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ABSTRACT  
Background: Flooding is one of the most frequent and costly natural disasters worldwide. According to DIBI-
BNPB data, Indonesia has experienced 11,806 flood events. Flood risk management is crucial to identify flood-
prone areas, which can be done through Flood Hazard Mapping (FHM) using the Geomorphology Flood Index 
(GFI). While GFI relies on topographical factors, Indonesia's rainfall varies significantly, necessitating a 
sensitivity comparison across different extreme rainfall characteristics. Methods: This study compares 
conventional GFI (without rainfall) and modified GFI (incorporating extreme rainfall). It determines extreme 
rainfall return periods of 5, 10, 25, 50, and 100 years using the Generalized Extreme Value (GEV) method. These 
values are normalized into Ip-A and Ip-B indices, which are then integrated into the GFI model to estimate flood-
prone areas. Findings: The Ip-A and Ip-B methods yield different results. At a 100-year return period, Ip-A 
produces the same flood extent as conventional GFI, whereas Ip-B varies. Maluku, with the highest extreme 
rainfall (323.91 mm/day), shows a larger flood extent than conventional GFI, while Java, with the lowest (188.11 
mm/day), shows a smaller extent. Extreme rainfall variability significantly affects flood potential, making the 
Ip-B method highly sensitive to such variations. Conclusion: The study concludes that the Ip-A method produces 
flood potential areas similar to the conventional GFI at a 100-year return period, while the Ip-B method yields 
different flood extents depending on extreme rainfall intensity. The Ip-B method is highly sensitive to extreme 
rainfall variations, making it more responsive to regional differences in flood potential. Novelty/Originality of 
this article: This study introduces a novel approach by integrating extreme rainfall variability into the 
Geomorphology Flood Index (GFI) using two modified indices, Ip-A and Ip-B, to enhance flood hazard mapping 
accuracy.  
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1. Introduction  
 

Flood disasters are among the most frequent natural disasters worldwide and incur the 
highest costs compared to other disasters, as flood-related damages account for one-third 
of the economic losses caused by natural disasters. Therefore, flood risk management is 
essential to identify flood-prone areas within a region, which can be achieved through Flood 
Hazard Mapping (FHM) (Mudashiru et al., 2021). The flood hazard mapping method is 
categorized into three approaches: physically-based, physical modeling methods, and 
empirical (Bellos, 2012; Teng et al., 2017). 

The physically-based and physical modeling methods provide more accurate results 
than the empirical approach; however, these methods require extensive resources and data, 
making them inefficient for large-scale areas. Over the past one to two decades, the 
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empirical method has been widely used by researchers as it enables broader regional 
assessments with minimal data and resource requirements. Although this method is less 
accurate, it remains highly efficient for large-scale flood hazard analysis. 

One of the empirical approaches is the Geomorphology Flood Index (GFI). The GFI 
method is an effective tool for estimating flood inundation areas, particularly in large 
watershed regions with limited hydrological data (Samela et al., 2018). In Indonesia, GFI has 
been implemented in the technical module for flood disaster risk assessment developed by 
the National Disaster Management Agency (BNPB). The GFI approach utilizes two key 
components in its formula: H and hr, where H represents the elevation difference between 
the river and the watershed, while hr denotes the water depth at varying elevations 
(Samela, 2017). 

Manfreda (2015) utilized hr to calculate the area (Ar) in square meters (m²) from the 
tested point to the nearest river basin. However, this approach does not perform well in 
large areas with high rainfall variability. Therefore, a possible improvement is to convert 
the area (Ar) into rainfall volume (Vr) to better assess its sensitivity. The intensity of heavy 
rainfall is a crucial factor as it influences the scale of flood potential (Boers et al., 2016). 

Kubro (2021) successfully incorporated rainfall data into the Geomorphology Flood 
Index (GFI) by transforming area (Ar) into volume (Vr). However, the resulting sensitivity 
was suboptimal due to similar rainfall characteristics and return periods, as well as the 
relatively small study areas of the Ciliwung and Citarum River Basins. This limitation may 
have arisen from errors in incorporating rainfall parameters or the uniformity of rainfall 
characteristics in the studied regions. Therefore, sensitivity testing using the 
Geomorphology Flood Index (GFI) method is required in a broader study area, covering all 
watersheds in Indonesia, to capture greater variability. This approach aims to thoroughly 
assess GFI sensitivity based on the recommendations of Kubro (2021).  

