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Abstract
 Risk assessment is vital for humanities, especially in assessing natural and manmade hazards. Romblon, an archipelagic province in the Philippines, faces frequent typhoons and heavy rainfall, resulting in floods, with the Municipality of Santa Fe being particularly vulnerable to its severe damage. Thus, this research study intends to evaluate the flood risk of Santa Fe spatially using the fuzzy analytical hierarchy process (FAHP), taking into account data sourced from various government agencies and online databases. GIS was utilized to map flood-prone areas in the municipality. Hazard assessment factors included average annual rainfall, elevation, slope, soil type, and flood height. Distance to river, distance to road, types of building structure, mean age, gender ratio, and average annual income were considered parameters of vulnerability assessment. Exposure assessment considered land use, distance to evacuation facility, household number, and population density. Weights for each parameter were determined through pairwise comparison performed by experts. These weights were then incorporated into risk assessment estimation. The developed risk map identifies five high-risk barangays (small local government units). The study’s findings will enable local government units to establish flood mitigation programs, implement targeted mitigation measures, and formulate strategic response plans to lower risk and safeguard the residents of Santa Fe effectively.
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1  Introduction

Flooding is one of the most destructive natural disasters, triggering vast damage to the environment, structures, and property, often leading to loss of life [1]. Floods are a global concern, impacting almost every continent and causing severe economic and social consequences [2,3]. The risk of flooding in the Philippines is exceptionally high due to its geographical zone within the Pacific Typhoon Belt, where it is frequently hit by around 20 typhoons each year, significantly increasing the likelihood of floods [4,5]. This recurrent threat affects all regions of the country, including the province of Romblon and its municipalities.

Identifying flood risk zones is crucial in mitigating the adverse impacts of floods. Flood risk areas are likely to flood, and mapping these zones helps formulate strategies to minimize flood-related losses and damages [6]. Geographic Information System (GIS) is a formidable tool extensively used in various sectors for data management and spatial analysis [7]. In the Philippines, GIS addresses a wide range of land-related issues, including soil erosion, upland use, and property valuations, as well as monitoring natural resources like wetlands, forests, and bodies of water [8,9]. GIS techniques are particularly beneficial for water resource management, helping local governments identify flood-prone areas and implement effective flood-control strategies [10,11].

Digital elevation models (DEMs) are digital representations of the land surface elevation, crucial for hydrologic and hydraulic modeling. Accurate elevation data provided by DEMs are essential for modeling and quantifying processes related to Earth’s topography, influencing water flow dynamics [12–14]. DEMs have been widely used in flood hazard assessment, enabling precise flood simulation and mapping [15]. In the Philippines, high-resolution DEMs generated from technologies like LiDAR (Light Detection and Ranging) and IfSAR (Interferometric Synthetic Aperture Radar) have significantly advanced flood risk assessments [16,17].

The Fuzzy Analytic Hierarchy Process (FAHP) is an enhancement of the Analytic Hierarchy Process (AHP) [18,19] that integrates fuzzy set theory to address ambiguity and imprecision in decision-making. FAHP allows for integrating subjective judgments and expert opinions into evaluating various flood risk factors [20–22]. This method has been used worldwide in flood risk assessment research, providing a structured framework for prioritizing and ranking different factors contributing to flood hazards [23,24].

Legislative frameworks such as Republic Act No. 10121 in the Philippines mandate risk assessment and disaster risk reduction initiatives. This act emphasizes the importance of identifying flood risk zones and creating flood risk maps as part of a comprehensive disaster management strategy. The GeoRiskPH initiative by DOST-PHIVOLCS exemplifies the collaborative efforts to enhance the country’s disaster risk reduction capabilities through geospatial information and decision-making tools. Furthermore, partnerships like the Greater Metro Manila Area Risk Assessment Project (GMMA RAP) with Australian agencies have significantly advanced flood risk analysis and disaster management capacities, providing high-resolution digital elevation data and developing exposure databases for vulnerable areas.

Despite the advancements in flood risk assessment using GIS and FAHP, there remains a gap in the comprehensive evaluation of flood risk that integrates natural and socio-economic factors specific to rural municipalities in the Philippines. Most existing studies focus on urban areas or broader regional assessments, often neglecting the unique vulnerabilities and exposures of rural municipalities like Santa Fe, Romblon. This gap underscores the need for localized flood risk assessments considering specific geographic, demographic, and infrastructural characteristics.

This study contributes to these ongoing efforts by providing a GIS-based identification of flood risk zones using FAHP in the rural municipality of Santa Fe, Romblon. The methodology integrates various data sources and analytical techniques to create a comprehensive flood risk map. This approach involves capturing and analyzing geographic data pertinent to flood hazards and risks using GIS, obtaining elevation data through DEMs for modeling flood scenarios, and employing FAHP to prioritize and rank flood risk factors. Additionally, remote sensing technology is utilized to acquire high-resolution imagery of flood-prone areas, and open-source software is used for data processing and analysis. This study aims to support local government and community efforts in mitigating flood impacts by identifying flood risk zones in Santa Fe, Romblon. The findings will aid in developing targeted interventions, emergency preparedness measures, and long-term strategies for flood management. Ultimately, this research seeks to enhance the resilience of Santa Fe and similar rural municipalities against the devastating effects of flooding, contributing to safer and more sustainable communities.

