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ABSTRACT In December 2021, Mount Semeru experienced an eruption accompanied by extreme rainfall, which resulted in lava floods, known as lahars
or debris flows. The lava flood destroyed infrastructure, resulting in loss of life. Various rivers surrounding Mount Semeru, including the Rejali River,
experienced the effects of this phenomenon. To address this, a study is needed to analyze the occurrence and frequency of lava floods over specific time
intervals through the creation of a hazard map. This study aims to map the hazard of lava floods for various return periods using a coupled HEC-HMS
and HEC-RAS software alongside a lava flood discharge approach. The HEC-HMS software is used to simulate hydrological processes, to obtain the lava
flood discharge, while the HEC-RAS is used to model a two-dimensional (2D) lava flood hazard map. The input parameters of the modeling in this study
are rainfall intensity, soil type, land cover, river distance, slope, and elevation. The results show that the flood area covers 9.55% of the total study area
by 2 year return period (Q2), 11.80% by Q10, 14.10% by Q50, and 15.72% by Q200 with an overall validation Root Mean Square Error (RMSE) of 0.16.
These changes are determined by the discharge volume from each return phase and the river’s shallow depth, which causes overflow beyond the river’s
ability to accommodate the flow. Thus, this study suggests that the models successfully generated a reliable model for mapping the risk of lava floods
on the Rejali River. These findings can help the government reduce disaster losses through adequate adaptation and mitigation initiatives.
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1 INTRODUCTION

The National Disaster Management Agency or BNPB
informed that the extreme weather in the Mount Se-
meru area resulted in cold lava flooding (lahars or de-
bris flows) in several river basins, one of which was
the Rejali DAS (Yanuarto, 2020). The impact caused by
the cold lava flood (hereafter lava flood) induced build-
ing infrastructure damage and casualties (Purba et al.,
2022). Therefore, mitigations are needed to anticipate
the effect thatmay occur (Permatasari et al., 2021). One
of the mitigation efforts is to develop a lava flood haz-
ard map represented by the distribution of lava floods
at specific periods and frequencies using modeling ap-
proaches (Kholiq, 2017).

Modeling a lava flood hazard can be done with Hyper-
KANAKO software, which can map the distribution of
lava floods with relatively accurate sedimentation re-
sults (Nakatani et al., 2021; Ulinnuha et al., 2020). Nev-
ertheless, given that this software is commercially li-
censed, the creation of a lava flood hazard map can
be accomplished through hydrological and hydraulic
methodology utilizing freely available software HEC-
HMS and HEC-RAS (Ulinnuha et al., 2020). Further-
more, previous studies suggest that the HEC-HMS and
HEC-RAS software were deemed more suitable for use
for many purposes, including this study.

Lava flood hazard modeling with hydrological and hy-
draulics approaches using HEC-HMS, and HEC-RAS
software can provide high suitability for the actual con-
ditions (Elfeki et al., 2017). This modeling utilizes ge-
omorphological parameters as one of the alternatives
(Tigor Oktaga et al., 2016). The geomorphological pa-
rameters used in the models are rainfall intensity, soil
type, land cover, river distance, slope, and elevation
(Narwade et al., 2022).

Previous works that combine HEC-HMS and HEC-RAS
software, such as (Ulinnuha et al., 2020), were able to
obtain accurate flood mapping but have not provided
predictions of lava floods at specific return periods.
This study aims to carry out hazard mapping of lava
floodswith a hydrological approach to obtain lava flood
discharges and two-dimensional (2D) hydraulics mod-
eling based on various return periods of 2 years, 10
years, 50 years, and 200 years. For the hydrological ap-
proach, this study uses the HEC-HMS software to ob-
tain flood discharge (Scharffenberg and FM, 2016). Af-
ter obtaining theflooddischarge, the volumeof the lava
flood can be determined using the lava flood discharge
formula. The 2D modeling was carried out after the
magnitude of lava floods was obtained using the HEC-
RAS software based on the watershed system (Brun-
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Figure 1 Study area map

Table 1. Research data and information

Data Source Description

Observational rainfall data Technical Implementation Unit for Water Resources Management in Bondoyudo Baru River Area in Lumajang Data in 2012-2021

Soil type map Technical Implementation Unit for Water Resources Management in Bondoyudo Baru River Area in Lumajang East Java soil map

