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ABSTRACT

Floods pose significant threats globally, causing immense damage to lives, societies, and economies. This study aimed to assess flood hazards, evaluate vulnerabilities, and determine flood risk along the Teji River floodplain. To achieve the objectives of a study, advanced hydrological and hydraulic modeling techniques were analyzed, using data from various sources, including rainfall from the National Meteorological Agency, stream flow data from the Ministry of Water Resources, and land use/land cover data from USGS. The HEC-HMS model accurately calibrated and validated using observed stream flow data, the result of model calibration gives Nash Sutcliffe efficiency (NSE) of 0.78, Percent Bias (PBIAS) of 4.1, coefficient of determination (R2) of 0.79, and Relative Mean Square Error (RMSE) of 5.04. During the validation period, the model gives (R2) of 0.81, NSE of 0.79, PBIAS of 1.89, and RMSE of 1.29. After model calibration and validation, flood hydrographs for different return periods were generated. These hydrographs served as inputs for the HEC-RAS hydraulic model, integrated with GIS software to map flood inundation areas. The resulting flood inundation maps revealed extensive flood-prone areas along the Teji River, with maximum flood depths of 14.6 meters and maximum velocities of 6.5 m/s during a 100-year flood event. Flood hazard maps classified areas into different hazard categories from low to extreme hazard, and 43% of inundated area falling under extreme, very high, and high hazard levels, 57% of inundated area falling under medium, and low hazard levels. Vulnerability analysis considered indicators such as flood depth, velocity, duration, slope, land use, and population density, highlighting 8% of the flooded area as very high and high vulnerability, 27% of the flooded area as moderate vulnerability and 65% of the flooded area as low and very low vulnerability. Combining flood hazard and vulnerability information, a comprehensive flood risk map was developed, identifying 20% of the flooded area as very high and high risk, 27% of the flooded area as moderate risk and 53% of the flooded area as low and very low risk. These high-risk zones were concentrated in the towns of Asgori and Teji, emphasizing the need for mitigation measures and emergency response plans. The flood risk map provided valuable insights for decision-making processes, guiding the implementation of structural and non-structural measures, floodplain zoning, and population relocation. This study's findings contribute to effective flood management, land-use planning, and disaster risk reduction strategies along the Teji River.

Keywords: Flood map, Teji River, HEC-HMS, HEC-RAS  
1. INTRODUCTION

1.1. Background 
Natural disasters throughout the world are causing the death of people, spreading disease, damaging property, harming economically, and affecting people socially and psychologically. Floods are among the most destructive water-related hazards and are the main ones responsible for the loss of human lives, infrastructure damage, and economic loss (Lohani, 2018). According to, (Sarhadi et al., 2012) floods claim more than 20,000 lives per year and adversely affect about 75 million people worldwide, mostly through homelessness. Nowadays, there is a rising global awareness of flood damage mitigation due to the increase in frequency, magnitude, and intensity of flood events (Kundzewicz et al., 2014). Flood hazards will likely increase in the future due to changing climates, land use, and population growth  (Stephens & Bledsoe, 2020). According to the World Disaster Data Base (WDDB) report, during the years 2000 to 2016, there were 12,176 deaths from floods in Africa and 102 deaths from droughts, respectively (Erena & Worku, 2018a).
Flooding in Ethiopia is the second major natural hazard next to drought; causes significant damage to the lives, and physical, natural, and economic assets of the country. Flooding is mainly linked to torrential rainfall and the topography of the highland mountains and lowland plains with natural drainage systems formed by the principal river basins (NDRMC, 2016). However, intensive rainfall in the highlands causes flooding of settlements in the lowland flat parts of the country close to any stretch of river courses. 

Ethiopia experiences two categories of floods; river and flash floods. River floods occur due to overflow or bursting riverbanks and inundate areas along the banks in lowland flood plains. The floods that occurred in late and early April 2016 in the East Shoa Zone (mainly Dugda and Bora Woreda) due to Teji and Awash River and floods that occurred last decades in the Southern Omo Zone and South Gondar Zone (Fogera Woreda) are typical examples of river floods (Legese & Gumi, 2020a). Flash floods occur in lowland areas when excessive rain fall in adjacent highland and gush downstream with massive concentration, speed, and force. Often, they are sudden and appear unnoticed with little lead-time for early warning. Therefore, such floods frequently cause a heavy toll; the devastation is particularly severe and destructive when they sweep through or along concentrated areas of infrastructure and human habitation. The disaster experienced in Dire-Dawa, Jigjiga, and Adama city areas typical examples of flash flooding (NDRMC, 2016).
Many sources of uncertainty influence flood in hydraulic modeling such as input data, model structure, and model parameters. Furthermore, various elements in each source (type) of uncertainty influence the flood modeling process and mapping findings, increasing or decreasing the outcome's uncertainty. It is impossible to estimate Digital Elevation Models without errors in flood inundation modeling and mapping, especially in complicated terrains (Papaioannou et al., 2017).  
Flood management in the Teji River floodplain has primarily focused on strengthening rescue and relief efforts and implementing post-flood measures, it is crucial to take a more proactive approach. It is essential to identify the areas that frequently experience flooding and develop a comprehensive flood hazard, vulnerability, and risk map for the study area.  This mapping process involves assessing the likelihood and intensity of floods in specific areas, considering factors such as topography, river flow patterns, and historical flood data. By understanding the flood hazard, it becomes possible to identify vulnerable zones that are at higher risk of flooding.
Therefore, this work employs the HEC HMS hydrologic model and HEC-RAS hydraulic model to map anticipated floods that may cause damage in the Teji River watershed.  
1.2. Statement of the Problem
Flood is probably the most devastating widespread and frequent natural hazard in the world. This problem is acute in highland areas like Ethiopia under strong environmental degradation due to population pressure. Topographically, Ethiopia is both a highland and lowland country. During the rainy season, the major perennial Rivers as well as their numerous tributaries forming the country’s drainage systems carry their peak discharges. The problem of River flooding in Ethiopia is getting more and more due to human intervention in the fragile highland area at an ever-increasing scale.  
Abundant of the flood disasters in Oromia are linked to rivers that overflow and rush their banks succeeding heavy rains and inundated lowlands. Taking into consideration the forecast for the 2018 Kiremt season, it is estimated that 707,556 people will expect to be affected (Joint Government–Humanitarian Partners National Flood Contingency plan, 2018 Kiremt). Flooding of the upper basin of Awash River and tributaries affected 14 peasant’s associations (Pas) in Ilu, Sebeta Awas, and Ejere Woredas of southwest Shewa zone. Teji River is one of the major rivers, which cause flooding in Ilu Woreda. The flood was reported to have affected 14,790 people out of which 2052 people were displaced and inundated beside the riverbanks in lowland plains (Joint Government and Humanitarian Partners, 2006). In most cases, floods occur in Ilu Woreda because of prolonged heavy rainfall causing rivers to overflow and inundate areas along the riverbanks in lowland plains.
The river conveys high runoff from upper catchments and local rainfall on the floodplain resulting in flooding problems. The main and serious constraints in the study area are the occurrence of recurrent inundation and floods. A considerable number of farmers in the study area have lands located in the inundation area and their farming is constrained by the risks of crop losses by floods and inundation that occur several times. Due to the Teji floodplain, different crops have been damaged and livestock disease outbreaks have been caused by floods. Even though flooding is frequently observed in the Ilu floodplain, the flood management strategy has not gone beyond strengthening rescue and relief arrangements and other post-flood measures. Therefore, it is important to apply the commonly applied hydrological and hydraulic models for developing flood risks and damage analysis in the Teji River at Ilu Woreda. The basic aim of this effort is to identify the area frequently suffering from flooding, and create a flood hazard, vulnerability, and risk map for flood disaster reduction in an area.
1.3. Objective of the Study
1.3.1. General

The main objective of this study is to develop a flood risk mapping of Teji River, Awash Basin, Ethiopia using hydrological and hydraulic models.

1.3.2. Specific Objectives 
The specific objectives were:

· To develop flood hazard map of study area

· To assess vulnerability of assets towards flooding

· To develop flood risk map of Teji Watershed
1.4. Research Questions 
· What are the flood hazards levels of the study area and its severity?
· What are the types of flood vulnerable assets and peoples? 
· What is the flood risk level of a study area?
1.5. Scope of the Study 

This paper is limited to mapping the flood risk level, annual damage loss, and proposing flood damage reduction strategies. Even though economic loss, social disruption, and damage to agriculture caused by flooding can directly or indirectly affect an area, these findings give background information on the risk and damage associated with the risk of flooding. 
1.6. Significance of the Study
The study will help the decision-makers and policymakers, administrators, planners, and water
resources professionals, who are responsible for the management of water resources, in
planning and design of water resource projects and flood plain management and assisting in reducing flood risks by taking nonstructural and structural flood protection measures in highly vulnerable areas. The study will contribute to the following issues. These are: 
· Providing flood risk map that give valuable information to area officials, emergency managers, and local residents for planning an emergency response.
· Identify flood buffer zones and consider them while investing in huge projects in the area. 
· Proposing possible flood reduction strategies for risk management 
2. LITERATURE REVIEW
2.1. Overview of Flood 

Floods are the most frequent disasters that affect societies around the world (Osei et al., 2021) estimated that more than one-third of the world’s land area is flood-prone affecting some 82% of the world’s population. Natural hazards are likely to happen and damaging potential phenomena within a specified period and where risk is the actual exposure of something of human value to a hazard and is often regarded as the grouping of probability and loss within a given area.  

Flood is a natural hazard caused by a grouping of hydrological and meteorological issues. It occurs when normally dry land areas are temporarily inundated due to overflowing of water at the natural or non-natural confines of a river, including groundwater caused by prolonged or heavy rainfall (Blaikie et al., 2005). Hydrologists describe a flood as a sudden rise in water discharge that causes a sudden peak in the water level. Once the flood is done, the water level will drop back to near‐constant base flow or no flow. According to (Ali, 2018), flooding is when water and/or sediments exist in unwanted areas other than the water body whereas (Papaioannou et al., 2017) defined a flood as a body of water that is not normally submerged. 

Descriptions and categorizations of floods vary and are based on a combination of causes, impacts, and sources. Based on such combinations, floods can be classified into river floods, overland floods, coastal floods, groundwater floods, or the failure of artificial water systems. Based on the rapidity of the onset of flooding, floods are classified as flash floods, urban floods, semi-permanent floods, and slow-increase floods (Dadhe & Gumi, 2020). Some of the most important factors that determine the features of floods are rainfall event characteristics, the depth of the flood, the velocity of the flow, and the duration of the rainfall event.  

