to deterministic forecasts [15]. This study aims to evaluate
the capability of the ensemble physics of the WRF model in
forecasting heavy rainfall events in the Bandung region. The
ensemble physics consists of several members, each utilizing
different configurations of parameterization schemes within
the WRF model.

II. METHODOLOGY

This study uses the Weather Research and Forecasting-
Advanced Research WRF (WRF-ARW) model version 4.4.2
to process GFS data. The Global Forecasting System (GFS)
data with a spatial resolution of 0.25◦× 0.25◦ and a temporal
resolution of three hours is processed using the WRF-ARW
model. The GFS data has a grib file extension. GFS data
is global model prediction data released by National Oceanic
and Atmospheric Administration (NOAA), with prediction
times every three hours and analysis cycles every six hours,
accessible via https://nomads.ncdc.noaa.gov/data/gfs4/. The
data period taken is from October 3, 2022 (00 Universal Time
Coordinated, UTC) to October 6, 2022 (00 UTC).

In processing data using WRF-ARW, it is necessary to con-
figure the model to determine the domain, input data, param-
eterization schemes, and grid resolution to be used (Table I).
WRF is run to downscale GFS data at 00:00 UTC on October
3, 2022, with a prediction time of up to three days ahead.

This study aims to simulate heavy rainfall predictions that
could trigger flooding in the Pagarsih area of Bandung. Pagar-
sih is located at the coordinates 6◦55’22”S 107◦35’39”E (Fig.
1). In this study, heavy rainfall is categorized as occurring
when the precipitation exceeds 10 mm over a 3-hour period.
The Pagarsih area of Bandung falls within two districts: As-
tanaanyar District and Bojongloa Kaler District. In this study,
one parent domain and a two-domain setup (one-time nesting)
are used (Fig. 1).

TABLE I: WRF ARW model configuration in two domains.

WRF Information
Domain 1 Domain 2

Settings (9 km) (3 km)
history interval 180 seconds 60 seconds

e we 140 178
e sn 120 154

e vert 28 28
Dudhia Dudhia

ra sw physics Shortwave Shortwave
Scheme Scheme
RRTM RRTM

ra lw physics Longwave Longwave
Scheme Scheme

bl pbl physics YSU scheme YSU scheme
Kain Fritsch

cu physics Betts Miller Janjic 0
GrellDevenyi
WSM 6 class WSM 6 class

mp physics Kessler Kessler
Purdue Lin Purdue Lin

TABLE II: Configuration of the WRF ARW model
parameterization scheme used as an ensemble member.

Name Parameterization Scheme
Ensemble Planetary

Microphysics Boundary Cumulus
member Layer

Member 1 WRF Single- Yonsei University Kain-Fritcsh
Member 2 Moment 6- Scheme Betts Miller Janjic
Member 3 Class (WSM6) (YSU Scheme) Grell Devenyi
Member 4 Yonsei University Kain-Fritcsh
Member 5 Kessler Scheme Betts Miller Janjic
Member 6 (YSU Scheme) Grell Devenyi
Member 7 Yonsei University Kain-Fritcsh
Member 8 Perduelin Scheme Betts Miller Janjic
Member 9 (YSU Scheme) Grell Devenyi

Nine configuration schemes of the WRF-ARW model
(Table II) are utilized to obtain initial data as ensemble
members. The selection of parameterization schemes in
Table II is based on literature studies identifying the best
parameterization schemes for simulating heavy rainfall
events. After configuring the model, the next step is to
perform computations with the model. This computation
process will generate wrfinput d0x, wrfbdy d0x, and wrfout
data. The wrfout data is the main output file containing
the results of the atmospheric simulation. This file stores
numerical data for various meteorological variables such as
temperature, pressure, humidity, wind, and other parameters
predicted by the WRF model. The wrfout data output from
WRF in domain 2 is then visualized and extracted to produce
ensemble members. These ensemble members are used as
inputs for various ensemble products to predict extreme
heavy rainfall events.
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(a)October 4, 2022, from 7:00 AM to 10:00 AM (b)October 4, 2022, from 10:00 AM to 13:00
AM

(c)October 4, 2022, from 1:00 PM to 4:00 PM

(d)October 4, 2022, from 4:00 PM to 7:00 PM (e)October 4, 2022, from 7:00 PM to 10:00 PM (f)10:00 PM October 4, 2022, to 01:00 AM
October 5, 2022

FIG. 2: Ensemble mean rainfall (3 hours) on October 4 2022 at 07.00 AM to October 5 2022 at 01.00 PM.