DEM data https://tanahair.indonesia.go.id/demnas//demnas Scale 1:25.000

Topography map https://tanahair.indonesia.go.id/portal-web/bencana/data_semeru.html Scale 1:25.000

Sentinel 2 MSI imagery https://code.earthengine.google.com/ Date 29/06/2022

Watershed boundary https://dbgis.menlhk.go.id/portal/home/gallery.html?view=grid&sortOrder=desc&sortField=relevance Watershed throughout Indonesia

Land Cover Accuracy Test Land cover field survey 96-point coordinates

Validation data Affected area field survey 25-point coordinates

ner, 2016). Consequently, the resulting lava flood haz-
ard distribution map was expected to significantly en-
hance predictions for the Rejali watershed, contribut-
ing to mitigation efforts against the lava flood hazard.

2 METHODOLOGY

2.1 Study Area

The study areawas in the Rejali River Basin,which orig-
inates in the Mount Semeru Region, as shown in Figure
1. Mount Semeru has the highest summit, known as
Mahameru, with an altitude of 3676 masl, located be-
tween Lumajang and Malang Regencies at position 8°
06’ 30” South and 112° 55’ East.

2.2 Data Collection

The data used in this study are shown in Table 1, which
provides information regarding the scale, data collec-
tion date, size, and the number of coordinates survey
points.

2.3 Method

The methodology used in determining the distribution
of lava flood hazard consists of five stages, as shown in
Figure 2. The first stage determines the soil conserva-
tion service-curve number (SCS-CN) parameter. In this
first stage, landuse classification is carried out. Classi-
fication uses a supervised method from Sentinel 2 data
used as imagery. The second stage is to model the river
hydrology using HEC-HMS. The third stage is to calcu-
late the designed lava flood discharge. Fourth, create
a 2D river geometry with RAS Mapper. Lastly, model
river hydraulics with HEC-RAS to produce a hazardous
distribution of lava floods in the study area.

2.4 SCS-CN

The Soil Conservation Service Curve Number (SCS-CN)
method is an empirical approach considered one of the
standard methods for calculating direct runoff based
on rainfall events. Its widespread adoption stems from
its inherent simplicity and practicality. In this method,
the calculation of runoff characteristics is based on soil
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Figure 2 Research Flowchart

type, soil use, hydrological conditions, and humidity
conditions. Initially, SCS-CN was applied to small wa-
tersheds, then developed and used for various water-
sheds (Mishra et al., 2007). The SCS-CNmethod for cal-
culating runoff is described in Equation 1 (Gupta and
Dixit, 2022) :

Q =
(P − 0.2S)2

P + 0.8S
(1)

where Q is Runoff Depth (mm); P is cumulative rain
depth at time t (mm); S is the maximum storage ca-
pability (mm) described in the Equation 2:

S =
25400

CN
− 254 (2)

Curve Number (CN) is a dimensionless number and
ranges from 0 to 100, which is determined based on
land use, land cover, hydrological conditions, and soil
moisture conditions (Abu-hashim et al., 2015). The
method for calculating the composite CN value is de-
scribed in Equation 3:

CNcomposite =

∑
CNiAi∑

Ai
(3)

where CNcomposite is composite CN values over a wa-
tershed; CNi is Curve Number of each i landuse; Ai is
area each landuse (km2). The runoff volume can be cal-
culated bymultiplying the depth of runoff by the catch-
ment’s area. The runoff volume equation is explained
in Equation 4 (Hashim and Sayl, 2022)(Hashim and Sayl
2022):

Qv =
QxA

1000
(4)

where Qv is Runoff volume (m3); Q is Runoff Depth
(mm); A is Area (m2).

2.5 HEC-HMS

The U.S Army Corps of Engineering designed the HEC-
HMS or Hydrologic Engineering Center Hydrologic
Modeling System software. This model is developed
to model hydrological parameters such as discharge
hydrographs used in water availability studies, urban
drainage, flow estimation, flood flow regulation, and
operating systems. The HEC-HMS model aims to fa-
cilitate its application across diverse geographic areas,
encompassing basin models, meteorological models,
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Figure 3 Watershed delineation map

control specifications, and various types of input data,
including time series, data pairs, and grid data (Ab-
dessamed and Bouanani, 2017).

In the HEC-HMS model, a model calibration process
is required to determine characteristic watershed pa-
rameters such as CN (Curve Number), area of imper-
viousness, and initial abstraction (Fahmi et al., 2022).
The parameters used in the calibration process is the
runoff volume as calculated using Equation 4 within
HEC-HMS. The calibration process involves iterative
adjustments to achieve the optimal alignment between
the model’s output and measured data.