2  Methodology

The study assessed flood risk in Santa Fe, Romblon, through three main phases: data collection, parameter evaluation using the FAHP, and the development of flood risk maps. Initially, data on factors such as elevation, land cover, average annual rainfall, slope, soil type, flood height, demographic profile, and disaster risk were collected using available information online and in government and nongovernment databases. Experts then used a nine-point scale to weigh these factors, integrating the weights through FAHP for a comprehensive multicriteria decision-making process. GIS tools were employed for mapping and layering the primary and secondary data, while flood modeling utilized HEC-HMS and HEC-RAS. The developed flood risk maps offered a detailed perspective of potential flood risks at the location, providing local government and disaster management authorities with essential information to devise effective flood mitigation strategies. This comprehensive assessment will significantly aid in minimizing future flood damage to the lives of Santa Fe residents. The schematic diagram flow of the study is shown in Fig. 1.
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Figure 1: The proposed schematic diagram of the study

2.1 Study Area

As shown in Fig. 2, Santa Fe is a municipality in the Romblon Province situated South of Tablas Island [25] and positioned at 121°60′ East Longitude and 12°9′ North Latitude of the Philippines. In recent years, the municipality has experienced severe flooding brought on by extreme rainfall and typhoons. Thus, it is essential to determine the flood risk zones and make a flood risk map to mitigate the economic loss caused by natural calamities so the local government can proactively measure the impact of future floods on the area’s residents.
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Figure 2: Barangay boundaries of the Municipality of Santa Fe located at Tablas Island, Romblon, Philippines

2.2 Data Collection and Identification of Factors

The study began with a comprehensive literature review to identify key factors contributing to flooding, establishing the research direction and scope. The team prioritized factors based on availability, using primary data (historical rainfall records, land cover information, and population demographics) and secondary data (DEMs and satellite imagery) to understand flood risks thoroughly. Primary data on demographics, disaster risk, and rainfall records were collected from local government sources, historical documents, and databases. Secondary data, including DEMs and satellite imagery, were sourced from online resources and relevant authorities for detailed topographic information essential for flood modeling and risk assessment.

The study mapped flood-prone areas using diverse topographic, hydrological, geomorphological, and climatological parameters, categorized into flood hazard, vulnerability, and exposure groups. GIS tools, HEC-HMS, and HEC-RAS were used to simulate potential flood scenarios, producing comprehensive flood risk maps for Santa Fe, Romblon.

These maps gave local government officials and disaster management authorities essential information to devise effective flood mitigation strategies. The structured approach and ten-step process outlined in the study ensured a clear guide for stakeholders, significantly aiding in disaster preparedness and response and minimizing future flood damage to the lives and properties of Santa Fe residents.

2.3 Evaluation and Assessment of Parameters Using FAHP

A diverse team of experts, including hydrologists, meteorologists, water resource engineers, disaster risk reduction specialists, and end-users from the local government unit (LGU) of Santa Fe, evaluated the factors contributing to flood risk. Experts from government agencies, academic institutions, and the LGU participated in the survey using online and printed questionnaires for pairwise comparisons. Similar steps were utilized in this study as those employed in the FAHP method conducted by Boonmee et al. [26].

Step 1: The decision process was deconstructed into a hierarchical diagram with three levels: goal, criteria, and indicators. The FAHP framework, with lower-level criteria and indicators, positioned the primary goal at the top. Feature weights were assigned using a pairwise comparison technique involving ten experts. The FAHP incorporated a fuzzy triangle scale [27] for prioritizing criteria. Experts assessed each comparison using a nine-point intensity matrix. The number of comparisons was computed using the formula in Eq. (1):

NumberofComparisons=n(n−1)2(1)

Step 2: The Triangular Fuzzy Number (TFN) Design [28] approach was used to establish the equivalent scale of a fuzzy number. This method replaces crisp numbers with triangular fuzzy numbers, suitable for decision-making in uncertain environments. Triangular fuzzy numbers represent fuzzy comparative judgments characterized by the smallest value (l), an almost certain value (m), and a maximum value (u). The representation of a triangular fuzzy number is denoted in Eq. (2):

P=(l, m, u)(2)

The TFN approach was used in this study to manage uncertainties and subjectivities in expert judgments during the flood risk assessment. TFNs are defined by three values (l, m, u): ‘l’ is the minimum value, ‘m’ is the most likely value, and ‘u’ is the maximum value. This approach allows us to effectively model uncertainty by capturing a range of expert opinions. TFNs are simple and computationally efficient, making them ideal for the FAHP. This ensures accurate prioritization and ranking of flood risk factors.

Fig. 3 illustrates the membership function of a triangular fuzzy number [29]. In this representation, the parameter I denotes the smallest value, parameter m represents the most likely or modal value, and the parameter u indicates the highest crisp numerical value. The membership function M(μ) is defined by Eq. (3) below:

μMx={0(x<l)x−lm−l(l≤x≤m)u−xu−mm≤x≤u0(x≥u)}(3)

[image: images]

Figure 3: Triangular fuzzy number (P)

Step 3: The relative importance of each parameter was identified through a pairwise comparison matrix between criteria and alternatives, assigning equivalent fuzzy numbers based on the fuzzy triangle set (Fig. 4) [30]. The fuzzy geometric mean was calculated using Eqs. (4)–(6).

lμ=(l1×l2×l3×…×ln)1n(4)

mμ=(m1×m2×m3×…×mn)1n(5)

uμ=(u1×u2×u3×…×un)1n(6)
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Figure 4: Graph of fuzzy triangle set. Adapted with permission from Reference [30], Copyright © 2018, Hindawi Limited