Flooding is influenced by several factors, including elevation, topography, and rainfall. 
The Geomorphology Flood Index (GFI) method considers only topographical aspects, 
whereas rainfall exhibits significant variability. If the GFI method produces accurate results, 
it suggests that rainfall in the region is homogeneous, allowing it to be treated as a constant 
rather than a variable. However, in reality, rainfall varies considerably. A study by Kubro 
(2021) found that the modified GFI method yielded results similar to those of the 
conventional GFI. Sensitivity comparisons in adjacent areas showed no significant 
differences due to minimal rainfall variation. Therefore, a broader sensitivity comparison 
across regions with diverse rainfall characteristics is necessary to ensure the applicability 
of the GFI method in Indonesia. 
 
1.1 Geomorphology flood index (GFI) 

 
The Geomorphology Flood Index (GFI) is an effective method for estimating flood 

inundation areas, particularly in large-scale watersheds with limited hydrological data 
(Samela et al., 2018). The GFI method has been adopted in Indonesia within the technical 
module for flood disaster risk assessment, developed by BNPB (National Disaster 
Management Agency). Manfreda (2015) evaluated various flood indices and identified GFI 
as the most effective approach. This index compares water depth at different elevations (hr) 
with the elevation difference between the river and the watershed (H) (Samela, 2017). 

Manfreda et al. (2015) used hr to calculate the area (Ar) in square meters (m²) from 
the tested point to the nearest river basin. Therefore, hr is employed to account for water 
surface elevation in the adjacent drainage network as a flood hazard indicator. The GFI 
calculation formula is as follows: 

 

𝐺𝐹𝐼 = 𝑙𝑛 
ℎ𝑟

𝐻
 With ℎ𝑟 ≈ 𝑏𝐴𝑟𝑛                (Eq. 1) 

 

The variables in the Geomorphology Flood Index (GFI) formula are defined as follows, 
hr refers to the water depth at different elevations, while H represents the elevation 
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difference between the tested element and the watershed. Additionally, Ar denotes the area 
of the river connected to the tested location, whereas n is the exponent calibrated based on 
the study area, and b is the scaling factor determined by the DEM used. 

 

 
Fig. 1. Illustration of the GFI equation used to determine the flood hazard index 

(Samela et al., 2017) 

 
1.2 GFI method experiment 

 

In Figure 2, Manfreda  & Samela (2019) conducted a study on the Geomorphology Flood 
Index (GFI) in the Bradano River, one of the major rivers in the Basilicata region of Southern 
Italy. Figure (a) illustrates the water depth at different elevations, Figure (b) depicts the 
elevation difference between the tested element and the watershed, and Figure (c) presents 
the GFI mapping results using the formula mentioned above. The GFI mapping results 
indicate that as hr increases, the GFI index also increases. Conversely, if hr is smaller than 
H, the GFI index decreases. 
 

 
Fig. 2. GFI calculation process using DEM data 

(Manfreda et al., 2015) 