FIG. 3: Comparison diagram of rainfall from each WRF parameterization scheme (ensemble member) and ensemble mean
against observed rainfall at Husein Sastranegara, Bandung (7:00 AM on October 4, 2022, to 7:00 AM on October 6, 2022).

There are several types of ensemble methods according to
WMO No. 1091, including the following:

1. Ensemble Mean
The Ensemble Mean method involves averaging all pa-
rameter values across all ensemble members. The aver-
age result from the model runs can be used as a predic-
tion result;

2. Ensemble Spread
The growth of error values over time throughout the
prediction period causes the model solutions to become

increasingly divergent. This divergence of model solu-
tions indicates the level of uncertainty of a condition.
Ensemble spread is the standard deviation value of all
ensemble members; the larger the standard deviation,
the further the data deviates from the mean value. This
condition also indicates a high level of uncertainty;

3. Basic Probability
Basic probability displays the likelihood of an event or
parameter from part of the ensemble members at a spe-
cific grid point or location. Probability is defined as the
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simple proportion of ensemble members that predict a
certain phenomenon at a certain point. This probability
product is generated from the model consensus calcula-
tion for a specific value.

The data used for verification are direct weather observa-
tion data from the Husein Sastranegara Weather Observation
Station in Bandung. This station is the closest observation
point to the Pagarsih area. The observatory data obtained is in
ASCII format with a temporal resolution of 3-hour accumu-
lated rainfall, so the temporal resolution of the WRF predic-
tion data used for verification is also 3 hours.

The method used to verify the model output against the ob-
servational data in this study is the Root Mean Square Error
(RMSE). The Root Mean Square Error (RMSE) is a measure-
ment method that measures the difference between the pre-
dicted values of a model and the observed values. The accu-
racy of the measurement error estimation method is indicated
by a low RMSE value. An estimation method with a lower
RMSE is considered more accurate than one with a higher
RMSE.

RMSE =

√∑n
i=1 (Q◦ −Qs)

2

n
(1)

information:
Q◦ = actual data value
Qs = forecasted value
n = number of data points
Σ = summation (total sum of values)

III. RESULT AND DISCUSSION

A. Ensemble Mean Precipitation

Based on the results of the ensemble mean precipitation ev-
ery 3 hours (Fig. 2), it can be identified that rainfall of 10-20
mm started to occur between 10:00 AM and 1:00 PM. The in-
tensity of the rainfall increased to 40-50 mm from 1:00 PM to
4:00 PM, and then decreased to 10-20 mm from 4:00 PM to
7:00 PM in the West Java region. The ensemble mean product
tends to underestimate the peak heavy rainfall in the Pagarsih
area, which occurred between 1:00 PM and 4:00 PM.

Fig. 3 represents the comparison of RMSE values for each
member and the ensemble mean for the rainfall variable com-
pared to observed rainfall data at the Husein Sastranegara
Weather Station. The figure shows that member 8 (parameteri-
zation scheme 8) is the most accurate compared to other mem-
bers and the ensemble mean product. This indicates that mem-
ber 8 provides the best rainfall prediction among all members.

