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Flood risk assessment is crucial for effective disaster risk management and community resilience. However, the current research lacks strength in identifying high-risk areas, implementing flood early warning systems, prioritising risk reduction measures, and allocating resources for emergency response planning and management. This study aims to assess flood hazard in Mirzadhare, Charsadda a highly flood-prone area in Khyber Pakhtunkhwa province of Pakistan. The study used an integrated approach by employing geographical information system (GIS) and multi-criteria decision analysis (MCDA) techniques. Further, the study used multiple datasets, including rainfall, stream density, and village points to map out flood susceptibility in the study region. Data was collected from field surveys, questionnaires, and interviews, allowing for a detailed analysis of flood hazards. Selecting average precipitation, peak river flow, and historical flood frequency as indicators, the weights of the three are 0.4, 0.3, and 0.3 respectively, an indicator system for predicting flood disasters was constructed. The results categorised the study area into four hazard zones: very high, high, medium, and low, based on their susceptibility to flood hazards. The study findings reveal that more than 65% of the area, including agricultural land with other livelihood settlements, is at a very high risk of flood hazard. Over 50% of the population lives in floodplains and faces an extremely high risk of future flood events. The precision of the results may have been affected by the accuracy and completeness of the data sources utilised, such as historical flood records, precipitation data, stream network data, and stream density. This combination of methods enabled the creation of accurate, data-driven flood risk maps. The hazard map of the area serves as a valuable tool for decision-making, resource allocation, and the development of flood risk management strategies. Based on the study findings, regular updates and continuous monitoring are recommended to ensure the accuracy and relevance of the flood hazard information over time.
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1 INTRODUCTION
Flood is a hydro-metrological event that poses a significant risk to communities residing in flood-prone areas. A flood hazard refers to the potential occurrence of a water overflow event, while a flood risk represents the probability and potential consequences (Ali, 2007). Flood hazards result from a combination of factors, including intense rainfall, topography, soil characteristics, land use patterns, and the presence of rivers or other bodies of water. Areas located in floodplains or low-lying regions are particularly vulnerable to flood hazards due to their proximity to water sources, limited natural drainage capabilities, and additional factors such as land use practices, deforestation, and climate variability, all of which further exacerbate flood risks (Fida et al., 2022). The limited drainage network, particularly in floodplain and low-lying areas, exacerbates flood risks by reducing the capacity for effective water flow and drainage. This phenomenon is compounded by factors such as poor maintenance, increased urbanization, and changes in land use. Studies conducted by Valjarević (2024) have highlighted the critical role of river properties and drainage networks in flood management, emphasizing their influence on flood capacity and hazard mitigation. The severity of flood hazards can vary, ranging from localized flash floods to widespread riverine flooding, depending on the scale and intensity of the precipitation event (Rehman et al., 2022). The probability of flooding is determined by considering historical data, climate patterns, and hydrological modelling (Hamidi et al., 2022). Flood return periods, such as the 10-year, 50-year, and 100-year floods, were estimated using probability-based statistical methods, specifically Extreme Value Theory (EVT) and the Gumbel Distribution. These approaches are commonly used in flood frequency analysis to model the likelihood of extreme flood events. The Gumbel Distribution is particularly suitable for modeling the distribution of maximum annual flood data, such as peak discharge or flood levels, as it captures the behavior of extreme events (Al Khoury et al., 2023). The return period is calculated by determining the exceedance probability of a given flood magnitude, where a 100-year flood represents an event with a 1% chance of occurring in any given year. This method allows for the estimation of the likelihood of floods of varying magnitudes over the long term and is integral to our hazard risk assessment (Alexander et al., 2011; Bibi et al., 2018). The magnitude of potential impacts depends on various factors, including the volume and velocity of floodwater, the duration of the event, the vulnerability of exposed elements (such as infrastructure and populations), and the effectiveness of existing flood mitigation measures (Huo et al., 2023; Yamaguchi et al., 2007).
Understanding and assessing flood hazards are crucial for effective disaster management, mitigation planning, and community resilience. Assessments of flood hazard aim to identify the potential consequences of flooding, including damage to buildings, infrastructure, and critical facilities and the potential loss of life and livelihoods (Huo et al., 2023; Pelling, 2003). Flood susceptibility assessments consider the exposure of elements at risk, considering factors such as population density, land use, building standards, and emergency preparedness. Such analysis helps identify high-risk areas and prioritize resources for flood risk reduction measures, early warning systems, and emergency response planning (Farish et al., 2017; Huo et al., 2023). Managing flood risk requires a multi-faceted approach that encompasses various strategies, including land-use planning, floodplain zoning, structural measures, non-structural measures, community awareness and preparedness initiatives (Huo et al., 2023; Meyer et al., 2012). Effective flood risk management involves a combination of preventive measures (reducing the likelihood of flooding through infrastructure and land-use planning), protective measures (safeguarding critical assets), and responsive measures (such as early warning systems and evacuation plans) (Kafle and Murshed, 2006). However, the ongoing climate change phenomenon further complicates flood risk management efforts, as it can influence precipitation patterns, sea levels, and extreme weather events (Jeffers, 2011; Shen et al., 2022; Zhao et al., 2023). The increasing frequency and intensity of rainfall events, coupled with rising sea levels, may intensify flood hazards and increase the susceptibility of coastal and low-lying areas (Huo et al., 2019; Ullah et al., 2023). Adapting to climate change and incorporating climate projections into flood risk assessments are crucial for ensuring the long-term effectiveness of flood management strategies (Hussain et al., 2023; Li et al., 2013).