Step 4: Each fuzzy geometric mean was divided by the sum of lμ, mμ, and uμ to determine the fuzzy weights. This is mathematically outlined below (Eqs. (7)–(9)):

l=ln×(1∑uμ)(7)

m=mn×(1∑mμ)(8)

u=un×(1∑lμ)(9)

Step 5: The equivalent weights were determined by averaging. ln, mn, and un. However, the sum of these weights may not precisely equal one, requiring the weights to be normalized. To achieve normalization, each calculated equivalent weight of each parameter was divided by the sum of the calculated equivalent weights. Normalized weights were integrated into GIS software to create map indices. Parameters were converted into raster format, reclassified, and normalized on a scale of one to five. The raster calculator tool generated the maps for flood hazard, flood vulnerability, and flood exposure index maps, considering the weights of the FAHP analysis.

2.4 Flood Risk Map Development

This study used the Sendai Framework [25,31] to integrate hazard, vulnerability, and exposure criteria for flood risk assessment. The results were visualized on maps created with GIS software. The methodology included using the raster calculator tool in GIS to overlay three (3) criteria maps, producing a composite map with equal weights. The output map is generated with different indices classified from low risk to high risk regarding floods.

3  Results

The study used primary data (historical rainfall records, land cover data, and population statistics) and secondary data (digital elevation models and satellite images). For hazard assessment, the parameters were slope, elevation, average annual rainfall, flood height, and soil type. For vulnerability assessment, the parameters included distance to river, distance to road, mean age, gender ratio, average income, and types of structures. For exposure assessment, the parameters were distance to healthcare facilities, land use, population density, and number of households. These parameters were chosen for their relevance to flood risk and their impact on vulnerability and exposure in the study area. Table 1 shows the summary of factors considered for the assessment, including their respective data type, duration/year, source, and authors who used it as the basis for their studies.
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3.1 Flood Hazard Assessment

This study identified five (5) parameters impacting flood occurrence, modeled using the FAHP: slope, elevation, soil type, average annual rainfall, and flood height, as shown in Fig. 5.

a)   Slope affects water velocity, flood intensity, and infiltration [33]. As shown in Fig. 5a, slope values were measured in degrees and categorized into five groups: 0–3, 3–8, 8–18, 18–30, and >30. Lower slopes are more vulnerable to flooding, while steep slopes facilitate rapid water flow, hindering infiltration. DTM (Digital Terrain Model) data from NAMRIA and the slope tool generated a slope map for the study area.

b)   Fig. 5b shows elevation significantly influences flood direction, movement, and depth [2]. Elevation data, measured in meters, was classified into five categories: 0–5, 6–20, 21–50, 51–150, and >150. Lower elevations are more exposed to flooding as water flows from higher elevations to flatter locations. IfSAR DTM data and GIS software were used for this analysis.

c)   Soil type affects permeability and water storage capacity [50]. The study area had four soil types: unidentified, sandy loam, loam, and hydrosol. These classifications help understand water movement and storage capabilities within the region. As shown in Fig. 5c, a soil-type map from Geoportal Philippines was used to assess these characteristics.

d)   Intense rainfall directly contributes to flooding by overwhelming drainage systems, leading to high river discharge downstream [51]. This study used 30-year average climatological records from PAGASA weather stations. Annual average rainfall, shown in Fig. 5d, was measured in millimeters and classified into five categories: <550, 550–565, 565–580, 580–595 mm, and >595 mm.

e)   Flood height refers to the elevation water reaches when a river exceeds its normal boundaries [3]. This study used tools like HEC-HMS and HEC-RAS to delineate and simulate flood extents. The result of the simulation is shown in Fig. 5e.
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Figure 5: Generated map for flood hazard parameters including slope (a), elevation (b), soil type (c), average annual rainfall (d), and flood height (e)

3.1.1 Pre-Processing of Basin Model

Primary data from the Santa Fe River channels and a 5-m resolution IfSAR-DTM were used to develop the basin model. River channels were digitized using Google Earth, and IfSAR-DTM data were sourced from NAMRIA. The HEC-HMS 4.11 software processed this data to generate an HMS basin model, integrating soil and land cover data from NAMRIA to assign curve numbers (CN) reflecting soil type and land cover. Parameters like initial abstraction (IA), time of concentration (TC), storage coefficient (SC), river length, and sub-watershed areas were derived to enhance the model.

3.1.2 Calibration and RIDF Simulations

The HMS Basin Model (Fig. 6) was calibrated to simulate the watershed’s hydrologic response. Calibration involved adjusting parameter values iteratively until the simulated hydrograph matched the actual hydrograph. Simulations were conducted for rainfall scenarios with a return period of 100 years using rainfall data from PAGASA Romblon’s rain gauge station. The frequency storm precipitation method in the software HEC-HMS created a meteorological model file, resulting in precipitation and outflow data.
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Figure 6: The simulation results show the total inflow from a 100-year return period modeled using the software HEC-HMS

3.1.3 Two-Dimensional (2D) River Analysis System Simulations

DEM data was utilized to construct a River Analysis System (RAS) model with HEC-RAS 6.4.1 software. This model simulated rainfall-runoff scenarios and predicted flood depth and recession. The model (Fig. 7) was calibrated by integrating outflow data from HEC-HMS and precipitation records for various return periods. A standard depth of 0.01 was assumed. The flood depth for the 100-year scenario was transferred as raster files and mapped to layers in GIS software.
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Figure 7: Simulation of maximum flood depth in Santa Fe, Romblon, using HEC-RAS for a 100-year return period

A probabilistic flood hazard map, shown in Fig. 5e, was developed based on river water volume, depth, and velocity. Flood heights were categorized into five classes: 0–0.5, 0.51–1.0, 1.01–1.5, 1.51–2.0 meters, and above 2.0 meters. Secondary data inputs like DEMs were sourced from NAMRIA’s IfSAR data. The study incorporated simulated maps and flood susceptibility maps from DENR-MGB.