2.6 Lava Flood Discharge

This study employs the Construction and Building
Technical Planning Guidelines for Embankments on
Lahar Rivers, specified by the Ministry of Settle-
ments and Regional Infrastructure under number:
360/KPTS/M/2004, to determine the anticipated dis-
charge volume for lava floods. This calculation is con-
ducted utilizing the methodology outlined in Equa-
tion 5 (Keputusan Menteri Pemukiman dan Prasarana
Wilayah, 2004).

Qp = (1 + C∗)Q0 (5)

whereQp is lava flood discharge or design sediment dis-

charge (m3s-1); C* is the concentration of the particles
in the volume of debris material on the riverbed before
moving; Q0 is design flood discharge (m3s-1).

2.7 HEC-RAS

HEC-RAS or Hydrologic Engineering Center – River
Analysis System software, was developed by the US
Army Corps of Engineers. This software was developed
to simulate river flow, incorporating various model
components, including the analysis of steady flow and
unsteady flow profiles (Abdessamed and Abderrazak,
2019). The steady flow assumption is employed when
components remain constant across all locations and
time intervals. Conversely, the unsteady flow setting
considers flow components to be variable, changing
based on factors such as function, distance, and time.
In Unsteady Flowmodeling, challenges frequently arise
due to the increased number of input components com-
pared to Steady Flow modeling, which can compro-
misemodel stability. In instances where Unsteady Flow
modeling encounters issues, engineers often resort to
employing Steady Flowmodeling as an alternative (Idfi,
2017).

HEC-RAS has several hydraulic analyses, such as the
profile of the water level at a steady flow, unsteady
flow simulations on 1D and 2Dmodels,modeling of un-
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Figure 4 Land cover map

stable and sediment movement limits, and analysis of
water demand (Brunner, 2016). This software is also
equipped with RAS Mapper, which models geometry
while geometric data is generated, such as river flow,
flow area, and cross-section (Hamdi et al., 2019; Traore
et al., 2015). The 2Dmodel can provide results in a flow
simulation, whereas the 1D model only displays tables
and graphs. The data entered in the 2D model is in the
form of DEM (Digital Elevation as it can display flow
simulations andmovements in floodplain areas (Hamdi
et al., 2019). Thus, a 2Dmodel was used in this study to
show the distribution of lava floods. The 2D equation is
shown in Equation 6 for the conservation of mass and
Equation 7 for the conservation of momentum (Arimbi
et al., 2022).

∂Q

∂x
+

∂A

∂t
= qlateral (6)

∂Q

∂t
+ 2α

Q

A

∂Q

∂x
− α(

Q

A

2

)
∂A

∂x
+ gA

∂y

∂x
+ gASf = 0 (7)

where the Q is stream discharge (m3s-1); t is time (s);
x is distance along the river; A is wet area(m2); qlateral
is lateral discharge from the left and right sides of the
river(m3s-1m-1; αis Coriolis coefficient; g is gravita-
tional acceleration(m s-2); Sf is the slope of the energy
line; y is water surface elevation(m).

2.8 Model Performance Measurement

Model performance evaluation involved two ap-
proaches: parameter calibration within the HEC-HMS
model and validation of the HEC-RAS model against
observational data. The accuracy of model predic-
tions was assessed using the Root Mean Square Error
(RMSE), which compares observed values with simu-
lated results to gauge model performance. A higher
RMSE value indicates poorer model performance,
while a lower value signifies better performance, and
vice versa (Hou et al., 2020). The RMSE calculation is
shown in Equation 8:

RMSE =

√√√√ 1

N

N∑
i=1

(F− O)
2
i (8)

where F is simulation results; O is observation data,
and N is the amount of data.

3 RESULTS AND DISCUSSION

3.1 Watershed Delineate

The watershed and subbasin delineation were carried
out using watershed analysis tools in ArcMap software.
Watershed analysis was carried out in each Rejali sub-
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Figure 5 Soil type map

Figure 6 Distribution of rainfall

basin to obtain results that are close to the actual con-
dition. The results of the watershed analysis in the Re-
jali watershed yielded eight (8) subbasins, namely sub-
basin 1 of 830.5 ha, subbasin 2 of 1057.3 ha, subbasin

3 of 3062.1 ha, subbasin 4 of 1277.3 ha, subbasin 5 of
1736.2 ha, subbasin 6 of 2681.1 ha, subbasin 7 of 1623.3
ha, and subbasin 8 of 840 ha. The results of the delin-
eation of watershed Rejali are shown in Figure 3.