Pakistan is exposed to natural disasters, including floods, which affect millions of people annually (Rana et al., 2020; Shen et al., 2022). Pakistan is located in a geographically sensitive region that is very prone to natural disasters such as earthquakes and floods. Within the past 10 years, natural disasters have impacted 124 out of 158 districts in the country, affecting over 33 million people. In 2010, the country faced a catastrophic flood caused by the yearly monsoon rains, submerging one-fifth of the country in water. Pakistan is one of the five South Asian countries with the highest population density that is exposed to floods due to its geographic location and climate change-induced heavy rainfall (Abbas et al., 2022; Khan et al., 2021). The lowland of the Indus River system was twisted as a flooded and flood-exposed area (Abbas et al., 2023; Tayyab et al., 2021). River floods occur during the summer and affect most low-lying areas due to their high exposure levels (Abbas et al., 2023; Rafiq and Blaschke, 2012; Rebi et al., 2023). The downstream region of the Indus River system has been officially acknowledged as a flood-prone area with a high susceptibility to flooding and associated hazards (Abbas et al., 2022; Tayyab et al., 2021). During the summer months, floods are common and affect most low-lying communities because of the high amounts of exposure they experience (Ahmad and Afzal, 2020; Rafiq and Blaschke, 2012). There is a high risk of flooding in the Khyber Pakhtunkhwa province of Pakistan, particularly in the Swat and Kabul Rivers (Qamer et al., 2023). Over the past 10 years, the province has been subjected to many devastating floods (Khan et al., 2022), the most notable of which occurred in the years 2007, 2008, 2010, 2012, 2014, 2018, and 2020, with the most recent disaster occurring in 2022 (Nanditha et al., 2023). The higher susceptibility to riverine floods in Khyber Pakhtunkhwa results from the presence of rivers and their tributaries that are making the region susceptible to hazards (Ahmad et al., 2022). Annually, district Charsadda experiences catastrophic floods due to its substantial proximity to the Swat and Kabul Rivers and their tributaries (Ahmad et al., 2022; Ali et al., 2022). According to the Report on Disaster Risk Management in Asia by Asian Disaster Preparedness Center, Bangkok, Thailand ADPC (2014), the 2010 mega flood was the most destructive flood due to its record-breaking inundation and extensive coverage, resulting in a significant loss of human lives and the displacement of millions of people. A mega flood is defined as an extreme flood event with a magnitude and impact far exceeding typical flood occurrences.
This study employed a multi-criteria decision analysis (MCDA) methodology combined with geographical information system (GIS) techniques to assess flood hazards in the Mizadhare Union Council (UC), a highly flood-prone area in Charsadda. The GIS platform, specifically ArcGIS, was used for spatial analysis, integrating key flood-related variables such as past flood history, average rainfall, stream discharge, and river stream density to create flood hazard maps. The MCDA process followed a step-by-step approach: first, the problem of flood hazard assessment was defined. Next, relevant criteria influencing flood risk were selected, and weights were assigned using the Analytic Hierarchy Process (AHP), based on expert judgment and community input. Data for each criterion were collected and normalized to ensure comparability. The flood risk of each area was then assessed and scored according to these weighted criteria. Finally, the scores were aggregated to generate a comprehensive flood hazard risk map, which categorized the region into high, medium, and low-risk zones. This approach allowed for a robust evaluation of flood hazards in the region, providing valuable insights for risk management and mitigation efforts (Ibrahim et al., 2024a; Khan et al., 2013). The assessment focused on the villages within Mirzadhare, aiming to understand the flood risk and analyze susceptibility levels in this area. By analyzing three key parameters, namely, average rainfall over the past 20 years, stream frequency, and stream density, a comprehensive flood hazard assessment was conducted to determine the risk levels of each village. Some important data regarding the peak discharge, past flood history, and flood risk based on average perception was also collected and analyzed. The significance of flood hazard assessment lies in its potential to inform decision-making processes related to disaster preparedness, response, and mitigation measures. Local authorities and stakeholders can prioritize resource allocation and develop appropriate strategies to minimize the impact of potential flooding events by identifying the villages that are most prone to flood hazards and those at high, medium, and low risk (Ibrahim et al., 2024b; Nasiri and Shahmohammadi-Kalalagh, 2013; Ouma and Tateishi, 2014). The combination of AHP-GIS analysis enables the effective analysis and prioritization of various flood risk indicators. Moreover, the methodology extends beyond conventional post-flood analysis and proactively utilizes a multifaceted data collection approach, including statistical methods such as questionnaires and field interviews, to gather ground data and validate findings. By integrating diverse data sources, we ensure the reliability and accuracy of our assessments, thereby enhancing the scientific validity of our research. This comprehensive framework, validated through iterative refinement and calibration, offers crucial insights and tools for effective flood management and risk reduction.
Previous studies, such as Shahid et al. (2021), have analyzed flood risks using climate and hydrological data, focusing on land use and climate change impacts on runoff in the Gilgit watershed. However, these studies often lack the integration of local knowledge through community engagement and overlook critical variables like stream density and past flood history. Similarly, Bibi et al., 2018, Flood risk assessment of river Kabul and Swat catchment area, District Charsadda, emphasizes land use and runoff dynamics but skips multivariable analyses. This study addresses these gaps by incorporating flood-specific variables past flood history, stream discharge and frequency, and river stream density while integrating AHP with GIS tools and local community input for a comprehensive flood hazard assessment.
Based on the published research, key parameters such as average rainfall patterns over the past 2 decades, stream frequency, and stream density were analyzed. These parameters were weighted and integrated into a comprehensive analysis to generate a flood hazard map. This map will serve as a valuable tool for understanding the flood risk for different areas within Mirzadhare and will add to formulating effective mitigation and preparedness strategies. The subsequent sections of this report provide a detailed account of the methodology employed in the flood hazard assessment, present the results and findings, and discuss their implications for disaster management, urban planning, and infrastructure development in Mirzadhare, Charsadda, Pakistan. While the findings and recommendations of this assessment are context-specific to Mirzadhare, they can serve as a valuable reference for other flood-prone regions having the same topography and facing similar challenges.