In general, Factors causing floods in many parts of the world are climatological, changes in land use, and increasing population and land subsidence (Duan et al., 2022).
2.2. Consequences of Flood in Africa
 In Africa, rainfall and river flow show high levels of variability over a range of spatial and temporal dimensions (Ardoin-bardin & Al, 2009). South Sudan, the Congo Republic, Madagascar, the Central African Republic, Malawi, Guinea Bissau, the Democratic Republic of Congo, Mozambique, Liberia, and Mali are the top ten countries with the highest percentage of poor and flood‑prone populations(Pulse, 2021). According to estimates, over 71 million people in Sub‑ Saharan Africa endure both extreme poverty and a high threat of flooding (IFRC, 2021). Nevertheless, numerous disasters on the African continent remain unreported rather frequently. It should be noticed that over the past 50 years, the number of rain-related natural disasters in Africa has increased about tenfold (WMO, 2022).
Flooding is among the most prevalent natural hazards affecting people around the world. In the past three decades, the average number of climate and weather-related disasters has increased by nearly 35 percent. Over the past decade alone, 83 percent of all disasters were caused by extreme weather and climate-related events that killed 410,000 people and affected 1.7 billion people. The African continent alone experienced over 2,000 major disaster events during the last three decades with most of them being extreme weather, and climate-induced disasters such as food insecurity, droughts, floods, flash floods, landslides, storms, and cyclones(NCRSAA, 2021).

Eastern Africa region has two major rainfall seasons, March to May (long rain season) and October to December (short rain season). The number of people hit by seasonal flooding in East Africa has increased more than fivefold in the past four years, from 1.1 million people in 2016 to four million in 2019, to close to six million in 2020. The 2020 March to May rainfall period was one of the wettest the region has seen since 1981, following an already record-wet 2019 October to December rainfall period. Nearly 1.5 million people were forced from their homes and in Sudan, one of the worst affected countries, 860,000 people had their homes destroyed or damaged and more than 120 died. In Ethiopia, 1.1 million people were affected. Burundi, Djibouti, Kenya, Rwanda, Somalia, Tanzania, and Uganda were also badly affected(WFP, 2023).

West Africa region's main rainfall season is between May and August. Nigeria and Côte d'Ivoire are among those worst hit. The impact in 2020 was particularly severe with the number of people affected almost doubled from 2019. The flooding in this region causes destruction of houses, goods, crops, and fields, and land degradation regularly threatens the livelihoods of thousands of communities. West Africa’s urbanization and population growth trends indicate that more and more people are likely to be affected by floods in the coming years. Many of the affected regions are already struggling with insecurity, high levels of food insecurity and malnutrition, as well as climate change(USAID, 2018).

The Central Africa region has two major rainfall seasons, namely March to June and August to December. Floods are common during the rainy season, but in recent years climate change, land degradation, and poor urban planning have led to more frequent disasters as rapidly growing cities struggle with heavier-than-normal rainfall. Often communities’ ability to cope with natural disasters has been eroded by instability, food shortages, and mass displacement in some areas. With many of those populations living in flood-prone areas, diseases can spread quickly once floods wipe out access to clean water and sanitation(IFRC, 2021)
In 2022, the West and Central African regions experienced one of the worst flooding disasters on record, affecting over 8.5 million people in 20 countries (OCHA, 2023). The heavy rains and floods have caused significant damage to human life, property, land, and livestock, with 1,567 fatalities, 4,401 injured, 3.2 million people displaced, and 517,000 houses destroyed across 18 countries. Nigeria, Chad, and the DRC have been the most severely impacted countries, with 4.5 million, 1.5 million, and 946,000 people affected, respectively. The flooding has devastated 1.6 million hectares of farmland, destroying crops and putting the livelihoods of communities at risk(OCHA, 2023).
2.3. Floods in Ethiopia
 Ethiopia has a particularly variable climate, land of droughts, and floods. A flood may be a continuous natural and recurring event in floodplains of rainfall areas like Ethiopia, where over 80% of annual precipitation falls within the four wet months (June, July, August, and September) (Legese & Gumi, 2020b). Ethiopia is found within the horn of Africa with a neighborhood of 1127127 km2, of which 7,444 km2 is a water body (Centre, 2021). The topography of Ethiopia is very diverse, with elevation starting from -125 m at the Danakil Depression to 4620 m at RasDejen. Quite 45% of the country is dominated by a high plateau with a sequence of mountain ranges that are divided by the East African valley. Ethiopia is both a highland/mountainous (with an elevation greater than 1500 m) and a lowland (with an elevation but 1500 m) country. It's composed of some nine major river basins, the drainage systems of which originate from the centrally situated highlands and make their way right down to the peripheral or outlying lowlands(Enyew & Steeneveld, 2014). The climate in Ethiopia is geographically quite diverse, thanks to its equatorial positioning and varied topography. Three general temperature zones are apparent–cool, temperate, and hot–categorized predominantly by elevation. The cool zone incorporates parts of the north-western plateau, at elevations above 2,400 meters; the Temperate Zone lies between 1,500 and 2,400 meters and supports most of the population. The recent zone, at elevations below 1,500 meters, constitutes much of the eastern and southern portions of the country, also because of the tropical valleys within the west and north. The annual be due to its rivers amounts to 122 billion m3 (Enyew & Steeneveld, 2014). Climate change will alter flooding around the globe, and thus an increasing number of studies are modeling the impact of global climate change on floods, with the main target generally on changing magnitude and frequency of the flood events(Kundzewicz, 2008). However, future projections of the meteorological triggers, including heavy precipitation and snowmelt, may change differently and alter the characteristics of the flood events (Turkington et al., 2016). As a result, factors related to the casual sort of flood-like seasonality and triggering conditions should be addressed next to the change in frequency or magnitude of floods. River flooding may be a natural events and a part of the hydrological cycle of rainfall, surface and groundwater flow, and storage. Floods occur whenever the capacity of the natural or man-made system cannot cope with the quantity of water generated by rainfall from the basin(Schulze, 2001). With prolonged rain falling over broad areas rivers are fed by a network of ditches, streams, and tributaries, and flow build-up to the purpose where the traditional channel is overwhelmed and water floods onto surrounding areas. On large rivers, flooding occurs for a substantial period after the Rainfall and lasts for an extended time because the large volumes of water drain out of the catchment(Alemu, 2020). The occurrence of a flood depends on meteorology, topography, land use, soil type, and antecedent moisture conditions (Erena & Worku, 2018b). Proper estimation and management of floods play significant roles in the design of hydraulic structures and environmental protection. However, in Ethiopia, understanding flood magnitude estimation and management isn't achieved at an advanced stage (Kiwanuka et al., 2021). 
2.4. Floods on Teji River Watershed 
Teji River is one of the major rivers, which cause flooding in Illu woreda. The river conveys
high runoff from upper catchments and local rainfall on the floodplain resulting in flooding
problems(Fekede, 2016). The main and serious constraints in the study area are the occurrence of recurrent inundation and floods. A considerable number of farmers in the study area have lands located in the inundation area and their farming is constrained by the risks of crop losses by floods and inundation that occur several times. Due to Teji floodplain, different crops have been damaged and livestock disease outbreaks have been caused by floods. Even though flooding is frequently observed in the Illu floodplain, the flood management strategy has not gone beyond
strengthening rescue and relief arrangements and other post-flood measures that are devoid of any pre-flood management and planning strategy to minimize loss of life, property and
environment. 
2.5. Types of Floods in Ethiopia 

Different types of floods also can have different effects in terms of their impact, damage, and price, both financially and to the people who experience them. Descriptions and categorizations of floods vary and are supported by a mixture of sources, causes, and impacts. Supported by such combinations, floods are often generally characterized as river (or fluvial) floods, pluvial (or overland) floods, coastal floods, groundwater floods, or the failure of artificial water systems (Meira & Philips, 2019). This sort of flood is characterized by sudden onset with a little time interval for early warning and sometimes leads to considerable damage to lives, livelihoods, and property(FDREfile:///D:/Teji_data/Materials/Materials/Organized/General Overview/20230704-WCA_Floods_20203_Information_Note-ENG.pdffile:///D:/Teji_data/Materials/Materials/Organized/General Overview/20230704-WCA_Floods_20203_Information_Note-ENG.pdf, 2018).
2.5.1. Flash flood 

 These floods are frequently related to violent convection storms of a brief duration falling over a little area. Flash flooding can occur in almost any area where there are steep slopes but is commonest in mountain districts subject to frequent severe thunderstorms. Flash floods are often the result of heavy rains of short duration. This particular sort of flooding commonly washes away houses, roads, and bridges over small streams then features a critical impact on communities and transport in these often-remote areas. Flash floods are defined as those flood events where the increase in water is either during or within a couple of hours of the rainfall that produces the increase and occur within small catchments, where the reaction time of the catchment area is brief (Federal et al., 2015). Many hydrological factors have relevance to the occurrence of a flash flood: terrain gradients, soil type, vegetative cover, human habitation, antecedent rainfall, then on(Zhong et al., 2020). Flash floods are those formed from excess rains falling on upstream watersheds and gush downstream with massive concentration, speed, and force. Often, they're sudden and appear unnoticed. Therefore, such floods often end in a substantial toll; and therefore the damage becomes especially pronounced and devastating once they transit or along with human settlements and infrastructure concentration. The recent incident that the Dire Dawa City experienced is typical of a flash flood (Billi & Ciampalini, 2015).
2.5.2. Riverine flood 

 River flooding is happening over a good range of river and catchment systems. Floods in river valleys occur totally on flood plains or wash lands as a result of flow exceeding the capacity of the stream channels and spilling over the natural banks of artificial embankments. River floods, in contrast to flash floods, typically unfold over days, or maybe months (Legese & Gumi, 2020b). Inundations in river valleys are the foremost widespread and frequent sort of flood and are caused by waves of high waters running downstream. The inundation caused by a flood, its scale, and its consequences for nature and humans, depend upon the flood rise rate, maximum discharge, and duration (Diakakis, 2017).

2.5.3. Coastal floods

Areas along the coast could also be flooded thanks to tsunamis, hurricanes, or/and unusually high tides. Also, long-term phenomena like subsidence and sea-level rise can cause the gradual encroachment of the ocean. Storm surges and high winds coinciding with high tides are the foremost frequent explanation for this sort of flooding. The surge itself is that the results of the raising of sea levels thanks to low air pressure. Especially configurations, like major estuaries or confined sea areas, the piling from water is amplified by a mixture of the shallow of the seabed and retarding of return flow (Nordio et al., 2023).
2.6. Models Used for Flood Modeling
2.6.1. Rainfall-runoff Modeling
 Rainfall-runoff models are hydrological models used to simulate the transformation of rainfall into runoff in a catchment. These models are important for predicting the amount and timing of runoff in a catchment, which is crucial for managing water resources and for flood forecasting (Kumar et al., 2023). Rainfall runoff models can be classified into three categories: empirical, conceptual, and physical process-based models (Peel & McMahon, 2020). Details on rainfall runoff models, including their advantages and disadvantages, are shown in Table 2.1 below. 

