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1- Introduction

Numerous studies in recent years have been conducted in the field of flood risk zoning by combining spatial
multi-criteria analysis techniques and GIS, yielding reliable results for making crucial management
decisions to protect natural and human resources in various regions. Ganji et al. (2022) created a flood
vulnerability rate map and then developed a flood risk zoning map for the area using a set of vulnerability
criteria weighted by two methods: the Analytic Hierarchy Process (AHP) and triangular fuzzy numbers
(TFN). Finally, they compared each generated map with the flood vulnerability rate map; the results showed
a difference of 6.55% between the flood vulnerability map and the AHP map, and 2.33% for the TFN-AHP
map (Ganji et al., 2022). Nguyen et al. (2024) performed data analysis and weighting to model flood risk
for UNESCO World Heritage Sites, utilizing the fuzzy analytic hierarchy process to determine the weight
of each indicator, rank the layers, and ascertain flood risks. A comparison of research results with historical
flood maps revealed that over 75% of past floods occurred in areas predicted by the model as high or very
high risk (Nguyen et al., 2024). Saha et al. (2020) calculated the extent of past floods and the land use/land
cover (LULC) classes affected by flooding using GIS and remote sensing techniques. For this purpose,
parameters influencing flooding—such as drainage density, elevation, land use, roughness, slope, etc.—
were employed, and AHP method was used to generate a flood risk map (Saha et al., 2020). Given that
Khuzestan province has experienced flood disasters in recent years (2018 and 2019) and remains
susceptible to future flooding, the importance and necessity of this research are more evident than ever.
The present study aims to utilize the Analytic Hierarchy Process (AHP), Fuzzy Logic (FuzzyAHP), and a
fusion of the two methods to achieve a more accurate and comprehensive assessment of flood risks in
Khuzestan province.

2- Materials and Methods

Ten natural indices were employed to conduct this study: distance to waterways, distance to roads, average
precipitation over a five-year period for Khuzestan Province, topographic wetness index, vegetation density
index, drainage density, soil permeability, land use, slope, and elevation. Each index was analyzed and
assigned weights using both the Analytic Hierarchy Process (AHP) and Fuzzy AHP methods. AHP
weighting was performed in IDRISI software, and consistency of the indices was calculated. Fuzzy AHP
weighting was computed in Excel using specified formulas. To fuse the results of two methods, Independent
Component Analysis (ICA) was initially applied to the flood hazard zoning maps generated by both AHP
and FAHP to extract desired features or the strengths of each method. Subsequently, the resulting outputs
were reclassified using Support Vector Machine (SVM) algorithm. Finally, to make a final decision
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regarding data fusion, Fuzzy integral with the OR operator was utilized. This function determines the
maximum value in each data set as the output.

3- Results and Discussion

By observing and assessing the zoning maps obtained from the mentioned methods, it was determined that
the northeastern areas of Khuzestan Province are in low and very low risk class due to their high altitudes
and steep slopes, although precipitation is relatively high in these areas. The central and northwestern
regions of Khuzestan Province have average to low precipitation, which is often sudden and intense,
sometimes causing river flooding. Also, relatively low slopes and high topographic humidity are in high
and very high-risk classes. Also, the southern areas of the province were classified as high and very high
risk due to their proximity to the Persian Gulf, low elevations, low slopes, and heavy rainfall. By
considering these classifications and identifying flood-prone areas, it is possible to manage the severity and
damage caused by the floods in these areas and prevent their devastation. The results indicated that both
AHP and Fuzzy AHP methods classified the highest percentage of areas as high-risk (29% for AHP and
31% for Fuzzy AHP). However, the fusion of two methods led to a decrease in percentage of low-risk and
very low-risk classes, while increasing the percentage of high-risk class to 40%, which is a critical class in
terms of flood susceptibility. Furthermore, by comparing the hazard maps produced by each method with
the actual flood events of 2019-2020 in Khuzestan province, it was found that only 59% of the selected
points in AHP map and 65% in Fuzzy AHP map fell within high-risk zone. However, the fused method
map accurately identified 70% of the selected points as high-risk, demonstrating its superior performance
compared to the individual methods.