2 STUDY AREA
Mirzadhare is situated in a flood-prone region due to its proximity to a nearby river stream (Figure 1). Mirzadhare encompasses a diverse landscape with agricultural fields, residential areas, and infrastructure. It is located between 34°14′21″N to 34°18′10″N latitudes and 71°38′22E to 71°42′15″E longitudes and is 316–360 m above sea level (Chitrali, 2010). The Mizadhare Union Council (UC) is located in the arid region of Charsadda District, Khyber Pakhtunkhwa (KP), Pakistan. The climate of this area is characterized by hot summers and mild winters, with annual precipitation being relatively low, typically ranging between 250–500 mm. The region experiences most of its rainfall during the monsoon season, from June to September, which is often concentrated in short, intense bursts, leading to flash floods (Nadir and Ahmed, 2022). A climatological analysis over the past 30 years has shown variations in rainfall patterns, with some years experiencing more extreme precipitation events. The hydrological characteristics of the region are influenced by the nearby Swat River and its tributaries, with river discharge showing significant seasonal variation, particularly during the monsoon period (Hamidi et al., 2022). The topography of the area is dominated by low-lying floodplains and gently sloping land, which exacerbate flood risks due to limited natural drainage capacity. These combined climatic, hydrological, and topographical features contribute to the area’s vulnerability to recurrent flooding, particularly in flood-prone zones near the riverbanks (Chitrali, 2010).
[image: Figure 1]FIGURE 1 | Location map of the study area; (A) shows the map of Pakistan, (B) shows the district Charsadda map, and (C) shows the study area Mirzadhare.
The region experiences a typical cold winter and hot summer. The winter starts in mid-November and lasts till March, whereas summer starts in mid-May and lasts till September. The average maximum temperature in summer is 44°C, while the minimum temperature is 25°C. The minimum temperature usually recorded during winter is 4°C, and the maximum is 18°C (GoP, 2021). Based on the Provincial Irrigation Department report, the maximum average annual rainfall in the area is 278 mm, recorded in 2022, (Nadir and Ahmed, 2022). According to the District Census report, Mirzadhare’s population was 27,058 in 2021 (Hamidi et al., 2022). Based on its flood history and background, Mirzadhare needs to be the focal point for the flood hazard assessment (Bibi et al., 2018). The assessment aimed to evaluate the flood hazards in the villages within Mirzadhare and provide insights into the susceptibility level of each village. Its unique topography, hydrological features, and land use patterns characterise the region. Understanding the dynamics of these factors is essential for assessing flood vulnerability accurately and formulating appropriate disaster management strategies (Bibi et al., 2018). The area comprises 17 villages, each with distinct characteristics and exposure to flood hazards. These villages are inhabited by local communities who depend on the surrounding arable land for their livelihoods (Fida et al., 2020). It is crucial to assess these villages’ flood susceptibility to safeguard the residents’ lives and properties and promote sustainable development in the area (Rehman et al., 2016).
3 METHODOLOGY
The study adopted an integrated approach to assess the flood hazard and construct a flood hazard distribution map for UC Mirzadhare, district Charsadda, Khyber Pakhtunkhwa, Pakistan. The flood susceptibility map was developed through ArcGIS by integrating remote sensing and field data on flood-causing factors. The overall methodology consists of five main steps. These include, 2) data collection and analysis, 3) flood hazard indicator inventory maps, 4) flood hazard indicators and causing factors, and 5) flood susceptibility mapping.
3.1 Selection of hazard indicators and inventory maps
The flood hazard assessment conducted at Mirzadhare utilized a variety of datasets to ensure an inclusive analysis of flood hazards. Hazard indicators were selected based on the authentication of previous studies, as shown in Table 1. Under the framework shown in Figure 2, the selected indicators were executed and analyzed. The framework explains the roadmap of how the indicators were selected based on the published research. The indicators were also weighted as per their importance given by the experts of the Provincial Disaster Management Authority Khyber Pakhtunkhwa (PDMA-KP), Pakistan. The weighted results were normalized and then applied to the ArcGIS platform to develop a flood risk map overlay. The following data sources were employed as discussed:
TABLE 1 | Selection of flood hazard indicators and reference sources for validity.
[image: Table 1][image: Figure 2]FIGURE 2 | Technical framework for flood hazard assessment.
Thieken et al. (2023) explain flood risk as the probability of experiencing an unusually high water level, leading to increased vulnerability. Flood risk is further defined by the Office of the Public Works and Local Government Dublin (UNESCO, 2009) as the multiplication of a flood-prone area’s hazard level, vulnerable circumstances, and exposure conditions to that hazard. This research integrates the data about hazard assessment as part of overall flood risk assessment by analysing the selected indicators, i.e., rainfall data, and peak discharge river stream density. For this study, the AHP model was employed to determine the relative importance of each flood hazard component, based on expert judgment and local community input. The process involved creating a hierarchy structure, where flood risk criteria (e.g., past flood history, rainfall, stream discharge, etc.) were evaluated through pairwise comparisons. These comparisons were carried out using a scale from one to 9, where one represents equal importance and nine represents extreme importance of one criterion over another. The resulting pairwise comparison matrix was then used to calculate the normalized weights for each criterion. The weights were determined based on their perceived significance in contributing to flood risk, with higher weights assigned to more influential variables such as past flood history and stream discharge. These weights were then applied to each criterion in the hazard risk equation, allowing for a quantitative assessment of flood hazard likelihood in the study area. The AHP model is designed to combine the components’ weight to assess mainly the hazard part of the above equation for this specific study. Each component involves a couple of criteria, and each contains multiple sub-criteria. The criteria of hazard risk components are adopted from the study outline. A hierarchy structure is used to evaluate flood risk criteria, ranked based on judgments of decision makers through AHP pairwise comparisons (Kobayashi and Porter, 2012). The selection of the above variables shown in Table 1 is based on their situational importance in the selected part. As cited above, previous researchers also selected these variables to assess flood hazard risk. Each variable has its specific weightage for assessing hazard likelihood.