Table 2.1: Information on the rainfall runoff models, including its advantages and disadvantages
	Model Type
	Description
	Strengths
	Weaknesses

	Conceptual Models
	Based on a simplified representation of the hydrological cycle
	Easy to use, require only a few input parameters, useful for predicting the behavior of small to medium-sized catchments where there is a good understanding of the hydrological processes involved
	May not accurately represent the physical processes involved in runoff generation, limited ability to simulate the effects of land use change and climate change

	Physical Process-Based Models
	Based on a detailed understanding of the physics of hydrological processes
	Accurately represent the physical processes involved in runoff generation, useful for predicting runoff from large catchments and for simulating complex hydrological processes
	Require a large amount of detailed data and computational resources, can be complex and time-consuming to set up and run, may be sensitive to errors in input data

	Empirical Models
	Based on statistical relationships between rainfall inputs and observed runoff outputs
	Simple and efficient, require only historical data on rainfall and runoff, useful for flood forecasting, urban drainage design, and water resources planning
	May not accurately represent the physical processes involved in runoff generation, limited ability to simulate the effects of land use change and climate change, may not perform well outside the range of historical data used to develop the model


Conceptual models, which mimic runoff generation, are based on a simplification of the hydrological cycle, and employ ideas such as the water balance equation and the soil water balance. These models may be used to anticipate the behavior of catchments with a limited amount of input data when a thorough understanding of the hydrological processes is desired. Conceptual models include, the Nash cascade model (Sahoo et al., 2020), Bayesian networks (BNs) (Chen & Pollino, 2012), and the HBV model (Hlavcova et al., 2005).

A full knowledge of the physical processes involved in runoff production is the foundation for physical process-based models of infiltration, evapotranspiration, and runoff routing. Although these models need a lot of computation and precise input data, they can accurately reproduce catchment behavior in a wide range of hydrological conditions, and are useful for simulating complex hydrological processes (Fatichi et al., 2016). The Soil and Water Assessment Tool (SWAT) according to (Arnold et al., 1998) is an illustration of a physical process-based model. It simulates the hydrological processes in a watershed, including surface runoff, groundwater recharge, and sediment transport (Ramkar & Yadav, 2021), (Barbero et al., 2022). The MIKE SHE model (Abbott et al., 1986) simulates surface water–groundwater interactions, considers land use, soil properties, and topography, and evaluates climate and land use impacts. WATFLOOD (Kouwen, 1988) simulates catchment hydrological processes including floods, runoff, infiltration, recharge, and routing. It evaluates management strategies and assesses flood risk.

Empirical models are based on statistical relationships between rainfall inputs and observed runoff outputs. These models do not necessarily reflect the underlying physical processes, but they are simple to use and require minimal input data. Empirical models are commonly used for flood forecasting, urban drainage design, and water resources planning. Some examples of empirical models include data-driven methods such as regression models (Liu & Pender, 2015), artificial neural networks (Kumar & Yadav, 2021), various machine learning algorithms, and the Soil Conservation Service Curve Number (SCS-CN) method (Mishra & Singh, 2004). (Teng et al., 2017) and (Buttinger-Kreuzhuber et al., 2022) provided an in-depth review of empirical, hydrodynamic, and conceptual flood inundation models, highlighting their benefits, drawbacks, and potential applications. (Maranzoni et al., 2023)compares several methodologies, factors at risk, and applications when looking at quantitative methods for evaluating flood hazard. This provides guidance on how to choose appropriate evaluation techniques.
2.6.1.1. HEC HMS Model selection Criteria

When selecting a hydrological model for a study, there are several factors to consider, and the HEC-HMS (Hydrologic Engineering Center's Hydrologic Modeling System) is often chosen for various reasons. Here’s a justification for selecting HEC-HMS over other hydrological models:

Comprehensive Framework: HEC-HMS offers a robust framework for simulating the hydrological processes of watershed systems. It can model various components such as precipitation, evaporation, infiltration, surface runoff, and groundwater flow, providing a holistic view of the hydrological cycle.

Flexibility and Customization: The model allows for significant customization, enabling users to adapt it to specific study needs. Users can select different methods for rainfall-runoff processes, routing, and loss models, making it versatile for various hydrological conditions and data availability.

User-Friendly Interface: With its graphical user interface, HEC-HMS is more accessible for users who may not have extensive programming skills. This user-friendliness facilitates easier model setup, calibration, and validation.

 Extensive Documentation and Support: HEC-HMS is well-documented, with a variety of user manuals, technical papers, and online resources. This extensive support network helps users troubleshoot issues and enhance their understanding of the model's capabilities.

Widely Used and Accepted: HEC-HMS is widely recognized and used in both academic research and professional practice. Its acceptance by regulatory agencies and compatibility with existing guidelines make it a reliable choice for hydrological modeling.

Integration with GIS: The model integrates well with Geographic Information Systems (GIS), allowing for efficient spatial data management and analysis. This is particularly beneficial for studies involving complex watershed delineations and land use changes.

Calibration and Validation Tool: HEC-HMS provides built-in tools for model calibration and validation, which are essential for ensuring the accuracy and reliability of hydrological predictions. This feature supports rigorous scientific analysis and enhances the credibility of the results

Compatibility with Other Models: `HEC-HMS can be combined with other modeling tools (e.g., HEC-RAS for river analysis) to create a comprehensive modeling approach. This compatibility can be advantageous for studies that require multi-faceted analyses.
Support for Various Time Steps: The model supports multiple time step analyses, allowing users to examine hydrological processes at different temporal scales, which is crucial for understanding both short-term events and long-term trends.
2.6.2.  Hydraulic Modeling 
 Hydrodynamic models are Numerical flood models or computer-based models that use mathematical and computational techniques to simulate the behavior of water during a flood event (Anees et al., 2016). These models typically employ numerical algorithms to solve equations that describe the flow of water in a river or stream, while taking into consideration factors such as rainfall, runoff, channel geometry, and riverbed roughness. Numerical flood models can be used to simulate the effects of various flood scenarios, as well as to assess the efficiency of the proposed flood mitigation measures (Saleh et al., 2013). They are also used to simulate how flood behavior will alter in response to changes in climate, land use, and other factors. Numerical flood models can take several forms, such as one-dimensional models that simulate water flow in a river channel (Pramanik et al., 2010) or two-dimensional models that simulate water flow over a floodplain (Rameshwaran & Shiono, 2007). 
Hydrodynamic models are widely used tools in detailed flood dynamics simulations and are mostly linked to flood forecasting, and mapping (Anees et al., 2016). The critical characteristics of hydrodynamic models that perhaps explain their widespread usage in various applications are the ability to manipulate their inputs to investigate the impacts of changes in the initial conditions, boundary conditions, and topographic changes arising from the change in critical hydrodynamic features such as river streams, culverts, and stream channel volume (Randa et al., 2022). The 1D hydrodynamics are usually computationally efficient since they consider flows in one direction and assume their steady and uniform. However, they have several limitations which include the inability to capture lateral and vertical wave diffusions of the flood waves, considering topography as cross-sections rather than the continuous surface, and thus somehow subjective in factoring in orientation and topographical cross-sections (Horritt & Bates, 2002). The 2D hydrodynamics generally can accurately simulate inundation timings and durations and are thus commonly used in different applications. However, they are computationally intensive especially when covering a large study area since they solve the full shallow-water equation (Neelz & Pender, 2010). The 3D hydrodynamic models are generally considered not viable when covering an area of more than 1000 square Kilometers especially when a high-resolution simulation is required. They are computationally intensive and may take prohibitively long and thus not reliable for quick forecasts that give enough lead time for interventions (Beven & Binley, 1992). For numerical flood modeling, a number of software packages are available, including:
· HEC-RAS: This software, created by the US Army Corps of Engineers, is used to simulate the hydraulics of river systems in both one and two dimensions (Khattak et al., 2016);

· MIKE FLOOD: This software, which was created by DHI, is utilized for the two- and three-dimensional hydraulic modeling of floodplain and river systems (Tansar et al., 2020);

· TUFLOW: This software is used for the two-dimensional and three-dimensional hydraulic modeling of floodplain and river systems (Fahad et al., 2020);

· Flood Estimation Handbook (FEH) models: Developed by the United Kingdom Environment Agency, used for rainfall-runoff modeling and flood frequency analysis (Faulkner & Wass, 2005);

· Environmental Protection Agency’s Environmental Fluid Dynamics Code (EFDC): This software, developed by the United States Environmental Protection Agency, is used for three-dimensional hydraulic and water quality modeling of surface water systems (Roy et al., 2020).  
2.7. Model selection criteria

 When selecting both hydrological and hydraulic models for flood modeling, it is important to consider a combination of criteria to ensure the models are suitable for the specific study (Gul et al., 2010). Here are some key criteria to consider:

Study Objectives: Clearly define the objectives of the flood modeling study. Determine whether the focus is on rainfall-runoff modeling, floodplain inundation mapping, flood forecasting, flood risk assessment, or a combination of these objectives. The selected models should be capable of addressing the specific objectives effectively.

Model Capabilities: The hydrological model should capture the rainfall-runoff processes and provide accurate estimates of inflows to the hydraulic model. The hydraulic model should accurately simulate flow dynamics, floodplain inundation, and interactions with hydraulic structures. Consider factors such as model algorithms, available modules, and their suitability for the study area.

Data Requirements: This includes meteorological data, streamflow data, topographic data (e.g., digital elevation models), river network data, boundary conditions, and hydraulic structures. Ensure that the models can utilize the available data sources and formats effectively.

Model Validation and Performance: The validation studies and performance evaluations of both the hydrological and hydraulic models under consideration should be reviewed. The models' testing against real-world flood events should be assessed, their performance metrics, such as accuracy of flood extent, water depth, and velocity predictions, should be compared. Models with a proven record of accomplishment of performance in similar study areas should be chosen

Computational Requirements: The computational requirements of both the hydrological and hydraulic models should be evaluated. Factors such as the models' scalability, processing speed, and memory requirements should be considered. It should be ensured that the available computational resources are sufficient to run both models efficiently, particularly if the study area is large or the models require high-resolution data.

User-friendliness: The ease of use and user-friendliness of both the hydrological and hydraulic models should be considered. The graphical user interfaces (GUIs), availability of documentation and tutorials, and the level of technical expertise required to operate the models should be assessed. User-friendly models can streamline the modeling process and reduce the learning curve for researchers and practitioners.

The availability of technical support: The availability of technical support and updates from the model developers or the modeling community for both the hydrological and hydraulic models should be considered. It should be ensured that the selected models have active user communities, online forums, and access to technical assistance. Regular updates and bug fixes can enhance the models' performance and address any issues that may arise during the modeling process.