The test of parameterization scheme 6 (member 6) of the
WRF model in the Bandung area, West Java, resulted in the
worst rainfall accumulation compared to other parameteriza-
tion schemes (Fig. 3). Therefore, in identifying heavy rain-
fall events in the Pagarsih area, Bandung, West Java, the
combination of the Kessler scheme (microphysics) and the

Grell-Devenyi scheme (cumulus) is less suitable for this case.
The Kessler scheme is a relatively simple cloud microphysics
scheme, as it does not account for several complex processes
such as cloud phase transitions and tends to focus on isolated
cloud microphysics processes (not considering external fac-
tors such as wind patterns, advection, or interactions with
the broader atmospheric environment). Consequently, this
scheme may not accurately model some more complex cloud
phenomena [16]. Meanwhile, the Grell-Devenyi ensemble
scheme currently cannot handle ideal convection on a small
grid [17].

B. Probability Map Precipitation

Based on the probabilistic prediction of rainfall events (Ta-
ble III), there is a likelihood of heavy rainfall (threshold of
more than 10 mm/3 hours) in Bandung City, West Java, on
October 4, 2022, from 10:00 AM to 7:00 PM. The peak rain-
fall is expected between 1:00 PM and 4:00 PM, indicated by a
predicted area with more than a 90% chance of experiencing
rainfall greater than 10 mm/3 hours. Furthermore, the proba-
bilistic prediction of light rain in Bandung, West Java, starts
from 4:00 PM to 10:00 PM. This aligns with observed rainfall
data, suggesting that the rainfall probability maps have good
skill in predicting heavy rainfall events, which is one of the
factors causing floods in the Pagarsih area.

C. Ensemble Mean and Spread (Surface Air Temperature)

Fig. 4 represents the surface temperature using the ensem-
ble mean and spread prediction method from October 4, 2022,
at 7:00 AM to October 4, 2022, at 10:00 PM. During the rain-
fall event from 1:00 PM to 4:00 PM, the standard deviation
of surface air temperature in the Pagarsih area is the highest
compared to other times. This variation is attributed to the
differing rainfall intensities produced by each member of the
ensemble. These differences in rainfall intensity can signifi-
cantly impact the variation in surface air temperature (2 me-
ters), highlighting the role of parameterization schemes in pre-
dicting temperature fluctuations. The figure further shows that
during the heavy rainfall in the Pagarsih area, Bandung, the
dominant surface air temperature ranges from 20◦C to 22◦C,
with a standard deviation between 0 and 1.8, indicating rela-
tively low uncertainty.

The comparison of RMSE values for each member and the
ensemble mean for the 2-meter surface air temperature vari-
able, when compared to the observed surface air temperature
at the Husein Sastranegara Station, is presented in Fig. 5. Ac-
cording to Fig. 5, the ensemble mean with an RMSE value of
0.77, provides the most accurate prediction compared to the
individual members.
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TABLE III: Probabilistic prediction of 3-hour rainfall events with three categories of rainfall intensity (from 7:00 AM on
October 4, 2022, to 1:00 AM on October 5, 2022).

1 <= Rainfall <= 5 (mm) 5 < Rainfall <= 10 (mm) Rainfall > 10 (mm)

Oct 4, 07:00 to 10:00 AM Oct 4, 07:00 to 10:00 AM Oct 4, 07:00 to 10:00 AM

Oct 4, 10:00 AM to 1:00 PM Oct 4, 10:00 AM to 1:00 PM Oct 4, 10:00 AM to 1:00 PM

Oct 4, 1:00 to 4:00 PM Oct 4, 1:00 to 4:00 PM Oct 4, 1:00 to 4:00 PM

Oct 4, 4:00 to 7:00 PM Oct 4, 4:00 to 7:00 PM Oct 4, 4:00 to 7:00 PM

Oct 4, 7:00 to 10:00 PM Oct 4, 7:00 to 10:00 PM Oct 4, 7:00 to 10:00 PM
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(a)October 4, 2022 at 07:00 AM (b)October 4, 2022 at 10:00 AM (c)OctoberOctober 4, 2022 at 1:00 PM

(d)October 4, 2022 at 4:00 PM (e)October 4, 2022 at 7:00 PM (f)October 4, 2022 at 10:00 PM

FIG. 4: Ensemble mean (contour) and ensemble spread (shaded) of surface air temperature (2 meters) on October 4, 2022, from
07:00 AM to 10:00 PM.