3.2 Flood Vulnerability Assessment

Evaluating vulnerability was crucial for formulating effective non-structural flood policies. The study used demographics and disaster risk reduction information from the Local Government (LGU) of Santa Fe, as shown in Fig. 8. Demographic factors such as mean age, gender ratio, and average income were analyzed using the CBMS of Santa Fe data to assess social and economic vulnerability. Additionally, building types and distances to rivers, roads, and coastlines were analyzed to evaluate personal safety and vulnerability, with data gathered from the Municipal Planning and Development Office of Santa Fe, NAMRIA, and OpenStreetMap.

a)   Fig. 8a shows the mean age data for each barangay. The majority of barangays, including Mat-i, Magsaysay, Danao Sur, and Danao Norte, have a mean age in the 30 s. Barangays Canyayo, Agmanic, and Tabugon have the lowest average age at 28, while Guintigbasan has the highest mean age at 32.

b)   Fig. 8b shows that most barangays in the Municipality of Santa Fe have more men than women. However, Barangay Canyayo has a nearly equal gender ratio. Overall, the gender ratio in Santa Fe, Romblon, slightly favors men, with a ratio of 1.0305 men to women.

c)   The distances between buildings and the river network, as depicted in Fig. 8c, in the study area, are classified into five levels: >1200, 900–1200, 600–900, 300–600 meters, and <300 meters. Buildings within 300 meters of the river require heightened attention due to increased flood risk. The proximity to rivers indicates household vulnerability to flash floods and river overflows. Generally, households closer to the river are more prone to flood-related events.

d)   The proximity of roads influences the vulnerability of the most distant communities. As shown in Fig. 8d, the distance ranges from 300 to 1200 meters in most barangays. However, in Guintigbasan, Pandan, and part of Agmanic, the nearest road is over 1200 meters away, highlighting accessibility challenges.

e)   Fig. 8e classifies building structures into permanent, semi-permanent, and temporary. Permanent structures are anchored to a foundation with an impermeable floor and are fully roofed and walled. Semi-permanent structures combine timber and concrete attributes, while impermanent structures use cheaper materials like sawali, bamboo, nipa, and cogon. The generated map indicates that most structures in Santa Fe are permanent or semi-permanent, suggesting greater resilience to flooding. However, in Barangay Guintigbasan, temporary structures are more common, making them vulnerable to destruction during severe weather conditions such as storms and floods.

f)   The average annual income per barangay (Fig. 8f) was categorized into five classes: less than 120,000; 120,000 to 149,999; 150,000 to 179,999; 180,000 to 209,999; and 210,000 or more. The map reveals that Canyayo, Danao Norte, and Tabugon have an average annual income of less than 120,000. Barangays Mat-I, Pandan, Guintigbasan, and Agmanic have incomes ranging from 120,000 to 149,999. Barangay Magsaysay falls into the 150,000 to 179,999 range, while Danao Sur and Guinbirayan have incomes between 180,000 and 209,999. Notably, Barangay Poblacion has the highest average annual income, exceeding 210,000.

g)   The varying distances from the coastline (Fig. 8g) were categorized into five levels: over 1000 meters, 700 to 1000 meters, 500 to 700 meters, 300 to 500 meters, and less than 300 meters. Proximity to the coastline is a crucial factor in evaluating flood vulnerability. Areas within 300 meters of the coastline are most impacted during floods and require focused efforts to enhance their resilience against potential flood events.
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Figure 8: Parameters considered for flood vulnerability: (a) mean age, (b) men-to-women gender ratio, (c) distance to river, (d) road distance, (e) type of building structures, (f) average annual income, and (g) distance to the coastline

3.3 Flood Exposure Assessment

The flood exposure assessment identified elements (Fig. 9) vulnerable to flood impact, categorizing them into four groups: distance to evacuation facilities, population density, number of households, and land cover characteristics. Population and household data were sourced from the CBMS of Santa Fe, while healthcare facility coordinates were gathered using Google Earth Pro. Land cover data from NAMRIA, based on the Comprehensive Land Use Plan (CLUP) of Santa Fe, played a crucial role in flood risk mapping. Vegetation cover enhances soil water absorption, while built-up areas increase runoff and flood risk. Understanding these land use and cover patterns is essential for accurately identifying flood-prone areas.

a)   The population density map of Santa Fe is shown in Fig. 9a. Barangays Mat-I, Danao Norte, and Guintigbasan have the lowest population density, followed by Pandan, Magsaysay, Agmanic, and Guinbirayan. Danao Sur and Canyayo also have relatively low densities. In contrast, Barangays Poblacion and Tabugon have high population densities.

b)   Fig. 9b shows the number of households per barangay in Santa Fe. Barangay Poblacion has over 600 households, indicating high exposure, while Barangays Danao Sur and Guintigbasan have the fewest, with 200 to 300 households.