4- Conclusion

In this study, flood risk zoning maps were prepared by using ten natural indicators effective in flood
occurrence and weighting them with AHP and Fuzzy AHP multi-criteria decision-making methods. Also,
a new fusion-based method has been adopted at decision level to integrate the results of zoning maps with
two AHP and Fuzzy AHP methods in order to achieve better results by utilizing the strengths of both
methods. The results of flood risk zoning in the region showed that in both AHP and Fuzzy AHP methods,
the largest area and percentage belong to the high-risk class. However, in the zoning map resulted by fusion
of two methods, the largest area and percentage belong to the very high-risk class. But in the zoning map
resulting from fusion of two methods, the largest area and percentage belong to very high-risk class. It has
also been determined that in addition to natural factors such as sudden and heavy rainfall, non-natural
factors like municipal sewage systems, municipal performance following rainfall, and urban drainage
systems are highly influential in the occurrence and flow of floods. Therefore, to prevent and predict the
risk of floods, these factors must be considered, and appropriate decisions must be made to mitigate
casualties and financial losses caused by flooding.
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Fig. 10. Standardization of criteria for AHP analysis method. (a) distance from rivers, (b) elevation, (c) precipitation, (d)
NDVI, (e) distance from roads, (f) soil permeability, (g) TWI, (h) slope, (i) land use, and (j) drainage density.
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Fig. 10. Standardization of criteria for Fuzzy AHP analysis method. (a) elevation, (b) precipitation, (¢) NDVI, (d) distance
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Table 2. Weighting using two methods of AHP and FuzzyAHP.

Factors Weights by Weights by Fuzzy Inconsistency  Inconsistency Ratio
AHP AHP Ratio (AHP) (Fuzzy AHP)
Slope 0.0954 0.097890006 0.028<0.1 0.043<0.1
Elevation 0.1193 0.122959405
Distance from Roads 0.0638 0.057677735
Distance from Rivers 0.1308 0.139385877
TWI 0.1581 0.13808586
Drainage density 0.0899 0.093293896
Precipitation 0.1212 0.126577148
NDVI 0.0679 0.065928974
Soil permeability 0.0899 0.093293896
<Value> - -
Very Low 0.6113 0.053398413
Low 0.1926 0.086529702
Medium 0.0854 0.154643388
High 0.0633 0.169992737
Very High 0.0474 0.53543576
Land use 0.0638 0.064907202
<Value> - -
afforest 0.0589 0.03712392
Agri 0.0766 0.051447816
Breland 0.1822 0.102824339
urban 0.1857 0.111854088
Wetland 0.4966 0.696749838
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Fig. 11. Flood risk zoning (a) using AHP, (b) using FuzzyAHP, and (c) using a fusion-based method of two AHP and
Fuzzy AHP methods.
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Table 3. Calculate the percentage and area of the classes of both zoning maps.

AHP Fuzzy AHP Fusoin
Classes Percent Area Percent Area Percent Area
Very Low 8% 5062.787 6% 3971.413 2% 2799.04
Low 19% 11545.37 17% 10416.74 10% 23822.99
Medium 27% 16376.65 28% 16997.13 20% 46234.89
High 29% 17669.39 31% 18893.98 28% 63721.91
Very High 17% 10692.47 18% 11067.4 40% 91166.55
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Fig. 15. Flooded area and selected points within the flooded area in all three flood risk zoning maps. (a) zoning with AHP
method, (b) zoning with FAHP method, and (c) zoning with fusion of AHP and FAHP.
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Table 4. Percentage and number of points in the obtained zoning maps.

number of Point percentage of Point
Classes Fuzzy AHP AHP Fusoin Fuzzy AHP  AHP Fusoin
out 22 22 22 4.40% 4.40%  4.40%
Very Low 6 10 1 1.20% 2% 0.20%
Low 21 35 32 4.20% 7% 6.40%
Medium 129 137 99 25.80% 27.40% 19.80%
High 177 211 173 35.40% 42.20% 34.60%
Very High 145 85 173 29% 17%  34.60%
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