Cost: The cost implications associated with both the hydrological and hydraulic models, including licensing fees, additional modules, and ongoing maintenance costs, should be assessed. The budgetary constraints and available funding for the study should be considered, and the cost-effectiveness of the selected models should be weighed against their capabilities and performance.
2.8. Flood Hazard

 Floods create hazardous conditions to which humans are particularly vulnerable. Flood hazard is typically defined as a product of the velocity and depth of floodwaters (Ndue & Baylie, 2023). Fast-flowing shallow water or deep water (even when flowing slowly) can unbalance people and vehicles and sweep them away. Similarly, floodwater and debris can undermine structures or damage or destroy structural and non-structural elements of buildings and infrastructure and affect contents (Grande, 2016). Hazardous flood conditions can exist without a flood risk. If floodplains were unoccupied and unused, flooding would still be hazardous but would not create a risk to the community. It is the human interaction with flooding that creates risk. Exposure can lead to the potential loss of life, injury, failure of buildings and infrastructure, and economic loss in future floods (Vojtek & Vojtekov, 2016). The degree of hazard varies with the severity of flooding and with flood extent, time, and location.
2.9. Flood Vulnerability
 Flood vulnerability is one of the significant components in risk management and flood damage assessment. Since vulnerability is found to be the main reason for disasters, it seems necessary to develop our perception of vulnerability (Nasiri et al., 2016a). Research with vulnerability subjects involves diverse descriptions for vulnerability; in the United Nations’ description vulnerability is a degree of damage to certain objects at flood risk with a specified amount and present in a scale from 0 to 1 (no damage to full damage) (UNU-EHS, 2006). The International Panel on Climate Change (IPCC) described the vulnerability as the incapability degree of managing climate change and sea-level rise impacts(IPPC, 1995). Flood vulnerability is one of the significant components in risk management and flood damage assessment (Nasiri et al., 2016b). There are several methods developed by Researchers to evaluate flood vulnerability. Nevertheless, flood threat is still very prevalent in spite of increased awareness about the vulnerability (Birkmann, 2007). This matter increases doubt about the effectiveness of vulnerability evaluation methods and their influence on flood mitigation and adaptation(Khan, 2012). Vulnerability measurement is a complex process because it influenced by several environmental, economic, and social or even political elements in local scale (Nasiri et al., 2016a). In other words vulnerability is affected by numerous factors such as settlements conditions, infrastructure, authority’s policy and capacities, social inequities, economic patterns, etc.(Miranda & Ferreira, 2019). So flood vulnerability varies for people in diverse circumstances (Pandey et al., 2010). Human systems are vulnerable to floods due to three vital aspects: Exposure, susceptibility, and resilience. Exposure refers to people and their surroundings and every element present in flood-prone areas being exposed to the flood impacts as a subject to potential losses(UNISDR, 2009). Susceptibility (Tan et al., 2012) states is people, environment, and infrastructure tend to be influenced by a hazard because of the fragility of the community or ecosystem, and (Al, 2004) defines resilience, coping, and adaptation ability of a system in addressing disaster stress. Instance the vulnerability of urban areas is a reflection of the exposure and susceptibility of the city to flood risk and the resilience of that region to cope and recover from the flood effects (Smit, 2006). 

Generally, the vulnerability of a system against a certain hazard is not easily assessed. Three routes for the assessment can be distinguished such as economic, social, and cultural.
Thus, vulnerability assessment in flood-prone areas depends on the following factors (Tsakiris, 2007): 

· The Exposure of the system (E). 

·  The initial coping capacity (resources availability) of the system (S). 

·  The magnitude and intensity of the hazardous event (Qmax). 

·  The social response of the system (early warnings, indigenous experience, public awareness, etc.) (SF). 

·  The fuzziness of the interrelated sides of vulnerability (coping capacity & exposure) (I).

2.10. Flood Risk

According to (EU, 2022) for flood management, "flood risk" is the likelihood of a flood event together with the actual damage to human health and life, the environment and economic activity associated with that flood event. In this context, flood risk can be considered as the actual threat, in other words the real source of flood hazard to the affected areas. The quantification of flood risk results either in monetary units or in loss of life units, if the losses are measurable, or in qualitative terms (e.g. allocation in classes) in the case of intangible damages (social, environmental, cultural) to the affected areas.

Risk refers to the product of hazard (the physical agent and its impact) and vulnerability 
(the susceptibility to damage or injury) (Alexander, 1997). Developing a flood risk model involves two steps: hazard assessment and vulnerability assessment. Hazard assessment deals with the characteristics of the event itself in terms of magnitude and frequency. While vulnerability assessment takes into account the effects of the event on the population, considering social, economic, and environmental aspects and impacts on transportation infrastructure (Adigrat et al., 2019). 
2.11. Flood Protection Measures 

Flood management means an effective plan for the occurrence of flood events to reduce extreme flow along the identified extent of the river. Flood management helps to reduce interruption of flow or destruction of crops and agriculture fields. Flood management needs to have a clear understanding of the maximum extent of floodplain areas to prevent the people from further encroachment. Proper flood management can keep people away from floods (Wessel 1996). The mitigation phase involves putting in place mechanisms that will prevent a hazard from turning into a disaster or reducing the impacts of a potentially disastrous event. These measures may include structural (dykes or levees) or non-structural (building codes, awareness or insurance) approaches
Therefore, different methods of structural measures are needed to maintain agricultural crop production and settlements under flooding effects. Therefore, flood mitigation is one of the primary concepts to prevent flood damage in agricultural fields as well as in Settlements  (Fabillar & Gomba, 2017).  Flood mitigation includes structural flood control measures such as the construction of canals, levees or dikes, and drop structures and non-structural measures such as flood forecasting and warning, flood hazard, and risk management (Klijn, 2009). 
2.12. Gap of related studies

The flood risk analysis conducted by (Fekede, 2016) in the upper Awash River basin, specifically focusing on the Teji River as a case study, indicated that approximately 2036.619 hectares of cropland would be inundated during a 100-year return period flood. However, the study had limitations in terms of comprehensively assessing flood vulnerability and addressing the dominant indicator necessary for accurate vulnerability mapping. To improve future flood vulnerability assessments, there is a need to consider additional indicators and prioritize the dominant indicator appropriately.
Furthermore, the study relied on a 1-D model for simulating flood hazards, assuming constant velocity and a horizontal water surface. This approach limited the model's applicability in areas with complex river geometries. The study did not account for the spread of overbank flows resulting from bank overtopping, which violates the assumption of 1-D flow. Moreover, the risk levels of the locations of interest were not specified in the study, which is crucial information for land use planners and emergency evacuation procedures. 

There are opportunities for future research to enhance flood vulnerability assessments by incorporating a wider range of indicators and addressing the most influential indicators as needed. Furthermore, the utilization of advanced modeling techniques, such as 2-D or 3-D models, should be investigated to improve the accuracy of simulating flood hazards in areas characterized by complex river geometries. Evaluating the risk levels for vulnerable regions and populations, and developing effective strategies for mitigating flood risks, would offer valuable insights for land use planners and emergency evacuation protocols.

3. MATERIAL AND METHODS

3.1. Description of Study Area 

3.1.1. Location

Teji River Basin is the sub-basin of the Awash Basin and is situated in the Southwestern part of the basin. It is located between 927000 m to 963000 m N latitudes and 400000 m to 460000 m E longitudes, which is found in the west Shewa zone of Oromia. It is found 50 to 56 km southwest of the capital city Addis Ababa (Figure 3.1).
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Figure 3.1: Location map of the study area
3.1.2. Topography and drainage basin of an area

Teji River  drains from western part of Awash basin to Awash river. In this study, drainage area was estimated as 653.4 km2 delineated at the Asgori gauge station. The elevation of Teji watershed ranges between 1769-meter a.m.s.l in the northeast and 3612-meter a.m.s.l in the southeast with a mean elevation of 2690.5 meter a.m.s.l. Figure 3.2 below shows the topography and drainage basin of the study area.
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Figure 3.2: Topography and drainage of the study area
3.1.3. Soil
According FAO soil classification, the soils in study area show extensive variation and the dominant soil in the watershed includes calcic fluvisols, Calcic Xerosols, Chromic luvisols, Eutric nitisols, chromic luvisols, and Pellic vertisols from which Pellic vertisols is the most dominant soil type. The spatial distribution of the soil is shown in figure 3.3.
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Figure 3.3: Soil of the study area

3.1.4. Land use/ land cover

The catchment is densely settled and intensively cultivated. Agriculture is the main land use
practice in the study area and occupies most of the areal coverage of the catchment. A traditional farming system exists in the study area, however, now a day a number of small-scale irrigation schemes have been developed along the river. The present land use/ cover of the Teji watershed are Perennial crop, annual crop, woodland, bare soil, closed grass, dense forest, sparse forest, wetland, saltpan, open shrub, closed shrub, water body.
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Figure 3.4: Soil of the study area

3.2. Materials

To achieve the objectives of the study, the following materials and models were used: 
Arc-GIS (Geographic Information System): used to prepare raw data, result mapping, and visualization.
HEC-HMS (Hydrologic Engineering Center Hydrologic Modeling System): used to simulate the precipitation-runoff processes of the catchment and determine the peak flood discharges for different return periods that are used as an input for the HEC-RAS hydraulic model.
HEC-RAS (Hydrologic Engineering Center's River Analysis System): used to delineate the flood inundation and hazard map of the study area. 

GPS (Global Positioning System): used to collect the coordinate and elevation data from the study area. 
3.3. Methods
To achieve the objectives of the study, the overall methodology is described in Figure 3.5 below.
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Figure 3.5: Conceptual framework of the Study
3.3.1. Data collection
3.3.1.1. Hydro-meteorological data 
Hydrological data (river discharge) and meteorological data (precipitation) are collected from the Ministry of Water and Energy (MoWE) and the National Meteorological Agency (NMA) respectively.

The Meteorological data collected from the National Meteorological Agency has a longer time series data for the catchments of the Teji watershed of the two stations.  For this study, a daily time series of Meteorological data for 34 years was collected. The meteorological gauging stations with their respective coordinates, elevation, and years of record data length are shown in Table 3.1 below. 

Table 3.1: Meteorological station

	S. No
	Station Name
	Latitude

(Degree)
	Longitude

(Degree)
	Elevation

 (m)
	 Recorded

data years

	1
	Tulu Bolo
	8.66
	38.21
	2190
	1988-2021

	2
	Asgori
	8.79
	38.34
	2072
	1988-2021


Daily stream flow data of 28 years were collected for Teji watershed at Near Asgori gauging station (1988 to 2015) and used for calibration and validation of HEC-HMS hydrological model. 

3.3.1.2. Spatial data

The spatial data such as Digital Elevation Model (DEM), land use land cover and soil data were important in watershed modeling. A 12.5 m x 12.5 m resolution of Teji watershed DEM was downloaded from Alaska Satellite facility. The extracted Teji watershed DEM was used for watershed delineation. The land use land cover map with a 30m spatial resolution were collected from Ministry of Agriculture (MoA) and soil data were collected from Ethiopian Ministry of Water and Energy (MoWE) GIS department. The Manning’s roughness coefficient was collected from a field survey and verified from relevant literature Chow (1959).  
3.3.2. Data analysis

3.3.2.1. Meteorological data analysis

Filling of missed data

 Data missing occurs due to interruption of measurements caused by natural and human-induced factors. Missed precipitation of a station was estimated from the observations of precipitation at some other stations as close to and as evenly spaced around the station with the missing record as possible since it is necessary to fill in this missing record. Several methods are available for estimating missed rainfall data like the arithmetic mean method, normal ratio method, and inverse distance weighting method.