 
The following figure presents GFI experiments conducted both internationally and 

domestically. Currently, there is no GFI map available for the entire Indonesia. Figure 3 
presents three maps illustrating flood risk across the continental United States, based on 
data from two primary sources: FEMA (Federal Emergency Management Agency) and GFI 
(Global Flood Initiative). The first map shows the division of the U.S. into major drainage 
basins or hydrologic regions, labeled from 1 to 18. These regions represent the flow 
direction of water bodies and serve as the foundational geographic units for analyzing flood 
potential. The second map, provided by FEMA, displays flood zones based on historical data 
and hydrological assessments. Areas marked in yellow represent regions with a 1% annual 
chance of flooding—commonly referred to as the 100-year floodplain—while orange 
indicates areas with a 0.2% annual chance of flooding, or the 500-year floodplain. However, 
a significant portion of the country, particularly in the western regions, remains unclassified 
or unstudied by FEMA, as indicated by dark green shading. 
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The third map utilizes data from the GFI and offers a broader and more detailed view 
of flood-prone areas. Dark blue areas highlight regions at risk of 100-year floods, whereas 
light blue represents zones considered not prone to flooding according to GFI’s global flood 
modeling approach. Compared to FEMA’s map, the GFI data appears more comprehensive, 
especially in identifying flood risks in the western and southern parts of the United States—
areas that FEMA has not thoroughly mapped. The contrast between FEMA and GFI maps 
underscores differences in methodologies used to assess flood hazards, which ultimately 
lead to varying delineations of flood-prone zones. These differences are crucial for 
policymaking, spatial planning, and disaster mitigation strategies, as discrepancies in data 
can significantly influence decisions related to infrastructure development, residential 
zoning, and public safety in the face of flood risks. 
 

 
Fig. 3. GFI mapping in Americas 

(Samela et al., 2017) 
 

 
1.3 Generalized extreme value (GEV) 

 

In probability and statistics theory, the Generalized Extreme Value (GEV) distribution 
describes the frequency distribution of the smallest and largest data values within a sample. 
This distribution was introduced by Fisher & Tippet (1928). The parameters in the 
Generalized Extreme Value (GEV) distribution are defined as follows: μ is the location 
parameter, where -∞ < μ < ∞, and σ is the scale parameter, where σ > 0, while ξ represents 
the shape parameter. The GEV distribution used in this study is Type I GEV, also known as 
the Gumbel distribution. The Type I GEV or Gumbel distribution is defined when the ξ value 
is equal to 0. Furthermore, the Gumbel distribution is combined with the return period, 
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allowing the estimation of extreme rainfall values for specific return periods. In the GEV 
distribution, there is a random variable X, where this variable has the Cumulative 
Distribution Function (CDF) as follows: 
 

𝑓(𝑥, 𝜇, 𝜎, 𝜉) = {𝑒𝑥𝑝 𝑒𝑥𝑝 {− (1 + 𝜉 (
𝑥 − 𝜇

𝜎
))

−
1
𝜉

} , −∞ < 𝑥 < ∞ ≠ 0,1 + 𝜉 (
𝑥 − 𝜇

𝜎
) 

> 0 𝑒𝑥𝑝 exp {−𝑒𝑥𝑝 (−
𝑥 − 𝜇

𝜎
)}, 

 
−∞ < 𝑥 < ∞, 𝜉 = 0                   (Eq. 2) 

 
1.4 Extreme rainfall in Indonesia 

 

According to Regulation of the Head of the Meteorology, Climatology, and Geophysics 
Agency (BMKG) No. KEP. 009 of 2010 on Standard Operating Procedures for Early Warning, 
Reporting, and Dissemination of Extreme Weather Information, extreme rainfall refers to 
heavy rain and hail. Heavy rain is defined as rainfall with a minimum intensity of 50 
millimeters (mm) per 24 hours or 20 millimeters (mm) per hour (Parker & Gallant, 2022; 
Qiao et al., 2021). 
 

1.5 Bankfull discharge 
 

Bankfull discharge refers to a channel filled to its capacity without causing flooding. 
(Barrocu & Eslamian, 2022; Ghafuri et al., 2024; Sarker, 2023). Fluvial geomorphologists 
are particularly interested in bankfull discharge, as it can be applied in river engineering 
and restoration to design stable river dimensions and shapes, ensuring that the channel 
maintains its structure and pattern over time (Rosgen, 1994). 

 

 
Fig. 5. Bankfull discharge when it reaches maximum point 

(Sherwood & Huitger, 2005) 
 

Several researchers have investigated bankfull discharge in relation to return periods, 
ranging from 1–2 years, 4–10 years, and less than 2 years. However, determining bankfull 
discharge is highly complex and depends on the specific stream classification and conditions 
(Bastola & Diplas, 2023; Shojinaga et al., 2025; Zarrabi et al., 2025). 