3.1.1 Average rainfall data
To incorporate the rainfall pattern into the flood hazard assessment, historical precipitation data were obtained from the official website of NASA (https://giovanni.gsfc.nasa.gov/giovanni/accessed on 15 March 2023) data portal. This data source provided comprehensive and reliable information on rainfall patterns over the past 20 years. By incorporating this dataset into the analysis, we gained insights into the average rainfall distribution within the study area. Understanding rainfall’s spatial variability helped identify areas with higher rainfall intensity and assess their correlation with flood hazards. The integration of rainfall data enhanced the accuracy and reliability of the flood hazard assessment. The average rainfall map development involved obtaining the rainfall data from the official website of NASA for the past 20 years saved in a suitable format and imported into ArcMap (GIS) software. The data were converted into a raster format to facilitate spatial analysis and manipulation. The coordinates of the study area were converted to the appropriate Universal Transverse Mercator (UTM) coordinate system to ensure accurate spatial analysis. Using the extract by mask function in ArcMap, the rainfall data was clipped to the boundary of the study area. This step ensured that only the rainfall values within the region were considered in the subsequent analysis, providing a focused assessment specific to the study area. The Inverse Distance Weighting (IDW) interpolation method was employed to create the average rainfall map. The IDW method assigns weights to nearby rainfall measurements to estimate values at unsampled locations within the study area. This interpolation process generated a continuous surface representing the annual average rainfall distribution across the area, shown in Figure 3A.
[image: Figure 3]FIGURE 3 | (A) Shows average rainfall map of the study area in millimetres (mm), (B) Shows river stream frequency map in [image: image] (C) Shows Stream discharge density map of the Swat River in the study area in [image: image].
3.1.2 Stream frequency
The Arc-Hydro tool was used to generate stream orders based on the river network data obtained from the earth data source to calculate the stream frequency in cubic meters per second. Stream orders represent the hierarchy of streams within the study area, with higher orders indicating larger streams. After obtaining the stream orders, the results were converted into a feature dataset using the Arc Toolbox in ArcMap. This conversion allowed for easier data manipulation and analysis, as analyzed for the GIS-based flood hazard assessment and mapping in the case study of the Panjkora river basin, eastern Hindukush region of Pakistan by Ullah and Zhang (2020). The grid code column was examined, and similar numbers indicating stream orders were merged. The count of merged stream orders was calculated to determine how often each stream order occurred. A new field named “frequency” was added to the attribute table to record the sum of stream orders for each merged value. The Line Density tool in ArcMap was utilized to calculate the stream frequency. The stream order frequency column was added to the population field, and the Line Density tool was applied. This process generated a continuous density surface indicating the frequency of streams within the study area. It was evaluated based on the results studied by Luu and Von Meding, 2018 and generated the same type of stream density map for the flood risk assessment of Quang Nam, Vietnam, by using a special multi-criteria analysis (Luu and Von Meding, 2018). The density values (number of streams per square meter) were reclassified into four scales: low, medium, high, and very high to highlight the stream frequency zones. The resulting stream frequency map indicated the areas with varying degrees of stream density and potential flood risk in the selected area shown below (Figure 3B). This map identifies the risk zones with different levels in the range of low which is less than 25,000 [image: image], medium ranging from 25,000 to 54,000 [image: image], high risk is from 54,000 to 80,000 [image: image] and very high is above 80,000 [image: image]. As the stream width in the study area is not large so the high range of stream frequency increases, the overflow of river water from the stream results in high flooding in the area. The explanation suggests that, due to the relatively small stream width in the study area, higher stream frequency in the high-risk range leads to river water overflow and increased flooding. Based on the information appears to be logically structured and aligned with the concept of reclassifying stream density to assess potential flood risk. The correlation between high stream frequency, small stream width, and increased flooding risk.
3.1.3 Streams density
The river stream lines dataset is instrumental in understanding the hydrological network within the study area. By mapping the stream density that flows through Mirzadhare, we gained insights into watercourses’ spatial distribution and connectivity. This information was vital for identifying potential flood pathways and assessing the vulnerability of villages located close to these streams. Analyzing the river stream data allowed us to identify areas at higher risk and prioritize resources accordingly. Village points were utilized to locate and analyze the individual villages within Mirzadhare. These points provided precise geographic coordinates for each village, facilitating a detailed assessment of flood hazards at the village level. By considering the proximity of villages to river streams, we could better understand which villages were more prone to flood hazards. This information was crucial for resource allocation, mitigation planning, and implementing targeted measures to reduce vulnerability and enhance resilience.
3.1.4 Stream discharge
The initial calculation determined the direction of water flow within the study area, indicating how streams connect and flow into one another. The same method was used for flood risk analysis using a GIS-based AHP: a case study of Bitlis Province of Turkey by Aydin and Sevgi Birincioğlu (2022). Once the flow direction was obtained, the flow accumulation was calculated which represents the total upstream flow contributing to each cell within the river network. The same methodology was applied during the GIS-based flood hazard mapping study using the relative frequency ratio method: A case study of the Panjkora River Basin, eastern Hindu Kush region, Pakistan by Ullah and Zhang (2020). The Arc-Hydro tool was used to calculate the flow accumulation values, which indicate the potential stream density in different areas. The stream order was calculated based on the flow accumulation values in Cusec (cfs) to determine the stream discharge. Stream order represents the hierarchical organization of streams based on their size and position within the river network. Higher stream order values correspond to denser stream networks. The stream order values obtained were used to generate a stream discharge map. In this map, areas with higher stream order values indicated denser stream networks, while areas with lower stream order values represented regions with lower stream density.
The stream discharge map provided a visual representation of the varying levels of stream density across the study area. By following these steps, the stream density parameter was calculated using the Arc-Hydro tool. The flow direction, flow accumulation, and stream order allowed for the identification of areas with higher stream density, indicating potential flood-prone areas from low to high shown (Figure 3C). High stream density induces a quicker and more direct reaction to precipitation, it can affect stream discharge. In the event of severe and prolonged rainfall, high stream density can lead to greater stream discharge and a higher risk of flooding when accompanied by other variables including limited storage capacity, decreased infiltration, and human alterations to the terrain. In conclusion, excessive stream discharge is a major element raising the risk of flooding during periods of heavy rain. Increased precipitation, less infiltration, and rivers’ quick reaction to flow variations can all combine to cause stream discharge to rise quickly, exceeding both natural and man-made defences and raising the probability of flooding in nearby areas.