For this study normal ratio, method was used to fill in missing data because the mean annual precipitation at any of the index stations differs from that of the mean annual precipitation of the missed station by more than 10% (Equation 3.1). 
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 are the long-term mean monthly precipitation at the index stations and at station x. 
Check for consistency

A time series of observational data is relatively consistent if the periodic data are proportional to an appropriate simultaneous period. This proportionality can be tested using double mass curve analysis.  It is a graphical method for identifying and adjusting inconsistency in a station record by comparing its time trend with those of adjacent stations (Scholl et al., 1996). The DMC analysis helps in identifying potential causes of inconsistency, such as changes in gauge location or exposure. Based on the analysis, adjustments can be made to the data by applying scaling factors or shifting the data to align the time trends with the reference station(s). A consistent record of meteorological data means that the statistical characteristics of the record like mean, variance, and higher-order moments have not changed with time.
When a significant change in the regime of the curve is observed, it reveals that rainfall data is inconsistent at that station and it should be corrected by using Equation 3.2. 
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 is the corrected precipitation at any period, [image: image32.png]


 is the originally recorded precipitation at the period, [image: image34.png]


 is the correct (straight line) slope of the double mass curve and [image: image36.png]


 is the original slope of the double mass curve. 
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Figure 3.6: Double mass curve plot for five stations
In the double mass curve analysis (Figure 3.6), the stations used in this study have not undergone a significant change and the lines are smooth with no station displaying a long-lasting break in slope.  
The goodness of fit test

This test helps to determine how well a specific distribution fits hydrological data and provides insights into the appropriateness of the chosen distribution. The D-index is a criterion used to select a suitable probability distribution for rainfall estimation. 
It is calculated using Equation 3.3, 
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 is the average value of the series of the recorded rainfall, [image: image43.png]


 (for i=1 to 6) are the six highest values in the series of recorded rainfall and [image: image45.png]


 is the estimated rainfall by probability distribution. The distribution having the least D-index is considered as the better-suited distribution for rainfall estimation (Vivekanandan, 2015).

To determine the most suitable distribution, the D-index values are computed for different distributions, and the distribution with the lowest D-index is considered the best fit for rainfall estimation. In this case, the D-index values for various distributions were calculated and presented in Table 3.1. Upon analyzing the table, it can be observed that the D-index value obtained from the Gumbel EVI distribution is the lowest among the compared distributions, including normal, Log Pearson Type III, Log-normal, Pearson type III, and Gumbel distributions. This implies that the Gumbel EVI distribution is the best-suited distribution for rainfall estimation based on the D-index criterion. The D-index provides a quantitative measure to assess the goodness-of-fit of different probability distributions for rainfall data. By comparing the D-index values, hydrologists can determine the distribution that closely matches the characteristics of the recorded rainfall data. In this case, the Log Pearson Type III distribution exhibited the lowest D-index, indicating its superior fit for the rainfall data under consideration.
Table 3.2: D-index values of different distributions
	Distributions
	Normal
	Log Pearson Type III
	Log-Normal
	 Pearson Type III
	Gumbel EVI
	Gumbel 

	D-Index
	0.716
	0.495
	0.591
	0.670
	0.514
	2.99


Average depth of rainfall over watershed
The average depth of precipitation over the watershed is one of the most important parameters in the hydrological analysis since the rain-gauge represents only point sampling of the areal distribution of precipitation (Hon, 2006). In a watershed containing more than one rain-gauge station, the computation of average areal rainfall may be done by using arithmetic, Thiessen polygon, and isohyetal method.

For this study, the Thiessen polygon method was used due to the rainfall varying in intensity and duration in the watershed from station to station and the method gives weight to satiation data in proportion to the space between stations (Equation 3.4).

[image: image47.png]p, — Df1tPada T sdst t
X AgtAgtAgttan




 ……………………………...………………………  (3.4)
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 are area coverage of station 1,2, 3……, n in Thiessen polygon 

Thiessen polygon of stations developed using Arc GIS 10.3 software. To determine mean areal rainfall amount, the rainfall of each station multiplied by its area and the sum of those products is divided by total area of the catchment. The sum of area of each polygon gives 653.4 km2, which is equivalent to total watershed area. 
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Figure 3.7: Developed Thiessen polygon for Teji watershed
3.3.2.2. Flow data analysis

Filling of missed data

Before beginning any hydrological analysis, it is important to make sure that the data are complete, sufficient, and homogenous with no missing data. Based on visual examination, stream flow records of Near Asgori gauging station have a good quality of flow data that shows a strong correlation. The station has a small number of missing data in the study baseline (1988-2015). Discharge in Teji River depends on the rainy season, which occurs in April to May and July to October, and light rains are experienced in other seasons.  

For this study filling of the missing data at Near Asgori gauging station was made by using the linear regression method (Equation 3.5).
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Where, [image: image70.png]


 is missing data, [image: image72.png]


 is the available data used to fill missed records.

Data screening

 Stream flow observations quality assessment for manual of machine errors may exist in the stream flow collected from respective organizations such errors like misplaced decimal numbers, very huge unrealistic numbers, and very high flow records during dry months and low flow records during rainy months. Thus, performing stream flow observations quality assessment before using it for required purposes is a crucial step. Therefore, for this study, the recorded flow at the Near Asgori gauging station for 28 years is roughly checked by visual detection and all year’s flow records look good. 
 Outliers test

The outlier test examines the presence of high and low outliers in the measured stream flow data. It is used under the assumption that the logarithms of the original series are normally distributed. For the natural logarithm of the variable, the upper and lower limits of outliers are given as:
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Where, [image: image78.png]
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 are the mean and standard deviation of the natural logarithm of the original variable respectively. [image: image82.png]


 is the frequency factor representing the outlier test statistic that depends on the sample size n.
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For this study, 28 years of measured stream flow data were checked based on the above outlier test equation and the results show there is no higher and lower outlier in the recorded data. 

3.3.3. Rainfall-Runoff Model
Rainfall-runoff modeling is a fundamental tool used to understand and simulate the relationship between precipitation input and surface runoff generated in a catchment or watershed. It involves studying the response of the channel or river system to the rainfall input and predicting the resulting runoff. In the study area, the rainfall-runoff modeling was conducted using HEC-HMS (Hydrologic Engineering Center Hydrologic Modeling System), which is a software developed by the U.S. Army Corps of Engineers (USACE). HEC-HMS is a physically based and conceptual semi-distributed model that is widely used for simulating precipitation-runoff processes in various geographic areas, ranging from large river basins to small urban and natural watersheds. To perform rainfall-runoff modeling with HEC-HMS, several input files are required:
Background Map File: This file provides the spatial information and characteristics of the study area. It includes data such as the boundaries of the catchment, topography, land use, and other relevant features.

Basin Model File: The basin model file contains the hydrological characteristics and parameters of the catchment being modeled. It includes information on soil types, land use categories, vegetation, and flow routing methods.

Gage File: The gage file includes observed precipitation and/or streamflow data, which are used for calibration and validation of the model. This data is typically obtained from rain gauges or stream gauges located within the study area.

Met File: The met file contains meteorological data required for the rainfall-runoff simulation. It includes information such as precipitation, temperature, humidity, wind speed, and solar radiation. These data are used to estimate actual evapotranspiration and calculate potential evapotranspiration using different methods.
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Figure 3.8: Background map file of Teji River watershed
3.3.3.1. HEC-HMS models for runoff estimation

Loss models 

The SCS Curve Number (SCS-CN) model is a commonly used method within the HEC-HMS software for estimating excess precipitation or direct runoff from a storm event. The Soil Conservation Service (SCS), now known as the Natural Resources Conservation Service (NRCS), in 1972, developed it. The SCS-CN model takes into account various factors such as cumulative precipitation, soil type, vegetation, and antecedent moisture condition of the watershed to estimate the depth of excess rainfall or direct runoff.
The computation of excess precipitation or direct runoff using the SCS-CN model is based on the following equation:
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Where:

Q = Depth of excess precipitation or direct runoff (in inches)

P = Cumulative precipitation (in inches)

S = Potential maximum retention after runoff begins (in inches)
The potential maximum retention (S) is a key parameter in the SCS-CN model and represents the amount of water that the watershed can retain before runoff occurs. It depends on the soil's ability to absorb water and the land cover characteristics such as vegetation and land use. The S value is assigned based on the land cover and soil type in the watershed.
By using the SCS-CN model, HEC-HMS can estimate the runoff volume by considering the losses due to interception, infiltration, storage, evaporation, and transpiration. The model allows for a more accurate representation of the rainfall-runoff process in a watershed, taking into account the specific characteristics and conditions of the study area.

It is important to note that the SCS-CN model is just one of the available runoff-volume models within HEC-HMS, and the choice of the model depends on the specific requirements and characteristics of the study area. The software provides flexibility in selecting the most appropriate model based on the user's knowledge of the watershed and engineering judgment.
The Soil Conservation Service Curve Number (SCS-CN) model is widely used in HEC HMS (Hydrologic Engineering Center's Hydrologic Modeling System) for estimating runoff and simulating the hydrologic response of watersheds. It is considered one of the best models in HEC HMS for several reasons:

Simplicity and Ease of Use: The SCS-CN model is a relatively simple and easy-to-use model. It requires minimal input data, primarily including land use/cover, soil type, and antecedent moisture condition. These data are often readily available or can be easily obtained, making it convenient for practical applications. The model's simplicity makes it accessible to a wide range of users, including engineers, hydrologists, and water resources professionals.
Wide Applicability: The SCS-CN model is applicable to a wide range of watersheds, from small to large scales. It is based on empirical relationships that have been derived from extensive field data collected by the Soil Conservation Service (now known as the Natural Resources Conservation Service). These relationships have been widely accepted and used in hydrologic practice, making the SCS-CN model applicable in various regions and under different conditions.
Historical Significance and Validation: The SCS-CN model has a long history and has been extensively studied and validated in various watersheds and climatic conditions. It has been widely used and accepted as a reliable tool for estimating runoff and predicting hydrologic response. This historical significance adds to its credibility and familiarity among practitioners.
Versatility and Adaptability: The SCS-CN model can be applied to both rural and urban areas, making it versatile for modeling different land use types. It accounts for the impact of land use/cover and soil type on runoff generation and infiltration, allowing for the evaluation of different land management scenarios and the assessment of the impact of land use changes on watershed hydrology.
Integration with HEC HMS: The SCS-CN model is integrated within the HEC HMS software, which provides a comprehensive framework for hydrologic modeling and analysis. This integration allows users to easily incorporate the SCS-CN method into their overall modeling workflow, taking advantage of the capabilities and features provided by HEC HMS.
Calibration and Calibration Options: The SCS-CN model offers calibration options to adjust the curve number parameter, which represents the combined effect of land use, soil type, and antecedent moisture condition on runoff generation. Calibration can be performed using observed data, allowing users to improve the accuracy and reliability of the model's predictions.

In the SCS Curve Number (SCS-CN) model, the potential maximum retention (S) is related to the Curve Number (CN) and can be calculated using the following equation:
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Where:

S = Potential maximum retention after runoff begins (in inches)

CN = Curve Number

The Curve Number (CN) is a dimensionless parameter that represents the combined influence of soil type, land cover, and antecedent moisture conditions on runoff generation. It ranges from 0 to 100, with lower values indicating higher infiltration capacity and lower runoff potential, and higher values indicating lower infiltration capacity and higher runoff potential.

By using the equation above, the SCS-CN model calculates the potential maximum retention (S) based on the specified Curve Number (CN). The value of S represents the amount of water that the watershed can retain before runoff begins. It is dependent on the soil's ability to absorb water and the land cover characteristics.

It is important to note that the Curve Number (CN) can vary for different land cover types and soil conditions within a watershed. The SCS-CN model provides lookup tables or equations to assign appropriate Curve Numbers based on these variations. These values are determined through empirical relationships established by the Soil Conservation Service (SCS) based on extensive field data and observations.