 

2. Methods 
 

The data used in this study are as follows: the Digital Elevation Model (DEM) data, 
which comes from DEMNAS and represents all watersheds in Indonesia with a 1 km 
resolution and a World Mercator projection. Additionally, the rainfall data used in this study 
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is derived from the Global Precipitation Measurement (GPM) Level 3, specifically the GPM-
IMERG Final Run Version 06B, with a spatial resolution of 0.1° x 0.1° and a temporal 
resolution of 30 minutes for the period 2000–2021, and this data can be accessed at 
(https://gpm.nasa.gov/data/directory/). Furthermore, the river data for all of Indonesia 
used in this study originates from (https://tanahair.indonesia.go.id/demnas/#/), where 
the spatial resolution includes vector data (Indonesia base map) at a scale of 1:250,000.  

Sensitivity testing of the GFI was conducted through a series of studies, and while 
conventional GFI processing uses only DEM data, modified GFI processing requires rainfall 
data. The modified GFI processing begins by analyzing climatological rainfall data across 
Indonesia to obtain the maximum rainfall, and once the maximum rainfall data is obtained, 
it is used to calculate the return periods for 5, 10, 25, 50, and 100 years. Subsequently, the 
data is incorporated into the modified GFI calculations by integrating DEM data using return 
periods of 10, 25, 50, and 100 years with Ip-A and Ip-B. Finally, sensitivity testing is 
performed, which results in flood hazard mapping using GFI Ip-A and GFI Ip-B, along with 
the corresponding area extents in each region with different extreme rainfall conditions. 

There are two methods used in the GFI processing. First, the conventional GFI method 
utilizes only Digital Elevation Model (DEM) data, and second, the modified GFI method 
employs both DEM data and extreme rainfall data as additional parameters, since the study 
area is extensive and exhibits significant rainfall variability. 
 
2.1 Extreme rainfall treatment 

 
First, in probability and statistics theory, the Generalized Extreme Value (GEV) 

distribution describes the frequency distribution of the smallest and largest data values 
within a sample. This distribution was introduced by Fisher & Tippet (1928). The GEV type 
used in this study is Type I GEV, also known as the Gumbel Distribution. The Type I GEV or 
Gumbel Distribution is defined when the ξ value is equal to 0. Furthermore, the Gumbel 
Distribution is combined with the return period, allowing the estimation of extreme rainfall 
values for specific return periods. 

Additionally, the return period represents the average interval of time between 
occurrences of an event at a specific magnitude or greater (Haan, 1977). In this study, 
extreme rainfall values are determined for two return periods: 5 years and 100 years, with 
a 24-hour duration. This process is conducted using Python programming with Global 
Precipitation Measurement (GPM) data in a grid format, ensuring that extreme rainfall 
values for each return period are calculated on a per-grid basis. Once the extreme rainfall 
values for each return period are obtained for each river region, they are incorporated as 
weights in the flow accumulation process, serving as input for the modified GFI calculation. 
 
2.2 Conventional GFI calculation 

The conventional GFI calculation is performed using the Geomorphology Flood Area 
plugin available in QGIS version 2.14.9. To obtain the GFI value, a constant threshold is 
required; however, a well-calibrated map of the study area is essential. Due to data 
limitations, the calibration process is conducted manually. The required data for GFI 
computation includes DEM, fill, flow direction, and flow accumulation. The GFI calculation 
is performed using ArcGIS version 10.3, and the results include the variables H, hr, and GFI. 
 
2.3 Calculation of modified GFI 

 
The modified GFI calculation incorporates extreme rainfall parameters by 

transforming Ar into Vr using the following equation: 
  

ℎ𝑟 = 𝑏(𝑉𝑟)𝑛                          (Eq. 3) 
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The hr variable is derived from flow accumulation, where the calculation process 
includes the normalized return period of rainfall. The flow accumulation for each return 
period is used as an input in the modified GFI calculation. The application used for modified 
GFI calculation is the same as that used for conventional GFI calculation, with the key 
difference being the transformation of Ar into Vr using the rainfall return period. There are 
two methods for precipitation index calculation, namely Ip-A and Ip-B, with the following 
equations: 
 

     l𝑝 − 𝐴 =  
𝑃𝑥−𝑃5

𝑃100 – 𝑃5
                     (Eq. 4) 

 
The variables in the precipitation index calculation are defined as follows: Ip-A refers 

to the Precipitation Index A, while Px represents the return periods of 5, 10, 25, 50, and 100 
years. Additionally, P5 is the lower threshold of the return period, indicating non-flood 
conditions, and P100 is the upper threshold of the return period, corresponding to flood 
conditions, which is the same as in the conventional GFI method. 
 