144



Vol. 10 No. 2 (May 2024) Journal of the Civil Engineering Forum

Figure 7 HEC-HMS modeling

3.2 Land Cover

The Rejali watershed land cover map is divided into six
(6) land cover classes: forest, bare land, sand, residen-
tial, grass, and paddy fields. The land cover classifi-
cation results showed that each class had an area of
4164.2 ha of forest, 191.8 ha of vacant land, 1204.1 ha
of sand, 594.9 ha of a residential area, and 2224,3 ha of
grass, and a paddy field area of 4728.6 ha. There are ap-
proximately 35%of the area is paddyfields, and approx-
imately 30.8% is forest in the Rejali watershed. Mean-
while, other notable land cover categories include sand
at approximately 8.9%, grass at 16.5%, residential areas
at 4.4%, and bare land at 1.4%. Therefore, it can be con-
cluded that the rice fields and forest areas dominate the
study area. The results of the land cover classification
are shown in Figure 4.

Land cover classification requires an accuracy assess-
ment to produce high data accuracy. In this process, we
useds theOverallAccuracy andKappaCoefficient to de-
termine the simulation accuracy level. The calculation
of the confusionmatrix results produces an Overall Ac-

curacy of 94.76% and a Kappa Coefficient of 0.937. With
an overall accuracy exceeding 80%, the land cover clas-
sification results are deemed reliable for use in subse-
quent calculations (Julzarika and Carolita, 2015).

3.3 Soil Type

The classification of soil types was obtained from pro-
cessing soil typemaps for East Java provided by the De-
partment of Public Works, PSDA. Soil types are pro-
cessed through ArcMap software using clip tools to
form the Rejali watershed area. The results of soil-type
processing are shown in Figure 5. The classification re-
sults show that the Rejali watershed area has four (4)
types of soil consisting of 7396.0 ha of Mediterranean
soil, 2597.4 ha of Grumosol land, 2233.7 ha of Andosol
land, and 871.5 ha of alluvial land.

3.4 Rainfall

In this study, rainfall analysis employs five rainfall
measurement stations. The rainfall stations in the Re-
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Figure 8 HEC-HMS design discharge

Table 2. Model Calibration

Description CN Composite Q (mm) Qv (m3) RMSE

Runoff Volume 72.42 75.1 9844036.43 -

Model 1 72.42 75.1 9844036.43 16.94

Model 2 66.42 64.02 8391680.59 0.31

jali watershed consist of the Candipuro station, the
Curahkeboan station, the Pasirian station, the Kec.
Pasirian station, and the Kali Bendo station. Hourly
rainfall distribution analysiswas performed by process-
ing ten (10) years using the Mononobe method since
there is no hourly rainfall data available in the rain-
fall stations. This method calculates a variation of the
short-term rainfall equationwith the duration of rain in
Indonesia estimated to last 4 to 7 hours (Victory et al.,
2016). Based on the results, the design rain duration
in this study is 6 hours. Processing results are taken
at return periods of 2 years, 10 years, 50 years, and 200
years. For instance, the analysis of hourly rainfall under
a 2-year return period yielded the following rain inten-
sities: 6 hours of rainfall produced intensities of 6.00
mm in the 1st hour, 14.13 mm in the 2nd hour, 9.91 mm
in the 3rd hour, 7.89 mm in the 4th hour, 6.66 mm in
the 5th hour, and 5.82 mm in the 6th hour. The results
depicted in Figure 6 correspond to each return period
analyzed. These findings will be utilized as inputs for
the HEC-HMS rainfall analysis across a range of return
periods.