3.2 Methods
The flood hazard assessment in Mirzadhare employed GIS and MCDA techniques to analyze and evaluate flood hazards within the study area. The following are the details of these techniques.
3.2.1 Multi-criteria decision analysis (MCDA)
MCDA assessed flood hazards by integrating and weighing multiple parameters. The three key parameters used in this assessment, namely, past flood history, average rainfall over the past 20 years, stream frequency, and stream density, were assigned relative weights based on their importance. MCDA facilitated the combination of these parameters into a comprehensive flood hazard index, allowing for the classification of villages into different risk categories (de Brito and Evers, 2016). Among the MCDA approaches, we used the family, the analytic hierarchy process (AHP), which was initially presented by Thomas L. Saaty as a beneficial tool for prioritizing and deciding (Saaty, 1990). This highly modifiable technique has been applied in multiple domains, such as economics, transport, planning, resource distribution, and, more recently, flood risk management for decision-making (de Brito and Evers, 2016). One of the advantages of the AHP is that it allows decision-makers or experts to contribute their thoughts, incorporate GIS, arrange criteria and sub-criteria, and secure uniformity in judgment (Ishizaka and Labib, 2009). The AHP pairwise comparison is demonstrated in three steps as; the first step is the division of the goal into related sectors, the second step is the comparing of conditions through two-way assessments to create a matrix satisfying the below Equation 1;
[image: image]
Where A is the weighting indicator and [image: image] is the relative importance of sub-indicators and denotes the preference of element i over element j. The last step is uniting the individual assessments to attain weights (Chen et al., 2001). The allotment of weights is a critical segment of the risk-taking decision procedure based on the experts’ opinions (Huo et al., 2016). Weights are utilized to evaluate the significance or priority of several criteria, depending on the experts’ opinions (Chen et al., 2001; Saaty and Vargas, 2006). AHP relies on stakeholders in the decision-making process to assign a certain weight to different criteria and subsequently establish the most suitable choice (Saaty, 1990). This weighting is exclusively dependent on the opinion of the specialist. It is also likely for a researcher to use their risk assessment information and proficiency to run the AHP (Li et al., 2013). The flood exposure assessment is based on several indices with various dimensional units. It is crucial to do [0, 1] normalization treatment for each element to remove the dimensionless influence of factors under each index (Jeffers, 2011). Indexes can be classified as positive or negative depending on their varied nature (Qin et al., 2013). The positive index denotes that the hazard is larger the higher the value of the risk factor index [image: image] represented. The following Equation 2 is the calculating formula for the normalization of the index value [image: image]:
[image: image]
The bigger the value of the risk factor index [image: image] reflected, the higher the value of the negative index, the lower the risk. Where, [image: image] is the weight value of each sub-index, [image: image] and [image: image] are the maximum and minimum values of the index [image: image] respectively (Saaty, 1990; Velasquez and Hester, 2013). GIS map overlay analysis played a pivotal role in integrating and analyzing the spatial data used in the assessment. GIS techniques facilitated the visualization, manipulation, and interpretation of various datasets, enabling a comprehensive understanding of the flood hazards in Mirzadhare. GIS software allowed for the creation of accurate maps, overlaying multiple layers of information to identify areas at high, medium, and low risk.
3.2.2 Data acquisition
The initial step in the project involved acquiring the necessary data for the flood hazard assessment. This included obtaining the shapefile of Khyber Pakhtunkhwa (KPK) and Charsadda district to establish the study area’s geographic boundaries. Additionally, the main shapefile of Mirzadhare was obtained to define the specific area of focus within the study region. River streamlines and village points were also collected to assess the hydrological network and village locations within Mirzadhare. Furthermore, rainfall data for the past 20 years was obtained from the official website of NASA (https://search.earthdata.nasa.gov/accessed on 15 March 2023). The obtained historical rainfall data was processed and analyzed to create the rainfall parameter. Statistical techniques, such as questionairs, interviews with relevant departments, field surveys and FGD,s with locals, were employed to calculate the average rainfall and its flooding situations over the past 20 years. The stream frequency parameter was derived by analyzing the river streamlines data. GIS tools were used to calculate the frequency of streams within the study area. The streamlines were analyzed, and the number of streams intersecting each cell or segment was determined. This analysis indicated the density of the river network. It helped identify areas with a higher concentration of streams, which could potentially contribute to increased flood hazards. The stream density parameter was derived by evaluating the river streamline data. GIS techniques were used for developing the map of the stream density within the study area. The length of streams within each cell or segment was measured, and the density was determined by dividing the total length of streams by the corresponding area. This analysis provided insights into the distribution of streams across the study area, helping identify areas with higher stream density, which could indicate an increased likelihood of flooding. By completing these steps, the three main parameters, namely, rainfall, stream frequency, and stream density, were derived to create a comprehensive flood hazard map. Some of the statistical data were collected through interviews and questionnaires from relevant stakeholders for constructing Tables and Figures.