c)   Fig. 9c shows the location and type of evacuation facilities in each barangay, with circles indicating coverage areas ranging from 500 to 2000 meters. This map helps determine how many people can reach these centers within an acceptable walking distance and the capacity needed during a disaster. Sphere standards recommend a minimum of 3.5 square meters per person for short-term shelter, expanding to 3.5 square meters for longer-term needs to ensure health and well-being.

d)   Fig. 9d shows the study area’s reclassified land use/land cover map into nine general classes. The map reveals that the majority of the municipality’s land is cultivated. The open forest is in the eastern part, with scattered grassland areas and open/barren land. The built-up areas are concentrated in the town proper.
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Figure 9: Identified factors for flood exposure: (a) population density, (b) number of households, (c) distance to evacuation facility, and (d) land use/land cover

3.4 FAHP Analysis

The flood risk assessment utilized the FAHP to evaluate contributing factors. Ten experts, including hydrologists, engineers, and disaster risk reduction specialists, determined the weights for each parameter using pairwise comparisons. The decision process was organized into a hierarchy with three levels: goal, criteria, and indicators, encompassing flood hazard, vulnerability, and exposure maps. There are no strict guidelines on the minimum sample size for AHP analysis in management and engineering. Studies show varying sample sizes, typically four to nine participants, indicating the method’s flexibility. When selecting judges for decision-making, strategically choosing individuals with the necessary expertise is essential. One expert judge is usually sufficient unless political factors require representation from multiple constituencies. In such cases, selecting several judges may be appropriate, provided they possess the necessary expertise, ensure balanced decision-making, and promote credibility [52].

Feature weights were assigned and normalized on a scale from 1 to 5. Parameters were evaluated based on expert input. The pairwise comparison method involved ten experts assessing the importance of each criterion, resulting in normalized values and relative weights. The final weights were computed as a linear combination of criteria and alternatives. The relative weights for hazard, vulnerability, and exposure parameters are detailed in Table 2, with the highest weights assigned to flood height (45.41%) and land cover/use (44.26%).
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These weights were applied in GIS software to create hazard, vulnerability, and exposure maps, aiding in flood risk assessment and management for the Municipality of Santa Fe.

3.5 Flood Risk Assessment

The visual representations of hazard, vulnerability, and exposure are displayed in Fig. 10. These generated maps were created using FAHP criteria weights integrated into a GIS-based workflow involving raster calculations, conversion, extraction, reclassification, and layer clipping.
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Figure 10: GIS-generated maps for hazard (a), vulnerability (b), and exposure (c) considering the results from FAHP analysis

Fig. 10a shows the Flood Hazard Index Map, classifying areas into five levels: very low (green), low (yellow-green), moderate (yellow), high (orange), and very high (red). The areas covered are 32.15, 34.25, 21.83, 7.57, and 4.19 square kilometers, respectively. Higher hazard levels correspond to regions near river bodies, particularly in Poblacion, Magsaysay, Pandan, Guinbirayan, and Danao Sur. Fig. 10b displays the Flood Vulnerability Index Map, with vulnerability levels classified as very low (green), low (yellow-green), moderate (yellow), high (orange), and very high (red). The distribution is very low (3.03%), low (18.23%), moderate (53.97%), high (21.24%), and very high (3.53%). Only Agmanic and Tabugon show low vulnerability, Guintigbasan has moderate vulnerability, and the rest areas show moderate to high vulnerability. Fig. 10c presents the Flood Exposure Index Map, categorizing exposure into very low (green), low (yellow-green), moderate (yellow), high (orange), and very high (red). The coverage is 21.23%, 46.10%, 17.49%, 12.42%, and 2.76% of Santa Fe, respectively. High exposure is noted in Mat-I, Magsaysay, and Danao Norte, while more than half of the map indicates moderate exposure levels.

The final assessment results were integrated into a comprehensive map (Fig. 11) that combines flood hazard, vulnerability, and exposure indices using GIS software with equal weights. The flood risk map is categorized into five levels: very low (green), low (yellow-green), moderate (yellow), high (orange), and very high (red).

1.    Very low risk (green): 0.74 sq km (1.16% of the area).

2.    Low risk (yellow-green): 18.77 sq km (29.43%), mainly in Barangay Guintigbasan and parts of Mat-I, Canyayo, Agmanic, Magsaysay, Danao Norte, and Guinbirayan.

3.    Moderate risk (yellow): 31.28 sq km (49.05%), affecting all barangays with more than half of their boundaries at moderate risk.

4.    High risk (orange): 9.02 sq km (14.14%) in portions of all barangays.

5.    Very high risk (red): 3.97 sq km (6.22%), found in Poblacion, Pandan, Mat-I, Danao Sur, and Guinbirayan.
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Figure 11: Developed flood risk map of the Municipality of Santa Fe

This map aids municipal policymakers, planning agencies and organizations, and stakeholders in developing flood management plans to mitigate life-threatening risks and guide future infrastructure development.

4  Discussion

The impact of disasters in flood-prone areas has intensified due to significant land use changes and climate change effects. Developing a flood risk map that integrates elevation models, demographics, and disaster-related data using the FAHP within a GIS framework is valuable for assessing these risks. This approach utilizes various datasets, including archival, automated, and survey data, to establish risk evaluation criteria. The flood risk map reveals the following risk distribution: 1.16% of the total area is at very low risk, 29.43% at low risk, 49.05% at moderate risk, 14.14% at high risk, and 6.22% at very high risk of flooding. Specifically, the areas falling into each risk category are 0.74 square kilometers at very low risk, 18.77 square kilometers at low risk, 31.28 square kilometers at moderate risk, 9.02 square kilometers at high risk, and 3.97 square kilometers at very high risk.