3.5 Lava Flood Discharge Approach

3.5.1 HEC-HMS Modeling

HEC-HMS modeling was applied using rainfall analy-
sis data for ten (10) years and SCS-CN parameters ob-
tained from watershed delineation maps, land cover
maps, and soil type maps. This study uses a 2-year re-

turn period design flood discharge due to limited obser-
vation discharge data in the research area. The model
calibration is done in this study based on runoff vol-
ume. The validation procedure involves a comparison
between the simulation of the lava flood in 2021 and
the corresponding modeling output. Field assessment
of the lava flood conditions was conducted through in-
terviews with residents near the disaster site, comple-
mented by the use of aGarminGPS tracker for pinpoint-
ing coordinate points. Subsequent to field data col-
lection, the HEC-HMS calibration process ensued, en-
tailing two design models: model 1 for calibration and
model 2 for calibration, as shown in Table 2. The cal-
ibration analysis revealed that model 2 has better per-
formance, with an RMSE value of 0.31. The associated
runoff volume is 8,417,883.03m3 and 8,391,680.593m3

for calibrated and uncalibrated models, respectively.
Moreover, Figure 7 illustrates the HEC-HMS modeling
settings for each subbasin.

3.5.2 HEC-HMS Design Discharge

The results of the HEC-HMS simulation obtained the
design flood discharge at return periods of 2, 10, 50,
and 200 years. The HEC-HMS simulation shows that
the peak flood discharge inQ2 andQ10 occurs in the 6th

hour with a discharge of 189.5 m3s-1 and 326.8 m3s-1,
while in Q50 and Q200, it occurs at the 5th hour with
discharges of 509.9 m3s-1 and 718.3 m3s-1. The design
flood discharge simulation result is shown in Figure 8.

3.5.3 HEC-HMS Design Lava Flood Discharge

The result of the lava flood discharge is formulated as
the lava flow is a mixture of water volume and volcanic
material (mudflows) so that the lava flood discharge is
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Figure 9 Design lava flood discharge

Table 3. Comparison of inundated areas at each return period

Return

Period

Peak discharge

(m3s-1)

Flooded area

(Ha)

Percentage of

Flooded Area (%)

2 Years 303.2 1178.17 9.55%

10 Years 522.88 1454.93 11.80%

50 Years 822.08 1738.24 14.10%

200 Years 1170.88 1938.12 15.72%

Table 4. Lava flood area

Village
Area (Ha)

Q2 Q10 Q50 Q200

Sumberwuluh 334.58 437.92 546.61 576.73

Jugosari 285.70 332.00 370.12 398.11

Gondoruso 357.21 476.68 519.95 622.90

Bades 116.56 132.13 161.66 170.93

Bago 84.13 76.20 139.90 169.46

greater than the water flood discharge. Calculation of
lava flood discharge using Equation 5. The lava flood
sediment concentration using the approach from the
construction and building guidelines for the technical
planning of embankments on Lahar rivers by the De-
partment of Settlement and Regional Infrastructure in
2004, with a C* value of 0.6. The calculation results
show that the peak discharge of lava floods in Q2 and
Q10 of the year occurred in the 6th hour at 303.2 m3s-1

and 522.88 m3s-1, while the peak discharge of Q50 and
Q200 of the year occurred at the 5th hour of 822.08
m3s-1 and 1170.88 m3s-1. The results of the calculation
of the lava flood discharge are shown in Figure 9.

3.6 2D Modeling

The 2D HEC-RAS modeling involves several critical
conditions and a few assumptions. The input model
uses DEMNAS data for geometric data modeling in dis-
charge flow, and the model used is unsteady flow anal-