4 RESULTS AND ANALYSIS
4.1 Spatial distribution of hazard risk
The flood hazard assessment in Mirzadhare utilized a combination of four key parameters: flood historical profile, average rainfall, stream frequency, and stream density, which the last three were integrated through a weighted overlay analysis. The assignment of weights to each parameter was based on expert opinion, with average rainfall carrying a weight of 40%, stream frequency at 30%, and stream density at 30%, resulting in a total weight of 100%. After weighting, the results and final normalized scores as 0.4, 0.3, and 0.3 are (Table 2) below under the defined score for each rank of indicator (Table 3) and their threshold range as well. The weighted overlay analysis processed the integrated parameters to generate a comprehensive flood hazard map, visually representing the relative susceptibility of the villages within the selected area. The flood hazard map (Figure 4) revealed the presence of four distinct hazard zones: extremely or very high, high, medium, and low under the threshold for the hazard ranking (Table 3). All these resulting values are coming in the range of greater values than 0.2, which shows a high risk of flooding the selected area. The results present a new method for the local administration and community to highlight the high-risk areas for flood mitigation as the same method analyzed by Chinh Luu and Jason Von Meding for the hazard assessment in Quang Nam, Vietnam (Luu and Von Meding, 2018). The hazard map of the Mirzadhare also highlights the areas having the flood plain with high rank values greater than 0.2 as per the weighted values which attracts the special attention and the implementation of targeted risk mitigation measures to minimize potential damage and ensure the safety of the inhabitants. Furthermore, seven villages (Ghulam Qadir Killy, Taulandi, Asugai, Dang Qila, Nama, Duba, Totakai, and Ghazo) were identified as falling within the high-hazard zone, as presented in below Figure 4. The comparison allows for adjustments based on new data, changes in climatic conditions, or modifications in the landscape, enabling effective and up-to-date flood risk management.
TABLE 2 | AHP weighting and scoring results for hazard-related indicators.
[image: Table 2]TABLE 3 | Hazard risk ranking (Source; Survey questionnaire).
[image: Table 3][image: Figure 4]FIGURE 4 | Hazard risk distribution map showing low to very-high-risk zones in the study area.
Figure 4, was obtained to clarify the process for determining the areas during the MCDA procedures. The areas shown in the figure were identified through a combination of spatial analysis using GIS and overlaying flood hazard criteria. Each area was evaluated based on the weighted criteria derived through AHP, and flood hazard risk was assessed by comparing the various variables against pre-determined thresholds. The MCDA process allowed us to rank these areas according to their relative flood risk, and Figure 4 illustrates the resulting hazard classification.
The nature of the flood risk depends on the rate of precipitation, river water intensity, and river capacity. A survey was conducted in the study area, where it was found that previous flood marks on the walls of the exposed settlements and trees were almost from four to eight feet in height. These marks showed a high level of flood in Mirzadhare which indicates the high level of likelihood in the future flooding. Somewhere in those villages of the area, which are more distant, show less than four feet of water marks on trees and walls, showing medium levels of flood in the past. Those villages at a distance of more than 2 km from the river, less than 2 feet height of past flood water marks on the exposed settlements were found as shown in (Figure 5) which shows the low risk of flooding in the future. However, some of the land degradation and damages were observed in agricultural land, showing realistic signs of flood there. Some of the villages of the Mirzadhare, which are kilometres away from the river, had a low level of flood experience in the past.
[image: Figure 5]FIGURE 5 | Past flood marks on the exposed settlements of Mirzadhare (Source; field survey, July 2022).
Questionnaire data was collected from the relevant authority for more exposed villages to riverine floods in the selected area. In response shown in Table 3, it was found that the maximum number of respondents, about 60% and 65%, scored seven to nine respectively, that in the past, they experienced high levels of flood in the nearby villages. Some respondents, about 30%, scored five that there had been a medium flood in every monsoon season. About 20% of responses received to score of three for the community living a distance of more than 3 km away from the river, had experienced a low level of flooding in their area. Due to this inundation situation, they agreed on a high-level flood risk. This assessment also reveals that the risk of flooding in the whole Mirzadhare area is positive and acceptable for the people living there in the range from low to high based on the characteristics of area exposure.
4.2 Temporal dynamics of flood risk
Annual temperature changes and rise have profound effects on various aspects of the environment and climate, including the frequency and intensity of flooding. As global temperatures rise, the atmosphere’s capacity to hold moisture increases (Abbas et al., 2023). For every 1°C rise in temperature, the atmosphere can hold approximately 7% more moisture. This enhanced moisture capacity leads to more intense and prolonged precipitation events especially in Monsoon period, which can overwhelm natural and man-made drainage systems, resulting in increased flooding (Ahmad and Afzal, 2020). Rising temperatures are causing glaciers and ice caps to melt at an accelerated rate. This melting contributes to higher sea levels, which can exacerbate riverine flooding (Abbas et al., 2023; Ahmad et al., 2015). The flood occurs mainly in the monsoon season (Figure 6) based on the data collected from the irrigation department, which starts in the middle of May and ends in the middle of September. In these months due to daily rainfall in the upper region, the amount of water exceeds the normal level, coming out of the banks of rivers and causing floods (Ali et al., 2022). To find out the time of the flood in the study area, questionnaire data was collected randomly inside the community which is further verified by the data provided by the irrigation department, (Figure 6), for the last 22 years’ maximum monthly rainfall. Most respondents about 50% say that, in this area, floods mostly occur in the monsoon period from July to September. Also, 20% of the respondents say that sometimes the chances of flooding in the area also exceed in May due to high precipitation.
[image: Figure 6]FIGURE 6 | Last 22 years average maximum rainfall in Monsoon season (Source; Irrigation dpt).
The data collected from the Provincial Irrigation Department shows annual discharge of the river Swat increases in Charsadda, especially at Munda Headwork close to the Mirzadhare. Also, an interview was conducted about the below shown (Figure 7), in which the discharge rate of water at Munda Headwork is high in months of monsoon season (June, July, August, and September). So, in these months the likelihood of flood is higher as compared to other months of the year. When the discharge rate becomes high, the water also brings some sedimentation and load from the upper areas, which gives more chances to stop water and inundate the areas near the bank of the river in Mirzadhare.
[image: Figure 7]FIGURE 7 | Last 22 years monthly average peak discharge in Monsoon at Munda Headwork (Source; Irrigation dpt).