The map indicates that Barangays Guintigbasan, Danao Norte, Mat-I, Pandan, Agmanic, Magsaysay, and Danao Sur are in low-risk zones. All barangays have areas in moderate-risk zones, mainly along their boundaries. High-risk zones, particularly near river networks and coastlines, are found in Mat-I, Pandan, Poblacion, Danao Sur, Guinbirayan, Canyayo, Agmanic, and Tabugon. Detailed examination of the flood risk map shows that the town proper in Poblacion and specific areas of Pandan, Guinbirayan, Agmanic, Tabugon, Mat-I, and parts of Guintigbasan, located near river networks and coastlines, are at significantly high risk. Urgent action is recommended to develop a comprehensive flood management plan or mitigation strategies for the municipality.

Flood risk assessment is crucial for developing effective flood management and mitigation strategies in cities and municipalities, both rural and urban. Essential parameters for assessing flood hazards include average annual rainfall, slope, elevation, flood height, and soil type. Among these, flood height is the most critical parameter, holding the highest weight at 45.41%, underscoring its importance in determining hazard levels.

Conversely, soil type has the lowest weight at 4.44%, implying its minor role in flood hazard assessment. For flood vulnerability, parameters such as distance to rivers, roads, mean age, gender ratio, average income, and building structure types are considered. Distance to the river is the most significant, weighing 40.34%. Exposure assessment includes land use, population density, household numbers, and distance to evacuation facilities. These parameters collectively help understand exposure levels in flood-prone areas. The methods used in this study can be adapted and modified for cities in the Philippines by adjusting the factors to suit city-specific characteristics.

The factors used in the study were identified through a comprehensive literature review and based on the availability of relevant information in the rural municipality of Santa Fe, Romblon. This ensured that the selected factors were scientifically grounded and contextually appropriate.

The FAHP is suitable for multicriteria decision-making in flood risk assessment [53]. This method improves the comprehensiveness and precision of flood risk assessments by integrating hazard, vulnerability, and exposure parameters into a single framework. FAHP’s capacity provides valuable insights for prioritizing mitigation measures and enhancing community resilience against floods [24,53]. Advanced decision-making methodologies like FAHP are essential for addressing complex challenges in flood risk assessment. The FAHP method, in this study, effectively handled uncertainties and subjectivities in expert judgments, resulting in a robust and reliable weighting scheme.

The FAHP was employed to assign weights to these factors. A panel of 10 experts from academia, government offices, engineering fields, and the LGU, all with experience in flood-related activities, conducted pairwise comparisons of the factors. Their judgments were aggregated to derive the relative weights.

The study employs the FAHP methodology, which uses expert judgments to assign weights to various factors influencing flood risk. These weights can vary based on the experts’ perspectives and experiences, potentially affecting the resulting hazard map. The FAHP methodology systematically and transparently captures expert opinions to minimize subjective biases. The study involves diverse experts from academia, government, engineering, and LGUs to ensure a balanced assessment. Additionally, the model’s sensitivity is analyzed to understand how changes in expert opinions may impact the final hazard map. While consulting different experts might alter the hazard map, the core FAHP methodology ensures that these changes are scientifically robust and based on expert knowledge.

The flood risk assessment included critical topographical and landform-related factors: elevation, soil type, and slope. These parameters are essential for understanding the terrain’s influence on flood dynamics and risk. Additionally, land use was incorporated as it significantly impacts water runoff and infiltration. This comprehensive approach ensured a thorough flood risk assessment in the rural municipality of Santa Fe, Romblon, accounting for the influence of topography and landform.

The quality of topographic data significantly influences the generation of flood hazard maps. High-resolution DEMs such as IfSAR DTM from NAMRIA ensure the accuracy and reliability of topographic factors affecting flood dynamics [17,54]. While LiDAR-derived DEMs are commonly used, IfSAR DTM provides consistent results, highlighting its utility in flood hazard mapping.

In the vulnerability assessment, the sex ratio and average income are critical parameters for understanding the socio-economic dynamics influencing flood risk. The sex ratio, representing the ratio of males to females, significantly impacts vulnerability. Gender roles and socio-cultural norms can affect individuals’ ability to respond to and recover from floods. Women often face different access to resources, social networks, decision-making processes, and caregiving responsibilities that limit their mobility and economic recovery after floods. By considering the sex ratio, gender-specific vulnerabilities can be identified, and inclusive flood risk management strategies can be designed. Average income directly influences a community’s capacity to prepare for, respond to, and recover from floods. Higher-income levels allow for better-quality housing, flood defenses, and insurance, reducing vulnerability. Conversely, lower-income communities often lack financial resources for effective flood mitigation measures and have limited access to emergency services, making them more susceptible and slower to recover. Including average income in the assessment helps identify economically disadvantaged areas needing additional support.