𝐼𝑝 − 𝐵 =  
𝑃𝑥−𝑃5

𝑃100𝑚𝑒𝑎𝑛 – 𝑃5
                     (Eq. 5) 

 
The variables in the precipitation index calculation are defined as follows: Ip-B refers 

to the Precipitation Index B, while Px represents the return periods of 5, 10, 25, 50, and 100 
years. Additionally, P5 is the lower threshold of the return period, indicating non-flood 
conditions, and P100mean is the average rainfall at the 100-year return period. 
 
2.4 Sensitivity test 

 
Sensitivity testing is conducted by comparing the GFI method with Ip-A and Ip-B. 

Subsequently, this comparison is represented in a graph showing the increase or decrease 
in flood-prone areas using the following formula: 

 
𝐸𝑥𝑡𝑒𝑛𝑡 𝑜𝑓 𝐶ℎ𝑎𝑛𝑔𝑒= 

     
𝑓𝑙𝑜𝑜𝑑 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝐺𝐹𝐼 𝐼𝑝−𝐵 – 𝑓𝑙𝑜𝑜𝑑 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝐺𝐹𝐼 𝐼𝑝−𝐴

𝐹𝑙𝑜𝑜𝑑 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝐺𝐹𝐼 𝐼𝑝−𝐵
                  (Eq. 6) 

 

3. Results and Discussion 
 
3.1 Rainfall return period 

 
In this study, rainfall values for each return period were estimated using the Gumbel 

distribution. The annual maximum data derived from GPM IMERG satellite data over a 20-
year period was used to estimate extreme rainfall for return periods of 5, 10, 25, 50, and 
100 years. Figure 6 presents the rainfall return periods of 10 and 100 years. 

In Figure 6, it can be observed that rainfall for the 5-year return period has the smallest 
values compared to other return periods, with a minimum value of 58 mm/day and a 
maximum value of 331 mm/day. Meanwhile, the 100-year return period has a minimum 
value of 86 mm/day and a maximum value of 538 mm/day. The blue color scale represents 
the minimum values, while the red color scale represents the maximum values. Additionally, 
the rainfall patterns for each return period exhibit a consistent spatial distribution, 
indicating that the spatial variability of extreme rainfall remains constant across return 
periods. 
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Fig. 6. (a) Rainfall for a 10-year recurrence period; (b) Rainfall for the 100-year anniversary period 

 
3.2 Determination of GFI locations for sensitivity testing 

In this study, the researcher selected regions with high extreme rainfall based on 
rainfall patterns to assess the sensitivity of the GFI method. The selected regions are 
presented in Table 1. 
 
Table 1. Taking areas with extreme high rainfall based on rainfall patterns with a 100-year 
recurrence period 
CH Pattern Area Rainfall (mm/day) Level 
Equatorial Sumatera 287.49 medium 
Local Papua 314.41 high 
Monsoonal NTT 294.30 medium 
Local Maluku 323.91 high 
Equatorial Kalimantan 259.49 low 
Monsoonal Jawa 188.11 low 

 
In Table 1, it can be observed that the average extreme rainfall for the 100-year return 

period is highest in local regions, with an average value of 323.91 mm/day in Maluku and 
314.41 mm/day in Papua. Furthermore, regions with lower average extreme rainfall are 
Kalimantan and Java, with values of 259.49 mm/day and 188.11 mm/day, respectively. 
 
3.3 Precipitation index a and b (lp-a and lp-b) 

 
Bankfull discharge refers to a channel filled to its capacity without causing flooding. 