By incorporating the SCS-CN model within HEC-HMS, hydrology professionals can estimate the potential maximum retention (S) and use it to simulate the runoff process more accurately, considering the specific characteristics of the watershed being studied.
In a watershed with different land uses and soil types, a composite Curve Number (CN) can be calculated to estimate the runoff volume. The composite CN represents an average value that considers the contributions of individual watershed subdivisions with homogeneous land use and soil type. The equation to calculate the composite CN is as follows:
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Where:

CN_composite = Composite Curve Number used for runoff volume estimation

i = Index of each watershed subdivision with homogeneous land use and soil type

CNi = Curve Number of the watershed subdivision i

Ai = Drainage area of the subdivision i
To calculate the composite CN, you need to sum the products of the drainage area (Ai) and the Curve Number (CNi) for each subdivision within the watershed. This represents the total contribution of each subdivision to the overall runoff potential. Then, divide this sum by the total drainage area (∑Ai) of all subdivisions combined.

The resulting value, CN_composite, represents the average Curve Number for the entire watershed, taking into account the variations in land use and soil type. This composite CN can be used in the SCS-CN model or other runoff volume estimation methods to simulate the runoff process and estimate the total runoff volume more accurately.
By considering the specific characteristics of each subdivision and their respective contributions, the composite CN accounts for the spatial heterogeneity within the watershed and provides a better representation of the overall runoff potential.
Watershed parameters

The important watershed characteristics like, Curve number, basin lag time, watershed area, basin slope, potential maximum retention (S), and the initial abstraction from the watershed were determined. The CN value within sub-basin is shown in Table 3.3 below.
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Figure 3.9: Curve number grid of Teji watershed

Transform model 

The model allows the transformation of excess precipitation into direct runoff. The SCS (Soil Conservation Service) unit hydrograph model is commonly used as a transform model in the Hydrologic Engineering Center's Hydrologic Modeling System (HEC-HMS) for certain watersheds due to its simplicity, wide applicability, and historical significance.
Here are some reasons why the SCS unit hydrograph model is used in HEC-HMS for the study area:
Wide Applicability: The SCS unit hydrograph model is applicable for a wide range of watersheds, particularly small to medium-sized watersheds. It is based on empirical relationships derived from extensive field data collected by the Soil Conservation Service (now known as the Natural Resources Conservation Service). These relationships have been widely accepted and used in hydrologic practice.

Data Availability: The SCS unit hydrograph model requires relatively limited input data compared to more complex hydrologic models. It primarily relies on rainfall data, watershed characteristics (such as area, slope, and soil type), and a few calibration parameters. These data are often readily available or can be easily obtained, making it convenient for practical applications.

Simplicity and Ease of Use: The SCS unit hydrograph model is a relatively simple and straightforward model. It can be easily implemented in hydrologic modeling software like HEC-HMS, which allows users to simulate the rainfall-runoff process and analyze the hydrologic response of a watershed. Its simplicity makes it accessible to a wide range of users, including engineers, hydrologists, and water resources professionals.

Historical Significance: The SCS unit hydrograph model has been widely used and accepted in the field of hydrology for several decades. It has a long history of application and has been extensively studied and calibrated in various regions. This historical significance adds to its credibility and familiarity among practitioners, and it serves as a benchmark model for comparison with more advanced or specialized models.

In the context of the SCS unit hydrograph model, which is used as a transform model to convert excess precipitation into point runoff, the following relationships and equations are used:
Relationship between UH peak (Up) and time to UH peak (Tp):
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Where:
Up = Peak discharge of the unit hydrograph (in cubic feet per second)

A = Watershed area (in acres)

C = Conversion constant (2.08) - This constant is used to convert the Up to the desired units based on the unit of A (acres) and Tp (hours)
Tp = Time to the UH peak (in hours)

This relationship allows for the estimation of the peak discharge of the unit hydrograph based on the watershed area and the time to the peak. Relationship between the time to UH peak (Tp) and the duration of the unit of excess precipitation (∆t) and basin lag (tlag):
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Where:

∆t = Duration of the unit of excess precipitation (in hours)

Tlag = Basin lag (in hours)
The time to UH peak is determined by adding half of the excess runoff duration (∆t/2) to the basin lag (tlag). The basin lag represents the time it takes for runoff to travel from the farthest point in the watershed to the outlet.

It's important to note that the computation interval (∆t) used for defining the ordinates on the rising limb of the unit hydrograph should be less than 29% of the time to the UH peak (Tp). This requirement ensures that the rising limb of the unit hydrograph is accurately represented within the computation interval (Arlen, 2000).

Basin Lag time in hours for each sub-basin was computed using (equation 3.14) (Arlen, 2000) and then converted to minutes.
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Where S = Maximum retention

Lag = basin lag time (hours)

 L= hydraulic length of the watershed (longest flow path) 

Y = Basin slope (percentage).
Channel flow routing model

The model includes several methods for channel flow routing. Among those models, the Muskingum model for flood routing was selected for this research due to the availability of required data. The Muskingum method uses a simple finite difference approximation of the continuity equation:
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Storage in the reach is modeled as the sum of prism storage and wedge storage. The model as defines the storage:
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Where K = travel time of the flood wave through routing reach, and X = dimensionless weight ranging from 0 to 0.5. The quantity 𝑋𝐼𝑡 + (1 − 𝑋) 𝑂𝑡 is a weighted discharge. When the storage in the channel is controlled by downstream conditions, such that storage and outflow are highly correlated, X=0.0. Thus, 𝑆 = 𝐾𝑂 and it is the linear reservoir model. If X=0.5, the inflow, and outflow have the same weight which means that the wave does not attenuate when moving through the reach. By substituting equation (2.9) in (2.8) and rearranging to isolate the unknown values at time t, we have:
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The Muskingum method is often selected as a suitable model for flood routing in HEC HMS (Hydrologic Engineering Center's Hydrologic Modeling System) for the study area for several reasons:

Simplicity and Ease of Use: The Muskingum method is a relatively simple flood routing technique. It involves a finite difference approximation of the continuity equation and can be easily implemented within the HEC HMS software. Its simplicity makes it accessible to a wide range of users, including engineers and hydrologists who may not have advanced modeling expertise.

Widely accepted and applied: The Muskingum method has a long history of application in flood routing studies. It has been extensively used and accepted in the field of hydrology, and its performance has been evaluated in numerous real-world scenarios. Its wide acceptance and application make it a preferred choice in many practical situations.

Moderate Computational Requirements: The Muskingum method requires relatively modest computational resources compared to more complex flood routing techniques. It provides a reasonable balance between computational efficiency and accuracy, making it suitable for analyzing large-scale watersheds or conducting simulations over extended periods.

Flexibility and Parameterization: The Muskingum method offers flexibility in parameterization, particularly through the dimensionless weighting parameter X. By adjusting the value of X, users can control the degree of flood wave attenuation as it propagates through the channel reach. This allows for customization and calibration of the model to match observed or desired hydrologic behavior.

Adequate Representation of Channel Routing: While the Muskingum method is a simplified representation of flood routing, it generally provides reasonable results for many practical applications. It captures the key aspects of channel routing, including travel time, storage, and attenuation, allowing for the estimation of outflow hydrographs based on inflow data.

Basin characteristics

Basin characteristics refer to the physical and hydrological properties of a watershed or catchment area. These characteristics play a crucial role in understanding and modeling the behavior of the basin's hydrological processes. Some important basin characteristics include

Curve Number (CN): The Curve Number is a parameter used in hydrological models, such as the Soil Conservation Service (SCS) method or the Natural Resources Conservation Service (NRCS) method, to estimate runoff from rainfall. It represents the soil's ability to retain water and is based on soil type, land use, and land cover. Different land cover types have different curve numbers, and the curve number value is used to calculate the runoff volume.

Basin Lag Time: Basin lag time refers to the time it takes for water to travel from the furthest point in the watershed to the outlet of the basin. It is an important parameter for analyzing the time distribution of rainfall and runoff. The lag time is influenced by factors such as the topography, soil properties, and channel characteristics of the watershed.

Watershed Area: The watershed area is the total land area that contributes runoff to a specific outlet or point within the watershed. It is an essential characteristic for estimating the volume and flow rate of runoff generated during a rainfall event. The watershed area determines the scale and size of the hydrological model used for analysis.

Basin Slope: The basin slope represents the steepness or gradient of the land within the watershed. It affects the speed at which water flows over the surface and can influence the runoff generation and flow patterns within the watershed. Steeper slopes generally contribute to faster and more concentrated runoff.

Potential Maximum Retention (S): The potential maximum retention, often denoted as S, is a parameter used in some hydrological models, such as the SCS method, to estimate the initial abstraction or the amount of rainfall intercepted and stored on the land surface before runoff occurs. It depends on land cover, soil properties, and other factors and is typically expressed as a depth of water.

The CN within sub-basins, as mentioned in Table 3.3 below, likely provides the curve number values for different sub-basins or grid cells within the watershed, allowing for a spatially distributed analysis of runoff generation.

Table 3.3: Watershed parameters used in HEC HMS for Teji River watershed
	Sub basins
	Basin L(Km)
	Basin slope
	Basin Area(Sq.km)
	CCN
	Basin lag(Min)
	Ia (mm)

	Subbasin-1
	34.81
	0.173
	90.406
	84.0
	178.5
	9.69

	Subbasin-2
	30.48
	0.169
	99.092
	84.4
	160.1
	9.41

	Subbasin-3
	30.71
	0.196
	80.746
	82.3
	160.1
	10.94

	Subbasin-4
	32.17
	0.259
	103.83
	78.9
	161.4
	13.61

	Subbasin-5
	32.66
	0.205
	110.12
	82.2
	165.2
	11.01

	Subbasin-6
	26.76
	0.150
	53.322
	85.0
	149.6
	8.96

	Subbasin-7
	36.95
	0.139
	125.74
	85.0
	201.3
	8.96


3.3.3.2. HEC HMS Model Performance Evaluation

Nash–Sutcliffe model efficiency coefficient (NSE): used to analyze the correlation between simulated and observed hydrological data. It can range from -∞ to 1. An efficiency of 1 indicates a correct match of simulated (modeled) discharge to the measured (observed) data. The efficiency of 0 shows the model prediction is as perfect as of the average of the observed data, whereas the efficiency less than zero occur when the observed average is a better predictor than the modeled or, in other words, when the residual variances (expressed by a nominator) is greater than the data variances (expressed by a denominator). Essentially, the closer the model efficiency is to 1, the more accurate it is. The disadvantage of this efficiency criterion is an overestimation of the model performance during peak flows and an underestimation during the low-flow condition. It can be expressed as follows:
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Where, Qsi - Simulated flow value at the ith time interval, Qoi - Observed flow value at the ith time interval, Ǭo - Mean observed flow value
Coefficient of Determination (R2): The coefficient of determination is a measure of the proportion of variances of the forecasted outcomes. It estimates how well the dispersion of the measured data is predicted by the model. With a value of 0-1, the coefficient of determination is computed as the square of the correlation coefficients (R) between the sample and forecasted (predicted) data. The coefficient of determination indicates how well a regression model fits the data. A value of 1 shows every point on the regression lines fit the data; a value of 0.5 shows only half of the variations are discussed by the regression. A zero coefficient of determination (R2) indicates that the dependent variable cannot be forecasted from the independent variable. The equation of the coefficient of determination can be expressed as follows:
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Where Qsi - Simulated flow value at the ith time interval, Qoi - Observed flow value at the ith time interval, [image: image110.png]