Effective disaster management strategies require a thorough assessment of flood risk areas. Various methodologies have been proposed, including hybrid intelligence models [55,56] and quantitative risk assessment methods [11,57,58]. FAHP is a practical and user-friendly tool for decision-makers and flood managers due to its flexibility and simplicity in multicriteria decision-making [23]. Integrating social, economic, environmental, technical, and ecological factors, FAHP offers a systematic approach compared to traditional flood mapping methods, which often focus on narrow criteria [1,59]. FAHP includes environmental factors like vegetation cover and land use, socio-economic indicators like income levels and population density [53], and technical aspects like infrastructure resilience and early warning systems [7]. This comprehensive approach provides a nuanced understanding of flood dynamics, informing more effective flood management strategies.

Mitigation measures are crucial for reducing the impacts of floods and enhancing community resilience. Various approaches, from economic evaluations to structural flood defense models, highlight the importance of an integrated approach to flood risk management [60,61]. Innovative strategies, such as converting floodwater into a valuable resource and implementing engineering solutions, demonstrate the potential for sustainable flood risk mitigation [62]. Comprehensive research efforts and utilizing output maps are vital for informing flood management strategies and promoting sustainable development in flood-prone zones. This research provides several key managerial insights crucial for enhancing flood risk management in rural municipalities:

1.    The GIS-based flood risk map enables local governments to make informed and targeted decisions for effective flood mitigation and preparedness.

2.    Identifying high-risk areas allows for prioritizing resources for regions that need immediate attention.

3.    Involving local experts ensures the findings are grounded in local knowledge, enhancing community support for flood risk management.

4.    The flood risk map is a foundational tool for long-term planning, guiding infrastructure development and land use planning.

5.    Insights from the study inform the creation of policies and regulations aimed at reducing flood risk, such as zoning laws and building codes.

6.    The methodology can be adapted and replicated, building local flood risk assessment and management capacities.

7.    Integrating flood risk considerations into development practices helps create more resilient communities.

8.    Future studies should integrate data-driven methods, such as statistical analyses and machine learning, to analyze flood risk parameters and enhance assessment accuracy. Combining FAHP with these techniques will leverage both expert judgments and empirical data.

5  Conclusion

The frequent flooding events in the Municipality of Santa Fe have caused significant property damage and posed severe risks to lives, underscoring the need for comprehensive flood risk assessments using GIS-based techniques and multicriteria decision analysis. This study evaluated flood risk by integrating relevant factors with the FAHP and aligning with the Sendai Framework. The research utilized GIS, HEC-RAS, and HEC-HMS to map and model primary and secondary data parameters. Critical parameters for hazard assessment included average annual rainfall, elevation, slope, soil type, and flood height. Vulnerability and exposure parameters included gender ratio, mean age, income, distances to rivers, roads, coastlines, building types, evacuation facilities, population density, land cover, and household numbers. The flood risk map specified that 1.16% of the area had very low risk, 29.43% had low risk, 49.05% had moderate risk, 14.14% had high risk, and 6.22% had very high risk, with specific high-risk areas in Mat-I, Pandan, Poblacion, Danao Sur, Guinbirayan, Agmanic, and Tabugon.

These results are crucial for enhancing flood management strategies by addressing hazard, vulnerability, and exposure factors. The findings can assist municipal councils, planning agencies, and stakeholders in integrating flood risks into comprehensive land use plans. Future research should expand assessments to cover the entire municipality for a deeper understanding of localized risks, utilize current and accurate data, incorporate advanced mapping tools like GIS software, and employ high-resolution DEM data from LiDAR for precise flood modeling. Additionally, including up-to-date demographic and disaster risk data will improve assessment accuracy. Developing potential flood mitigation projects, such as repurposing floodwater for water supply, can benefit the local water district and assist barangays lacking clean water access.
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Table 1: Identified factors with the data format, year, and references who used the parameters for the
three (3) identified criteria

Parameters Type of data Year Source of data References
Hazard parameters
Slope Generated from 2013 National Mapping [25,32-34]
IfSAR data using and Resource
slope tool Information
Authority
(NAMRIA)
Elevation Generated from 2013 NAMRIA [25,32,35,36]
IfSAR data
Soil type Shapefile 2011 Geoportal [7,23,25,32,37]
philippines
Average annual Interpolated 2020 Philippine [25,38,39]
rainfall climatological Atmospheric,
normal using the Geophysical, and
Inverse Distance Astronomical
Weighted (IDW) Services
technique Administration
(PAGASA)
Flood height 100-year period 2018 MGB [3,29]
simulation using
HEC-HMS and
HEC-RAS
combined with the
Mines and
Geosciences Bureau
(MGB) Flood
Susceptibility Map
Vulnerability parameters
Mean age Mean age of the 2022 Community-Based [10,25,40]
individual in every Monitory System
barangay (CBMS) of
Municipality of
Santa Fe
Gender ratio Men-to-women 2022 CBMS [25,41]
gender ratio in every
barangay
Distance to river Distance of 2022 NAMRIA [25,32,42]
identified river
network using
Euclidean distance
Distance to road Distance of 2022 Open street map [42,43]
identified road
network using
Euclidean distance
Types of building Classification of 2022 CBMS [1,25,44]
structures structures of every
household
Average annual The average annual 2022 CBMS [25,45,46]
income income of each
barangay
Distance to coastline  Shapefile of the 2015 Google earth [47,48]
traced boundary of
the municipality
Flood exposure parameters
Population density Spreadsheet and 2022 CBMS [10,39]
administrative maps
Number of Spreadsheet and 2022 CBMS [39]
households administrative maps
Distance to Distance of 2022 CBMS [25,49]
evacuation facility identified evacuation
facility using
Euclidian distance
Land use/Land cover Shapefile 2011 Geoportal [3,23,25]

philippines
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Table 2: Computed hazard, vulnerability, and exposure factor weights based on FAHP