This condition is considered valid when the river remains in its natural state. Several 
researchers have investigated bankfull discharge in relation to return periods, including 1–
2 years, 1–5 years, and less than 2 years. The determination of bankfull discharge is highly 
complex and depends on the classification of the river system. Therefore, in this study, a 5-
year return period is used as the minimum threshold for non-flood conditions, assuming 

a. 

b. 
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that the river remains in its natural state. According to Aprianda (2022), the average 
extreme rainfall value for the 5-year return period at 120 BMKG observation stations was 
146.78 mm/day and 143.56 mm/day, which closely aligns with BMKG’s definition of 
extreme rainfall exceeding 150 mm/day. 

In GFI processing, the flow accumulation in the modified GFI method is calculated using 
Vr. However, this cannot be applied if Vr values are not normalized, as the maximum value 
of flow accumulation per pixel is one. Therefore, rainfall normalization is required as an 
input parameter in the GFI calculation, using the proposed formula in Equation 4. It has 
been found that using Ip-A for the normalization of the 5-year return period results in an 
index value of zero; hence, the 5-year return period normalization is excluded from the GFI 
calculation as it is considered a non-flood condition. 

The next proposed formula utilizes Ip-B, which is designed to assess flood variation 
based on extreme rainfall differences. This method introduces a slight modification to the 
upper threshold of the flood return period (P100) by using the average extreme rainfall 
value across Indonesia, as formulated in Equation 5. In regions with low extreme rainfall, 
the flood-prone area calculated using Ip-A is larger than that of Ip-B. Conversely, in regions 
with high extreme rainfall, the flood-prone area calculated using Ip-A is smaller than that of 
Ip-B. 
 
3.4 GFI sensitivity testing 

 
In this study, GFI sensitivity testing was conducted using both the conventional and 

modified methods, incorporating extreme rainfall at return periods of 10, 25, 50, and 100 
years. Two methods were used: Ip-A and Ip-B. The results of the flood-prone area extent 
(hectares) are presented in Table 2. 
 
Table 2. The size of the potential flood in Ha in each re-period using the a) Ip-A and b) Ip-B methods 

Ip-A P10 P25 P50 P100 
Sumatera 19,962.5 28,650 32,506.25 35,962.5 
Kalimantan 85,275 149,375 208,000 232,156.25 
Papua 19,512.5 17,943.75 19,512.5 21,637.5 
Java 14,837.5 24,656.25 29,837.5 35,512.5 
East Nusa Tenggara (NTT) 8,087.5 10,900 12,150 13,831.25 
Maluku 24,243.75 33,643.75 40,206.25 45,912.5 
Ip-B P10 P25 P50 P100 
Sumatera 27,906.25 37,881.25 41,968.75 45,318.75 
Kalimantan 151,168.75 234,012.5 275,043.75 303,675 
Papua 29,806.25 38,975 45,556.25 48,343.75 
Java 11,243.75 18,106.25 23,031.25 29,625 
East Nusa Tenggara (NTT) 11,675 17,781.25 21,487.5 24,762.5 
Maluku 56,118.75 82,293.75 96,050 107,287.5 

 
In Table 2, it can be observed that the flood-prone area estimated using GFI Ip-A at a 

100-year return period is equivalent to the conventional GFI. This is because the maximum 
GFI Ip-A index value is one. The extent of flood-prone areas in each region also significantly 
influences the total area assessed. As shown in section (c), Kalimantan has the largest flood-
prone area, covering 232,156.25 hectares, while East Nusa Tenggara (NTT) has the smallest 
flood-prone area, covering 13,821.25 hectares. 

Some regions exhibit larger flood-prone areas compared to section (a). The largest 
flood-prone area is in Kalimantan, reaching 303,675 hectares, whereas the smallest is in 
NTT, with 24,762.5 hectares. Additionally, certain regions show a larger flood extent using 
Ip-A compared to Ip-B, particularly in Java, with an area of 29,625 hectares. This occurs 
because Java has the lowest extreme rainfall among the sampled regions. To provide a 
clearer comparison between GFI Ip-A, Ip-B, and the conventional GFI, the data is presented 
in a graph shown in Figure 7 below.  
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Fig. 7. (a) Graph of the area of potential flood area based on the 10-year recurrence period; (b) 

Graph of flood potential area based on 100-year recurrence period 

 
Figure 7 is used to compare the flood-prone area in each region based on the specified 

return periods. The x-axis represents the sampled regions, along with GFI Ip-A (blue), Ip-B 
(orange), and the conventional GFI (gray), while the y-axis represents the potential flood 
area in each sample. The figure shows that as the return period increases, the flood-prone 
area also expands. In section (d), it is evident that the flood potential area for GFI Ip-A is 
identical to that of the conventional GFI. 