 - Mean observed flow value, [image: image112.png]


 - Mean Simulated flow value.
3.3.3.3. HEC-HMS model calibration 
Once all the initial parameters were obtained the HEC-H-MS model was calibrated to optimize the parameters using the hydro-meteorological dataset. The HEC-HMS model has a self- calibrating utility based on optimization techniques that allows the user to select different approaches of objective function. Hence, the selected gauged watershed is modeled and the results are presented. To determine the accuracy of modeled results, the simulated hydrograph at outlet is compared to the historically observed hydrograph at outlet of the watershed. Parameters of different hydrographs along with hydro-meteorological data are provided and parameters are adjusted after calibration using the optimization method. The objective function used in this study for calibration was the peak weighted RMSE method. This function was selected because it gives greater weight to matching the peak of the hydrograph. The peak weighted RMS error method focuses solely on the peak of the hydrograph. It also takes into account the volume and time of the peak as well. The univariate gradient method and was used to minimize the peak weighted RMS error-objective function. In optimization trials are done with changing the more sensitive parameters using this method. The observed and simulated flow during calibration and the scatter plot between observed and simulated flow is shown in figure 3.10 and figure 3.11 respectively.
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Figure 3.10: Observed and simulated flow during Calibration

The figure 3.10 above shows the comparison between observed flow and the simulated flow after calibration. The blue dotted lines denote simulated outflow and the green solid line denotes the observed flow measured at gauge stations of the outlet. This result shows a reasonable fit between the simulated and observed flow and shape and timing of peaks matched well.  The calibrated model was further evaluated using scatter plot (R2) between simulated and observed as shown in figure 3.11. The coefficient of determination is 0.79 which is classified as very good according to the performance evaluation criteria.
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Figure 3.11: Scatter plot between Observed and Simulated Flow during calibration

3.3.3.4. HEC HMS Model validation 

The purpose of validation was to demonstrate the applicability of the HEC-HMS model to predict stream flow in the watershed by comparing model prediction with observed data to evaluate if the models were able to predict the runoff at the discharge stations for the period other period. Validation was done by running the model with the respective optimized parameters for the watersheds with different input data set. The output result during validation was seen in (Figure 3.12).
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Figure 3.12: Observed and simulated flow during validation
As can be seen from the Figures 3.12, the pattern of simulated and observed flow is almost identical to each other. The validated model was further evaluated using scatter plot  between simulated and observed flow and it shows that the there is strong relations between simulated and observed flow and The coefficient of determination is 0.81 which is classified as very good according to performance evaluation criteria.
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Figure 3.13: Scatter plot between Observed and Simulated Flow during Validation

. 

The summary of the performance evaluation of HEC-HMS model during calibration and validation were presented in the Table 3.4. These performance were evaluated in terms of different performance indices such as: Coefficient of Determination (R2), Nash Sutcliffe efficiency (NSE), root mean square error (RMSE), and percentage of bias (PBIAS)

Table 3.4: Performance Comparison of the Model by Different Performance Indicators

	 Methods
	Performance Indicators

	
	R2
	NSE
	RMSE
	PBIAS

	Calibration
	0.79
	0.78
	5.04
	4.1

	Validation
	0.81
	0.79
	1.29
	1.89


3.3.3.5. Flood Frequency Analysis 

Flood Frequency Analysis (FFA) is a critical statistical method used to understand the characteristics and magnitude of peak flows in rivers or floodplains. It provides a probability model curve that relates the frequency of occurrence of a flood peak to its magnitude. This analysis is based on historical flood data and observations collected over a specific period. After calibrating and validating the hydrological model using observed flow data, the next step was to estimate the maximum annual rainfall for durations other than the available 24-hour data.  Thus, by analyzing the peak annual rainfall data recorded over a period of 31 years (1990-2021), FFA allows for the estimation of return periods. The ERA Drainage Manual 2013 introduced an equation that was utilized to estimate the maximum annual rainfall for various durations based on the available 24-hour maximum rainfall data. This equation assumes a relationship between the 24-hour maximum rainfall and the maximum rainfall for different durations. By applying this equation, the maximum annual rainfall values for selected durations, such as 1-hour, 2-hour, 6-hour, or any other desired duration, were calculated. These estimates were derived from the observed 24-hour maximum rainfall data. Using the provided equation from the ERA Drainage Manual 2013, the annual maximum rainfall depths were computed for each selected duration. This allowed for the estimation of rainfall intensities for different durations, which is crucial for understanding the potential for intense rainfall events and their impact on hydrological processes. It is important to note that the specific equation from the ERA Drainage Manual 2013 is likely based on extensive analysis of rainfall data and regional characteristics. The coefficients or formulas within the equation take into account factors such as climate patterns, geographical location, and statistical analysis of rainfall data. By utilizing this equation, it becomes possible to estimate the maximum annual rainfall depths for various durations,
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Where: 

RRt = Rainfall depth Ratio Rt: R24 

Rt = Rainfall depth in a given duration’s t.

R24= 24 hr rainfall depth b and n = coefficients b=0.3 and n= (0.78-1.09).

Table 3.5:  Frequency Storm
	 
	 hr.
	Return period(year)

	Minutes
	
	2 year 
	5 year
	10 year
	25 year
	50 year
	100 year

	5
	0.083
	5.96
	7.95
	9.34
	11.18
	12.62
	14.12

	15
	0.25
	12.83
	17.11
	20.10
	24.07
	27.17
	30.39

	60
	1
	23.26
	31.01
	36.43
	43.63
	49.25
	55.09

	120
	2
	27.52
	36.69
	43.11
	51.63
	58.27
	65.19

	180
	3
	29.62
	39.48
	46.39
	55.55
	62.71
	70.15

	360
	6
	32.68
	43.56
	51.18
	61.29
	69.18
	77.39

	720
	12
	35.31
	47.08
	55.31
	66.24
	74.76
	83.64

	1440
	24
	37.75
	50.33
	59.13
	70.81
	79.92
	89.41


Using the above frequency storm estimated for different return periods as an input, the maximum flood hydrograph for different selected return periods was obtained using the HEC-HMS model. The result indicated that the minimum peak flow for the Teji River occurs for a 2-year return period for 24-hour storm duration and the maximum is obtained with a 100-year frequency storm for the same duration. The value is 220.2 m3/s and 1141.2 m3/s for 2-year and 100-year frequency storms respectively. Figure 3.10 below shows the flood hydrographs for different return periods estimated using the HEC HMS model.
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Figure 3.14: Flood hydrograph for the different return period in HEC-HMS model
3.3.4. Hydraulic modeling using  HEC-RAS model
HEC-RAS offers several modeling features, including one-dimensional (1D) steady and unsteady flow modeling, two-dimensional (2D) unsteady flow modeling, combined 1D and 2D unsteady flow routing, sediment transport and mobile bed computations, and water temperature and water quality modeling. These capabilities allow users to simulate and analyze a wide range of hydraulic phenomena and their interactions. 

 The 2D unsteady flow modeling in HEC-RAS enables the simulation of flow behavior in two dimensions, considering the spatial variability of flow across the study area. This capability allows for a more detailed representation of flow patterns, including overbank flow, flow interactions with structures, and complex hydraulic phenomena. HEC-RAS uses an implicit finite volume algorithm to solve the 2D unsteady flow equations, enabling larger computational time steps compared to explicit methods. HEC-RAS is designed to handle unstructured computational meshes, which provide flexibility in representing complex channel geometries and irregular boundaries. However, it can also handle structured meshes if required for specific applications. The software incorporates a user-friendly interface that allows for the input of data, visualization of results, and analysis of model outputs. It provides a range of tools and features to support model setup, calibration, and evaluation.
In the HEC-RAS 2-D computational approach, two types of methods are available to compute the flow field within the defined 2-D mesh: the Full Momentum (Saint-Venant) equations and the Diffusion Wave model.
The 2-D Full Momentum equations solver considers turbulence and Coriolis effects in the flow field, making it more computationally intensive and time-consuming compared to the Diffusion Wave model. On the other hand, the Diffusion Wave model is a simplified approach that requires less computational time and offers higher model stability. It provides a reasonable approximation of the flow behavior in many practical cases, making it a popular choice for 2-D hydraulic simulations in HEC-RAS. For the present study, the Diffusion Wave equations were utilized in the HEC-RAS 2-D model. The Diffusion Wave equations, based on the Saint Venant equations, are solved in their non-conservative forms. These equations describe the flow characteristics, including water surface elevation and velocity, in the 2-D flow field. The Diffusion Wave model, being less computationally intensive, provides a good balance between accuracy and computational efficiency for many practical applications.
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Where t is time, u and v are considered as the velocity horizontal components in x and y
direction, respectively, and q is a source/sink flux term. H is water surface elevation, and h
is water depth, g is gravitational acceleration, vt is the coefficient of horizontal eddy
viscosity, cf is the coefficient of bottom friction, and f is the Coriolis parameter. 

3.3.4.1. Manning's roughness coefficient

In the context of hydraulic flood simulations in the 2D area, Manning's roughness coefficient is an essential input parameter that reflects the land cover of the river and floodplain. To determine Manning's roughness coefficient for different land uses, various sources can be utilized. One commonly used reference is Chow's (1959) publication, which provides Manning's roughness coefficient values for different types of land cover. These values serve as a starting point for assigning roughness coefficients to the different land cover categories within the river and floodplain. However, it is important to note that Manning's roughness coefficient is not solely reliant on published values. Field investigation plays a crucial role in accurately estimating Manning's coefficients for specific areas. Site visits, photographs, and aerial imagery are valuable sources of information that can be used to assess the roughness characteristics of the channel and floodplain areas. During the field investigation, the roughness of the channel and overbank areas is evaluated based on direct observations and measurements. Factors such as vegetation type, density, surface roughness, presence of obstructions, and other local conditions are considered to estimate the Manning's coefficients more accurately. Field measurements can include assessing the roughness of natural vegetation, such as grasses, shrubs, or trees, as well as man-made features like concrete lining or riprap. These observations help in determining the appropriate Manning's roughness coefficient for each specific area within the 2D hydraulic flood simulation model. By combining the information obtained from Chow's publication, field investigations, and site-specific assessments, an appropriate Manning's roughness coefficient can be assigned to each land cover category within the river and floodplain. This ensures that the hydraulic flood simulations accurately represent the flow resistance caused by different roughness elements and provide reliable results for flood risk assessment and mitigation planning
3.3.4.2.  HEC RAS model development

Ensuring that the elevation data is correctly georeferenced and projected in HEC-RAS involves setting the appropriate coordinate system and datum for the study area to ensure accurate spatial representation. Terrain Preprocessing: Before the 2D model is created, the elevation data may need to be preprocessed. Tasks such as removing outliers, smoothing the terrain, or filling data gaps are performed to ensure a continuous and reliable DTM. The computational mesh for the 2D model is created, offering both unstructured and structured mesh options in HEC-RAS. Unstructured meshes provide flexibility in representing complex geometries, while structured meshes are better suited for regular or simpler geometries. 
The mesh is defined using the Geometric Editor, where the number of cells, cell sizes, and connectivity are specified. After the mesh is created, Manning's roughness coefficients (n-values) are assigned to different land cover types within the study area. Land use/land cover data is imported, and appropriate n-values are assigned based on the characteristics of each land cover category. The Manning's coefficients reflect the resistance to flow caused by different land cover types.  Once all of the geometric data are entered in to HEC-RAS, required unsteady flow data was entered to undertake the unsteady flood simulation. Unsteady flow data includes boundary conditions at all of the external boundaries of the system, as well as any desired internal locations, and set the initial flow and storage area condition at the beginning of the simulation. 