4.3 The driving mechanism of temporal and spatial distribution of flood hazard
Seasonal trends analyzed historical data to identify seasonal patterns of flood incidence. Highlighted periods with high risk, such as monsoon seasons prone to heavy rainfall. Inspected long-term trends in flood risk over the years and identified any increasing or decreasing trends in flood risk based on historical rainfall data. In conclusion, the study reveals an understanding of the temporal and spatial distribution of flood risk in Mirzadhare as shown in Table 4. The results outcome provide a foundation to inform decision-making in land use planning, infrastructure development, and emergency management to mitigate the impact of floods in the study region, especially during high and prolonged rainy seasons. The study showed that heavy rainfall which mostly occurs in the Monsoon season is the main driving factor of flooding in the region and the other indicators are the triggering base for the severity of the hazard. During the interview, some of the important spatial points were discussed. The local people said that most of the flooding situations in the Swat River occur in the monsoon season, which starts in May and ends in August but when there is high rainfall, the water level in the river rises causing floods (Table 4). They also said that they had experienced flooding in the river in May, June, July, and August. One of the reasons also is the melting snow in those areas where the river starts. Some of the respondents claimed that change in weather is also a contributory cause and that change mostly occurs in these monsoon months. A low-level flooding occurs whenever there is a high precipitation in any other month, even in March or April.
TABLE 4 | Months ranking for maximum rain and flooding in Mirzadhare
[image: Table 4]5 DISCUSSION
This research study analyses the flood hazard by probing different indicators to find the weights for the main variables, such as average rainfall data, river stream density, river stream discharge rate, and the last 20 years of flood history. Furthermore, some interviews and questionnaire data were collected to investigate the temporal dynamics of flooding in the selected area. The weights assigned to the parameters were based on expert opinion, which introduces a degree of subjectivity (Luu and Von Meding, 2018; Smith, 2013). Alternative weightings of additional parameters that were not considered in this study could potentially yield slightly different results. The results of this research study show a positive correlation between the past flooding history and the risk of future flooding, which is consistent with the findings of Ullah and Zhang (2020) and Sarkar and Mondal (2020). By analyzing the average rainfall and village points indicator, the results revealed that the maximum area near the river and its tributaries show high susceptibility to flood hazards. It is worth mentioning that the stated exposed area has flat topography that further exacerbates its susceptibility to flood hazards. Among the 17 villages assessed within the study area, five villages (i.e., Sarasang, Mian Sahib Killy, Garhi Dildar, Dagai, and Mirzadhare) were classified under the very high hazard zone. These villages demonstrated a high likelihood of flood hazards and posed a significant risk in the event of a flood occurrence. For instance, Ibrahim et al. (2024a) and Ibrahim et al. (2024b) calculated the exposure levels towards flooding in similar topographical regions which shows a high level of susceptibility. Furthermore, Wang et al. (2022) for the assessment of urban flooding in Wuhan China and Vignesh et al. (2021) for flood risk assessment utilised the same integrated approach of multi-criteria decision-making model and geospatial techniques. Based on the consideration of the village points, it also shows a direct link with flood hazard assurance as studied by Ahmad and Afzal (2020), Alexander et al. (2011), and Ullah and Zhang (2020) for assessing flood hazard.
Overall the area shows a high risk of flooding, while their susceptibility may be slightly lower for those villages, which are more than 3 km away or at higher altitudes compared to the very high-hazard zone, as shown in Figure 6. These villages still face a considerable level of hazard risk and demand appropriate measures to mitigate flood-related damages effectively. Four villages (i.e., Duaba Dang Qila, Totakai, Ghazo and Qadar Kaly) were categorized under the medium hazard zone, indicating a moderate risk of flood hazards. Some of the villages were determined to be within the low-hazard zone, suggesting a relatively lower susceptibility to flood hazards. However, it is crucial to note that even though these villages fall under the low-hazard zone, it is still susceptible to any high possible flooding in the future. Therefore, precautionary measures should be in place to safeguard the community during flood events to strengthen the DRR strategy as suggested by different studies conducted by Ibrahim et al. (2024a); Luu and Von Meding, 2018), Shahid et al. (2021), and Valjarević (2024) and Shen et al. (2022) for different regions around the globe. The hazard map shown in Figure 6, derived from the integrated analysis of average rainfall, stream frequency, and stream density, provides valuable insights into the flood risk across the study area. The results also show that the maximum precipitation is recorded in the monsoon season due to climate change and also backed by the peak discharge data that the likelihood of flooding is high in this season starting from the mid of May to mid-September. The precipitation shows a direct relation with flood hazard occurrence because when there is heavy rainfall in the upper region, it accumulates huge amounts of water into the river and raises the water level. The same correlation and trends were also studied by Rebi et al. (2023), Ibrahim et al. (2024b) and Hussain et al. (2023) in different studies and phenomena about extreme flooding events. Using the same analysis method which was applied by Ullah and Zhang (2020) and also generated maps showing direct relation for assessing the flood risk at the Panjkora River Basin of the Hindukush region, Pakistan.
The stream frequency and flood hazard have a direct relation that arises from several factors; areas with higher stream frequency tend to have a higher drainage density, meaning there are more channels available to carry water away from the landscape. During periods of heavy rainfall or snowmelt, this dense network of streams quickly collects and conveys water downstream, potentially leading to higher flood risk. Streams with higher frequencies often have smaller channel capacities, especially in regions with narrow river channels as analyses by Ullah et al. (2023). When faced with a sudden influx of water from heavy precipitation, these smaller channels may reach their capacity more rapidly, causing water to overflow onto adjacent floodplains. In areas with a high stream frequency, runoff from precipitation events can quickly accumulate and flow downstream at faster velocities as comparatively examined by Rebi et al. (2023) in the Spatiotemporal precipitation trends and associated large-scale teleconnections in Northern Pakistan. This rapid runoff can increase the likelihood of flooding, particularly in areas with impermeable surfaces or limited natural vegetation to absorb and slow the flow of water as studied by Ali et al. (2023). The relationship between the frequency of streams and the risk of floods is directly influenced by factors, such as the density of drainage, the capacity of the channels, the velocity of runoff, and the topography effects. Areas with higher stream frequencies are generally more susceptible to flooding because they are better connected by a dense network of channels, which can quickly collect, convey, and potentially overwhelm water during extreme weather events. The same relation was studied by Rahman et al. (2023) and Rahman et al. (2019) for assessing flood hazards with their impacts in the Hindulush region of Pakistan.