In section (d), certain regions exhibit significant differences between GFI Ip-A and Ip-
B. The graph for Java indicates that the flood-prone area estimated using Ip-B is smaller than 
that estimated using Ip-A. This occurs because Java has the lowest average extreme rainfall 
among the sampled regions. Conversely, in Maluku, the flood-prone area using Ip-B is larger 
than that using Ip-A, as Maluku has the highest average extreme rainfall among the sampled 
regions. Therefore, it can be concluded that the larger the average extreme rainfall in a 
region, the greater the estimated flood-prone area. 
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Fig. 8. (a) Potential flood area in the sample region (Kalimantan) using the Ip-A method with a 10-

year return period; (b) Potential flood area in the sample region (Kalimantan) using the Ip-A 
method with a 25-year return period; (c) Potential flood area in the sample region (Kalimantan) 
using the Ip-A method with a 50-year return period; (d) Potential flood area in the sample region 

(Kalimantan) using the Ip-A method with a 100-year return period. 

 
Figure 8 above presents the differences between GFI Ip-A and GFI Ip-B for one of the 

sampled regions, Kalimantan. Figure 8 illustrates the potential flood area for each return 
period using the Ip-A method. As the flood hazard level increases, the color intensity shifts 
towards red, whereas lower flood hazard levels are represented by green. The figure shows 
that red dominates the region, indicating a high flood hazard level in Kalimantan, primarily 
caused by extreme rainfall. 
 

 
Fig. 9. (a) Potential flood area in the sample region (Kalimantan) using the Ip-B method with a 10-

year return period; (b) Potential flood area in the sample region (Kalimantan) using the Ip-B 
method with a 25-year return period; (c) Potential flood area in the sample region (Kalimantan) 
using the Ip-B method with a 50-year return period; (d) Potential flood area in the sample region 

(Kalimantan) using the Ip-B method with a 100-year return period 
 

Next, Figure 9 below illustrates the potential flood area using the Ip-B method for each 
return period. Similar to Figure 8, the flood hazard level increases as the color shifts 
towards red, while lower hazard levels are represented by green. The figure shows that red 
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dominates the region, indicating a high flood hazard level in Kalimantan due to extreme 
rainfall. However, there are notable differences in flood extent across return periods 
compared to Figure 8. The red areas in Figure 9 are larger than those in Figure 8, 
demonstrating that the GFI Ip-B method is more sensitive to extreme rainfall, as the flood-
prone area in Figure 9 is larger than in Figure 8. 
 
3.5 Comparison of GFI hazard extent 

 
The comparative analysis of the flood hazard extent between GFI Ip-A and Ip-B is 

conducted to highlight the differences in flood-prone areas between the two methods, 
which will be presented in Figure 10.  

Section (a) explains the difference in flood extent between GFI Ip-A and the 
conventional GFI across different return periods. It is observed that as the return period 
increases, the flood-prone area estimated by GFI Ip-A gradually approaches that of the 
conventional GFI at the 100-year return period. This occurs because the maximum range of 
Ip-A is limited to 1, meaning that at the 100-year return period, GFI Ip-A becomes identical 
to the conventional GFI. 