Indicators Computed weights Percentage weights

Flood hazard parameters

Slope (in degrees) 0.08054707 8.05%
Elevation (in meters) 0.274880434 27.49%
Average annual rainfall (in mm) 0.145976714 14.60%
Flood height (in meters) 0.454148141 45.41%
Soil type 0.04444764 4.44%
Flood vulnerability parameters
Distance to river (in meters) 0.40343 40.34%
Distance to road (in meters) 0.084015 8.40%
Mean age 0.032188 3.22%
Gender ratio 0.021299 2.13%
Average income 0.046446 4.64%
Types of structure (Building) 0.151285 15.13%
Distance to coastline (in meters) 0.261337 26.13%
Flood exposure parameters
Land cover/Land use 0.442587116 44.26%
Population density 0.223703793 22.37%
Household number 0.113076615 11.31%

Distance to evacuation facility 0.220632476 22.06%
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Time-Series Results for Sink “Sink-1" — (m}
Project: Santa Fe HMS ~ Simulation Run: 100 Years
Sink: Sink-1

Start of Run:  280ct2022, 00:00 Basin Model: Basin 1

End of Run: , 00:00 Meteorologic Model: 100 Years

Compute Time:DATA CHANGED, RECOMPUTE  Control Specifications:Control 1

Date Time | Inflow from R1 | Inflow from R6 | Inflow from R11 | Inflow from W68 | Inflow from W25 | Inflow from W49 | Total Inflow
(M3/s) (M3/S) (M3/S) (M3/S) (M3/S) (M3/S) (M3/S)

280ct2022 00:00 0.0 0.0 0.0 0.0 0.0 0.0 0.0
280ct2022 |00:10 0.0 0.0 0.0 0.0 0.0 0.0 0.0
280ct2022 |00:20 0.0 0.0 0.0 0.0 0.0 0.0 0.0
280ct2022 |00:30 0.0 0.0 0.0 0.0 0.0 0.0 0.0
280ct2022 |00:40 0.0 0.0 0.0 0.0 0.0 0.0 0.0
280ct2022 |00:50 0.0 0.0 0.0 0.0 0.0 0.0 0.0
280ct2022 |01:00 0.0 0.0 0.0 0.0 0.0 0.0 0.0
280ct2022 |01:10 0.0 0.0 0.0 0.0 0.0 0.0 0.0
280ct2022 |01:20 0.0 0.0 0.0 0.0 0.0 0.0 0.0
280ct2022 |01:30 0.0 0.0 0.0 0.0 0.0 0.0 0.0
280ct2022 |01:40 0.0 0.0 0.0 0.0 0.0 0.0 0.0
280ct2022 |01:50 0.0 0.0 0.0 0.0 0.0 0.0 0.0
280ct2022 |02:00 0.0 0.0 0.0 0.0 0.0 0.0 0.0
280ct2022 |02:10 0.0 0.0 0.0 0.0 0.0 0.0 0.0
280ct2022 |02:20 0.0 0.0 0.0 0.0 0.0 0.0 0.0
280ct2022 |02:30 0.0 0.0 0.0 0.0 0.0 0.0 0.0
280ct2022 |02:40 0.0 0.0 0.0 0.0 0.0 0.0 0.0
280ct2022 |02:50 0.0 0.0 0.0 0.0 0.0 0.0 0.0
280ct2022 03:00 0.0 0.0 0.0 0.0 0.0 0.0 0.0
280ct2022 |03:10 0.0 0.0 0.0 0.0 0.0 0.0 0.0
280ct2022 03:20 -0.0 -0.0 -0.0 0.0 0.0 0.0 0.0
280ct2022 |03:30 -0.0 -0.0 -0.0 0.0 0.0 0.0 0.0
280ct2022 |03:40 0.0 0.0 0.0 0.0 0.0 0.0 0.0
280ct2022 |03:50 0.0 0.0 0.0 0.0 0.0 0.0 0.1
280ct2022 |04:00 0.0 0.0 0.0 0.0 0.0 0.0 0.1
280ct2022 |04:10 0.0 0.0 0.0 0.0 0.0 0.0 0.2
280ct2022 |04:20 0.0 0.0 0.1 0.1 0.0 0.0 0.2
280ct2022 |04:30 0.0 0.1 0.1 0.1 0.1 0.0 0.3
280ct2022 |04:40 0.1 0.1 0.1 0.1 0.1 0.0 0.5
280ct2022 |04:50 0.1 0.1 0.2 0.1 0.1 0.0 0.6
280ct2022 |05:00 0.1 0.2 0.2 0.1 0.1 0.0 0.7

Summary Results for Sink “Sink-1" = (] X
Project: Santa Fe HMS  Simulation Run: 100 Years
Sink: Sink-1
Start of Run:  280ct2022, 00:00 Basin Model: Basin 1
End of Run:  290ct2022, 00:00 Meteorologic Model: 100 Years
Compute Time:DATA CHANGED, RECOMPUTE  Control Specifications:Control 1
Volume Units: @ MM () 1000 M3
Computed Results
Peak Discharge:266.7 (M3/S)  Date/Time of Peak Discharge280ct2022, 15:10
Volume: 260.72 (MM)
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