The flood hazard assessment relies on historical data, such as average rainfall patterns over the past 22 years with the average peak discharge at the Munda Headwork. While historical data provides valuable insights into flood patterns, it may not fully capture the potential impact of future climate change but also ensure the probability of future flooding. Based on the scale of the impacts, the area has experienced many catastrophic floods, like 2004, 2006, 2008, 2009, 2010, 2012, and 2014 flood, which brought much disruption to the living community and their settlements (Farish et al. (2017); Nanditha et al. (2023) recently studied that the northern areas of the Khyber Pakhtunkhwa province of Pakistan have seen a series of catastrophic floods in the last decade, most notably in 2010, which was declared a super flood in 2014, 2018, and 2020, and the most recent catastrophes in 2022. The increased susceptibility to riverine floods in the areas is due to the existence of rivers and their tributaries that are prone to hazards as analysed by Ahmad et al. (2022); Rahman et al. (2022). Climate change and variability can alter precipitation patterns, intensify storms, and lead to more frequent or severe flooding in the downstream area of the Khyber Pakhtunkhwa province, including all other floodplains (Abbas et al., 2022). To effectively address this issue, an inclusive flood risk assessment is conducted to analyze and evaluate the flood hazards in the study area. Based on the historical profile of average precipitation, there is a direct relation between rainfall and flooding, indicating that precipitation is the driving factor of flood hazard in the region. Therefore, it is important to supplement the historical data with projections and scenarios that incorporate potential future climate conditions as analysed by Ahmad and Afzal (2020); Ahmad et al. (2015); Abbas et al. (2022); and Abbas et al. (2023).
Furthermore, the evaluation of flood hazards primarily focused on the immediate threat posed by river streams. It is crucial to acknowledge that other sources of flooding, such as urban drainage systems and flash floods may also contribute to overall flood risk in the study area as indicated by Ali et al. (2023). These additional sources of flooding should be evaluated and incorporated into future assessments to provide a more comprehensive understanding of flood hazards. Furthermore, the flood hazard assessment focused on the physical vulnerability of villages but did not explicitly assess the exposure and susceptibility of critical infrastructure, economic assets, and ecological systems. While the flood hazard map generated through the Weighted Overlay analysis, provides a useful visual representation of flood hazard likelihood, it should not be the sole basis for decision-making. Local knowledge, community engagement, and stakeholder input are effective in ensuring flood risk management strategies’ relevance, effectiveness, and acceptance. It is essential to acknowledge that flood hazard assessment based on the available data, expert opinion and assigned weight the efforts were made to ensure data accuracy, limitations may exist as compared by Uddin et al. (2019) for the mapping of climate vulnerability of the coastal region of Bangladesh using principal component analysis. The accuracy and applicability of future flood hazard assessments can be enhanced by recognizing the limitations and addressing them through ongoing data collection, analysis, and stakeholder engagement. Moreover, the quality and completeness of the data sources used, including past flood history, rainfall data, stream network data, and stream density, may have influenced the precision of the results. The results of this study can be used to create customized flood risk contingency plans for the neighbourhood areas and for other districts having the same topography. Decision makers can use the map of flood risk and exposure for future flood mitigation and preparedness plans. The accuracy and applicability of future flood hazard assessments can be enhanced by recognising the limitations and addressing them through ongoing data collection, analysis, and stakeholder engagement. The outcomes might also be included in a map to assist in regarding land use planning and zonation. Despite the thorough methodology and comprehensive analysis in our flood hazard assessment, it is crucial to recognize inherent limitations. Despite efforts to obtain reliable and current data, inconsistencies and gaps exist within rainfall, stream networks, and village locations. To ensure the effectiveness of flood hazard assessments, it is recommended the establish a comprehensive monitoring system that integrates remote sensing technologies, GIS tools, and real-time data collection from hydrological stations to track changes in rainfall, stream discharge, and flood frequency. A structured data collection framework, incorporating regular field surveys, community feedback, and satellite imagery analysis, will help keep flood hazard maps up-to-date. Periodic reassessments, conducted annually or biennially, using the latest hydrological, meteorological, and land use data are essential to reflect changes in flood risks due to climate variability or infrastructural developments. Active community involvement through awareness programs and capacity-building initiatives will enhance data accuracy and preparedness, while collaboration with government agencies will ensure the integration of updated maps into land use planning, disaster management policies, and risk mitigation strategies. Additionally, adopting advanced technological tools such as IoT-based sensors and UAVs (drones) can enable continuous monitoring of vulnerable zones and river systems, ensuring a proactive approach to flood management.
6 CONCLUSION
The present study has effectively identified villages at varying risk levels (i.e., low to very high-risk levels) by analysing multiple indicators, including the flood historical profile, average rainfall patterns, stream frequency, and stream density. The results reveal that more than 65% of the area is highly susceptible to flood hazards, with over 50% of the total population and 55% of the agriculture setup located in flood hazard zones. In the context of flood management, the focus should be on tackling heavy precipitation and unplanned human activities, which are the driving factors of flooding in the Swat River Basin, including the study area. To mitigate flood hazard risks and enhance community resilience, it is recommended to implement modern meteorological monitoring and early warning systems, flood hazard zonation, land-use planning, develop adaptive plans with flood-resilient infrastructure, and integrate climate change projection and flood hazard information into future disaster preparedness plans. While the findings are robust, there are some limitations to the study. The reliance on historical flood data may not fully capture the recent shifts in flood dynamics due to climate change and urbanization. Additionally, the study could benefit from more detailed, high-resolution meteorological data and real-time flood monitoring to better predict future flood events. Moreover, the spatial extent of the analysis, although comprehensive, is limited by available data on land use and floodplain management, which could be improved in future studies.
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