Section (b) illustrates the difference in flood extent between GFI Ip-B and the 
conventional GFI across return periods. The results show that as the return period 
increases, the difference in flood extent also grows. Some regions, such as Papua and 
Maluku, exceed the conventional GFI threshold as early as the 10-year return period, as 
these regions have the highest average extreme rainfall compared to other locations. This 
is followed by Kalimantan, Sumatra, and East Nusa Tenggara (NTT), which begin exceeding 
the conventional GFI threshold from the 25-year return period onward. Unlike the others, 
Java does not surpass the conventional GFI threshold even at the 100-year return period. 
This is due to Java's relatively low average extreme rainfall, which results in smaller flood-
prone areas compared to the conventional GFI. 
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Fig. 10. (a) Different Ip-A flood areas compared to conventional GFI; (b) Different Ip-B flood areas 

compared to conventional GFI; (c) Ip-B – Ip-A 

 
Section (c) presents the difference in flood extent between GFI Ip-B and GFI Ip-A across 

return periods. The graph is generated by subtracting the flood-prone area of GFI Ip-A from 
GFI Ip-B. The results show that Java is the only region in the sample where the flood-prone 
area estimated by Ip-B is smaller than that of Ip-A, with a difference of 5,887.5 hectares. 
This is due to Java having the lowest extreme rainfall among the sampled regions. 
Meanwhile, the largest flood extent difference is observed in Kalimantan, with an area of 
71,518.75 hectares, as Kalimantan has both significant extreme rainfall and a vast land area. 
 
3.6 Modified GFI in Indonesia 

 
The results of the modified GFI using the Ip-A and Ip-B methods are presented in Figure 

11 below. Figure 11 above illustrates the potential flood extent across Indonesia at the 100-
year return period. In section (a), the flood-prone area in Belitung is not visible, whereas in 
section (b), a small flood-prone area can be observed. This occurs because Belitung 
experiences extreme rainfall, which becomes more evident when using the GFI Ip-B method. 
Therefore, it can be concluded that the greater the extreme rainfall, the more pronounced 
and extensive the potential flood area becomes. 

The image presents a spatial distribution map of Indonesia, illustrating the intensity 
of a certain variable using a color gradient ranging from green to red. The green areas 
represent low intensity values between 0 and 0.5, yellow indicates moderate values from 
0.5 to 1, and red highlights the highest intensity range, from 1 to 1.5. The map reveals that 
regions with dense concentrations of red, such as parts of Java, southern Sumatra, central 
Kalimantan, southern Sulawesi, and much of Papua, experience high levels of the mapped 
variable. In contrast, areas shown in green or lacking color likely have lower intensity or 
insufficient data coverage, which tends to be the case in more remote or less populated 
regions. 

This spatial pattern suggests that the phenomenon being mapped—possibly 
population pressure, vulnerability, disaster risk, or a specific socio-economic indicator—is 
more intense in areas with higher human activity and settlement density. Such distribution 
is crucial for guiding development planning, resource allocation, or risk mitigation policies, 
as it highlights regions that may require more focused attention due to their higher intensity 
levels. 
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Fig. 11. (a) Comparison of potential flood areas throughout Indonesia using GFI Ip-A; (b) 

Comparison of potential flood areas throughout Indonesia using GFI Ip-B 

 
4. Conclusions 
 

When using the GFI Ip-A method at a 100-year return period, the potential flood area 
in Maluku is 35,512.5 hectares, while in Java, it is 45,912.5 hectares, and the GFI Ip-A method 
produces the same flood extent as the conventional GFI at this return period. Meanwhile, 
when using the GFI Ip-B method at a 100-year return period, Maluku has the highest 
extreme rainfall among the samples, with an average of 323.91 mm/day and a resulting 
flood-prone area of 107,287.5 hectares, whereas Java has the lowest extreme rainfall, with 
an average of 188.11 mm/day and a flood-prone area of 29,625 hectares, meaning that the 
GFI Ip-B method produces a different flood extent compared to the conventional GFI. 
Furthermore, the GFI Ip-B method shows that flood-prone areas correspond to the 
magnitude of extreme rainfall, indicating that the GFI Ip-B method is highly sensitive to 
extreme rainfall variations. 

The recommendations that the author can provide are using better elevation data, such 
as SRTM, with the expectation that there will be no missing data, allowing for a more 
accurate estimation of flood-prone areas. Additionally, incorporating other parameters, 
such as land use, when applying the modified GFI method, to enhance the analysis. 
Furthermore, conducting tests with other indices, with the expectation of achieving more 
accurate results. 
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