FIG. 5: Comparison diagram of 2-meter surface air temperature from each WRF parameterization scheme (ensemble member)
and ensemble mean against observed surface air temperature at Husein Sastranegara Station, Bandung (7:00 AM on October 4,

2022, to 7:00 AM on October 6, 2022)

D. Ensemble Mean and Spread (Surface Relative Humidity)

Figure 6 represents surface air humidity using the ensemble
mean and spread prediction method from October 4, 2022, at
7:00 AM to October 4, 2022, at 10:00 PM. During the rain-
fall from 1:00 PM to 4:00 PM, the standard deviation of sur-
face air humidity in the Pagarsih area is the highest compared
to other times. This is related to the varying rainfall inten-
sities of each member (parameterization schemes) during the
rain, which can affect the variation in surface air humidity (2

meters). The figure shows that during heavy rainfall in the
Pagarsih area, the surface air humidity ranges from 88% to
96%, with a standard deviation reaching 9, indicating rela-
tively high uncertainty. Finer grids produce forecasts with
smaller bias and more realistic rainfall intensity distributions,
but have higher standard deviations of errors [18].

Figure 7 shows the verification and comparison of RMSE
values for each member and the ensemble mean for the sur-
face air humidity variable. Based on the figure, the prediction
of surface air humidity with the smallest RMSE value is mem-
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(a)October 4, 2022 at 07:00 AM (b)October 4, 2022 at 10:00 AM (c)OctoberOctober 4, 2022 at 1:00 PM

(d)October 4, 2022 at 4:00 PM (e)October 4, 2022 at 7:00 PM (f)October 4, 2022 at 10:00 PM

FIG. 6: Ensemble mean (contour) and ensemble spread (shaded) of surface air humidity (2 meters) on October 4, 2022, from
07:00 AM to 10:00 PM.

FIG. 7: Comparison diagram of 2-meter surface air humidity from each WRF parameterization scheme (ensemble member)
and ensemble mean against observed surface air humidity at Husein Sastranegara Station, Bandung (7:00 AM on October 4,

2022, to 7:00 AM on October 6, 2022).

ber 6 (parameterization scheme 6), while the ensemble mean
RMSE value is 13.28. In this case, member 6 performs better
in predicting surface air humidity compared to other members
and the ensemble mean.

IV. CONCLUSION

Based on the analysis of the application of the ensemble
mean method, ensemble spread, and probability maps for pre-

dicting rainfall, surface air temperature, and surface air hu-
midity in the case study of heavy rain on October 4, 2022,
in Pagarsih, Bandung, West Java, the following conclusions
were obtained. The WRF model (parameterization scheme
8 or member 8) is the best at predicting very heavy rainfall
compared to other parameterization schemes. Parameteriza-
tion scheme 1 is the best for predicting surface temperature,
and parameterization scheme 6 is the best for predicting sur-
face air humidity. The ensemble mean product has the lowest
RMSE value for predicting surface air temperature.
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The rainfall probability maps product can effectively iden-
tify the peak of heavy rainfall (October 4, 2022, from 1:00
PM to 4:00 PM), which is one of the causes of flooding in
the Pagarsih area. This is indicated by the extensive area with
more than a 90% chance of experiencing rainfall greater than
10 mm/3 hours. In contrast, the ensemble mean rainfall pre-
diction product tends to underestimate heavy rainfall in the
Pagarsih area.

High values of ensemble spread (for surface air tempera-
ture and surface air humidity), indicating high uncertainty,
correlate with the potential for rain event in the area. This
is evidenced by the coincidence of high ensemble spread val-
ues (surface air temperature and surface air humidity) with
the potential for rain in the ensemble mean and probability

maps (rainfall) products at the same time and location. This
can be attributed to the interrelation between these weather
elements and the variation in prediction values from each en-
semble member.
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