Table 5. HER-RAS validation

No
Coordinate (UTM) Condition

Error
x y Observed HEC-RAS

1 730520.560 9087029.488 Flooded Flooded -

2 726479.828 9088783.764 Flooded Flooded -

3 725457.101 9090721.399 Flooded Flooded -

4 729592.357 9086956.856 Not Flooded Not Flooded -

5 729211.357 9087033.056 Not Flooded Not Flooded -

6 728122.594 9087467.767 Not Flooded Not Flooded -

7 725034.825 9091434.585 Flooded Flooded -

8 725071.867 9091842.044 Flooded Flooded -

9 724316.259 9093618.284 Flooded Flooded -

10 726870.848 9088347.508 Not Flooded Flooded Error

11 726354.380 9089554.540 Not Flooded Flooded Error

12 724808.385 9092554.657 Flooded Flooded -

13 724699.906 9092746.480 Flooded Flooded -

14 724639.052 9092926.397 Flooded Flooded -

15 728801.878 9087337.703 Not Flooded Flooded Error

16 724914.219 9092393.261 Flooded Flooded -

17 725064.150 9091679.237 Flooded Flooded -

18 725199.617 9091134.152 Flooded Flooded -

19 731832.465 9087230.282 Not Flooded Not Flooded -

20 730938.172 9087129.740 Not Flooded Not Flooded -

21 732062.653 9087235.574 Not Flooded Flooded Error

22 726146.094 9089777.404 Flooded Flooded -

23 725812.718 9090301.280 Flooded Flooded -

24 726479.851 9089187.753 Flooded Flooded -

25 729398.724 9087024.766 Not Flooded Not Flooded -

RMSE 0.16

ysis. The results of the distribution of lava floods are
shown in Figure 10 and Table 3, while the validation
of the distribution of lava floods can be seen in Fig-
ure 11 and Table 4. In this study, the HEC-RAS model
was not calibrated due to limited observed discharge
data, so the study only considered the percentages of
the flooded area from the total area of the Rejali water-
shed by 12,017.8 ha (Table 3).

Table 3 shows the flood area percentage in the study
area of 9.55% in Q2, 11.80% in Q10, 14.10% in Q50, and
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(a) (b)

(c) (d)

Figure 10 Simulated lava flow for various return periods (a) Q-2; (b) Q-10; (c) Q-50; (d) Q-200

15.72% in Q200. Incorporating flood area percentages
into themodeling results enhances their utility and sat-
isfaction. A previous study (Munna et al., 2021) pro-
posed that integratingflood area percentages into flood
hazard analysis through statistical approaches can lead
to a more precise estimation of flood hazards.

Figure 10 shows the prediction of the lava flow inunda-
tion area from each return period simulation Q2, Q10,
Q50, and Q200. The simulation results for each return
period show that the extent of the lava flow is different
and impacts five (5) villages. The affected villages con-
sist of Sumberwuluh, Jugosari, Gondoruso, Bades, and
Bago. Moreover, Table 4 shows that the widest impact
of the lava flood hazard lies in Gondoruso Village, with
an area of 357.12 ha in Q2, 476.68 ha in Q10, 519.95 ha
in Q50, and 622.90 ha in Q200. The varying inundated
areas due to lava flow at different return periods are in-
fluenced by multiple factors, including the substantial
discharge volume and the shallow depth of the river,
leading to its overflow.

In this research, HEC-RAS validation is undertaken to
ensure that modeling outcomes closely align with real-

world conditions. The validation process involves uti-
lizing flood discharge data with a design correspond-
ing to a 2-year return period. This entails comparing
the distribution patterns of lava floods in 2021 with the
modeled results. Field assessments of lava flood condi-
tions were conducted by interviewing residents resid-
ing near the disaster site, aided by GPS technology, to
ascertain precise coordinates.

The RMSE value for validation can be used as a suit-
ability test between themodel and the conditions in the
field. Thus, the smaller the RMSE value is close to 0, the
better the validation between observation and model-
ing values (Brunner et al., 2018). The validation results
for the distribution of lava floods in Table 4 show that 4
out of 25 locations are invalid or error, which, by using
Equation 8, shows the RMSE value is relatively low by
0.16. Thus, the modeling results are close to the condi-
tions in the field. The findings of this study indicated
that employing both observational data and simulation
data validation tests in modeling lava floods yielded a
model that closely resembled actual conditions as con-
firmed by previous research (Ulinnuha et al., 2020).
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Figure 11 HEC-RAS Validation

4 CONCLUSION

Mapping the hazard of lava floods in the study area us-
ing the lava flood discharge approach and 2Dmodeling
produces a model that estimates the actual conditions
by the RMSE value of 0.16. In addition, this study shows
flood area percentages based on statistical methods to
confirm the accuracy of themodel better. The results of
mapping the prediction of the lava flood hazard using
the lava flood hazard approach and 2D modeling show
the impact on five (5) villages, namely Sumberwuluh
Village, Jugosari Village, Gondoruso Village, Bades Vil-
lage, and BagoVillage. The villagemost widely affected
by the lava flow was Gondoruso Village, with an area
of 357.12 ha in Q2 year, 476.68 ha in Q10 year, 519.95
ha in Q50 year, and 622.90 ha in Q200 year. The dif-
ferences in the area impacted by lava flows are influ-
enced by various factors, including the discharge vol-
ume from each return period and the shallow depth of
the river, which results in overflow beyond the river’s
capacity to accommodate the flow. Finally, the results
of this study’s lava flood hazard area can be used as a
guide for the government in reducing disaster losses by
a proper adaptation and mitigation efforts.
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