Generally unsteady flow data required are boundary condition and initial condition. There are different types of boundary conditions some of them are Flow Hydrograph, Stage Hydrograph, Stage and Flow hydrograph, Rating Curve, Normal Depth, Lateral Inflow hydrograph etc. Unsteady flow data used as a boundary condition in this study are 10years inflow hydrograph, 25 years inflow hydrograph, 50 years inflow hydrograph, 100 years inflow hydrograph and Normal depth. Normal depth is used as a downstream boundary condition. Normal depth can only be used as a downstream boundary condition for an open-ended. To use normal depth, it is required to enter a friction slope for the reach in the vicinity of the boundary condition. The slope of the water surface is often a good estimate of the friction slope. In addition to the boundary condition, initial condition should be established at the beginning of the unsteady flow simulation. Initial condition consists of flow and stage information at each of the cross sections, as well as elevations for any storage areas defined in the system.
Once the terrain development steps are complete, the 2D simulation is executed in HEC-RAS. The software solves the 2D Saint-Venant equations using the selected computational method (e.g., Full Momentum or Diffusion Wave) to simulate the flow behavior and water surface elevations within the defined area. 
After the simulation is completed, the results are analyzed and visualized in HEC-RAS. Various graphical and tabular outputs, including water surface profiles, flow velocities, inundation maps, and other hydraulic parameters, are provided. These results aid in understanding the flow patterns, flood extents, and potential impacts of the simulated hydraulic conditions. Figure 3.8 shows the geometric data window, where a two-dimensional flow area has been defined over a digital terrain model.
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Figure 3.15: Geometric data of Teji River
3.3.5. Flood Hazard map

Flood hazards are multifaceted and encompass various dimensions that need to be considered by flood managers. These dimensions include the where, when, how long-lived, and how much adjustment occurs about flood events. Understanding these dimensions is crucial for assessing flood hazards and developing effective management strategies. 
Location: Flood managers need to understand the geographical areas that are prone to flooding. This involves identifying floodplains, low-lying areas, coastal zones, and regions near rivers or other water bodies. By pinpointing the locations at risk, appropriate measures can be implemented to mitigate and manage flood hazards.

Likelihood: Assessing the probability or likelihood of flooding is essential for understanding the frequency and recurrence of flood events. This involves analyzing historical data, considering climate patterns, and utilizing hydrological and meteorological models to estimate the probability of different flood magnitudes occurring.

Persistence: Understanding the duration or persistence of flood events is crucial for evaluating their impacts and planning response measures. Some floods may be short-lived, occurring over a few hours or days, while others can persist for weeks or even months. Considering the duration helps in determining the required resilience and adaptive measures for affected communities and ecosystems.

Magnitude: The magnitude of a flood refers to the severity of the event in terms of factors such as flood depth, flow velocity, and water level rise rate. Assessing the magnitude helps in understanding the potential impacts on infrastructure, property, ecosystems, and human lives. It also aids in prioritizing resources for flood management and emergency response. 

Once flood hazards are understood in terms of their dimensions, flood managers can evaluate different management options. These options may include structural measures (e.g., building levees or flood control channels), non-structural measures (e.g., land-use planning or early warning systems), or a combination of both. The effectiveness of these options can be assessed by considering their impact on the dimensions of flood hazards. Flood impacts encompass both direct and indirect consequences. Direct impacts include physical damages to buildings, infrastructure, and property, while indirect impacts encompass social, economic, and environmental consequences. Tangible impacts are usually quantifiable, such as monetary losses and damage to the economy. Intangible impacts refer to aspects that are more challenging to measure, such as loss of life, injuries, psychological trauma, and damage to ecosystems and cultural heritage. In flood impact assessments, the focus is often initially placed on quantifiable factors like flood damage and fatalities. However, it is critical to consider the broader range of impacts, including the well-being and resilience of affected communities, ecological systems, and cultural assets. This comprehensive understanding of flood impacts helps in formulating strategies to reduce vulnerability, enhance preparedness, and promote sustainable recovery and adaptation in flood-prone areas. To identify and communicate the potential dangers associated with floods, flood hazard maps are created. These maps take into account the depth and velocity of floodwaters, as the combined effect of these factors determines the severity of the hazard. Geographic Information System (GIS) software is commonly used to map flood hazards and provide visual representations of the areas at risk. These maps assist in decision-making processes regarding land use, emergency planning, and the allocation of resources for flood management and mitigation efforts.
3.3.6. Flood vulnerability map

A flood vulnerability map is a spatial representation that depicts the areas at risk of flooding and their corresponding levels of vulnerability. It combines various geographic and socio-economic factors to assess the potential impacts of floods on different areas. In flood vulnerability analysis, it is essential to consider different indicators that provide information about exposure, susceptibility, and resilience. These indicators help assess the potential impact and vulnerability of an area to flood events. The collected data for these indicators are then arranged in increasing order to determine the values for the Vulnerability Index.

Exposure indicators represent the elements or factors present in an area that are at risk of being affected by floods. These can include human settlements, infrastructure, cultural heritage sites, agricultural fields, and other relevant components. The exposure index (I) is obtained based on the functional relationship of these indicators, which can be determined using a specific formula.

Susceptibility indicators reflect the potential of a system or its components to be harmed or negatively impacted by flood events. These indicators consider factors such as instability, social and economic weaknesses, and unfavorable conditions.  The susceptibility index (I) is calculated based on the functional relationship of these indicators, which may involve using a formula specific to the study. Resilience represents the ability of a system or community to adapt, cope with, and recover from flood events. It is a measure of the capacity to absorb and mitigate potential damages caused by floods. 

Resilience indicators are important in understanding the system's ability to withstand and recover from flood impacts. 
In flood vulnerability studies, the analysis is based on the extent of potential harm that can occur in a particular area at a specific period. This includes considering physical factors, such as the intensity and frequency of flood events, as well as socio-economic factors, such as population density, economic conditions, and infrastructure development. The selection of socio-economic indicators in this particular study was based on data availability and the modification of indicators used in a previous study to suit the conditions of the study area. By considering and analyzing these indicators, a comprehensive understanding of flood vulnerability can be obtained. The Vulnerability Index, derived from the arrangement and analysis of these indicators, provides a quantitative measure of the overall vulnerability of the study area to flood events. The vulnerability of a system to flood events can be expressed with the following general
equation (Balica, 2007, p 37). This equation is used in the present study to compute the Flood Vulnerability Index (FVI). 

FVI = Exposure Index* Susceptibility Index- Resilience Index……………………… (3.24)
. In this study, the socio-economic indicators are considered based on the data availability. This study adopted and modified the socio-economic indicators selected by Mishra & Sinha, (2020) to suit the conditions of the study area. 

The various indicators that are selected for socio-economic flood vulnerability analysis are based on the data availability, extensive literature review, and rigorous group discussion with the population, policymakers residing in the community, and their influence and
relationship with flood vulnerability. Based on the pieces of literature reviewed, field visits, and focused group discussion (FGD) with key informants in the study area, the socio-economic indicators such as Flood depth, Flood velocity, flood duration, slope, DEM, and land-use, are selected in this study as they so much influence the vulnerable nature of the study area. 

The flood depth and flood velocity are considered as the key factors in vulnerability mapping because the population density is the superset of the entire vulnerability indicator drivable from population census data whereas flood depth and flood velocity are the next factor. Finally, these dataset are processed in GIS to generate spatial maps which are afterward used for the flood vulnerability analysis. The flood vulnerability map is produced by integrating these maps to a single whole using GIS analysis. 
In the case of the Teji River floodplain, the selection of flood vulnerability indicators was primarily influenced by the availability of data and personal observations specific to the area. Seven indicators were chosen based on their relevance to the local vulnerability conditions, and these indicators were combined to create a composite vulnerability index.

DEM (Digital Elevation Model): This indicator provides information about the elevation of the land in the floodplain. Areas with lower elevations are more prone to flooding and are therefore considered more vulnerable.

Flood depth: This indicator quantifies the depth of floodwaters during an inundation event. Higher flood depths indicate a greater potential for damage and impact on the floodplain, contributing to higher vulnerability.

Flood velocity: The speed at which floodwaters flow is an important factor in determining the destructive potential of floods. Areas with higher flood velocities are at a greater risk of erosion, property damage, and endangering human lives.

Flood duration: This indicator measures the length of time that an area remains flooded during an event. Longer durations of flooding can lead to more severe consequences, including infrastructure damage, displacement of populations, and disruption of essential services.

Slope: The steepness of the land surface plays a role in flood vulnerability. Areas with steeper slopes can experience faster water runoff, increasing the risk of flash floods and associated hazards.

Land use land cover: This indicator considers the type of land use and land cover in the floodplain. Certain land uses, such as urban areas or agricultural fields, may be more susceptible to flood damage compared to natural or protected areas. 
In order to analyze and compare the collected data from various sources, a Geographic Information System (GIS) was used to organize and map the data. Each indicator measured different aspects and had varying units and scales of measurement. To make the indicators comparable and free of units and scales, the UNDP's Human Development Index (HDI) method of normalization was adopted (UNDP, 2006). Normalization is a statistical technique that transforms the values of indicators to a common scale, typically ranging from 0 to 1. In this case, the values were standardized to lie between 1 and 5 to create a more intuitive and interpretable index. This process allows for the indicators to be uniformly compared and combined into a composite vulnerability index. Before normalization, the indicators were arranged based on their functional relationship with vulnerability. Some indicators were found to have a positive relationship with vulnerability, meaning that higher values of these indicators correspond to increased vulnerability. Examples of such indicators may include flood depth, flood velocity, and flood duration. Higher values in these indicators indicate higher vulnerability levels.

The next step involved assigning weights to each indicator based on their relative importance in contributing to overall vulnerability. These weights were determined based on expert judgment, stakeholder inputs, or research findings. Unequal weights were used to reflect the varying significance of each indicator in the vulnerability assessment. By combining the normalized scores of each indicator using their respective weights, an index of the vulnerability score was constructed.

3.3.7. Flood Risk Analysis

Flood risk analysis is a process of assessing and evaluating the potential risks associated with flooding in a particular area. It involves analyzing various factors such as historical flood data, topography, hydrological characteristics, land use patterns, and vulnerability of assets and populations. The main objective of flood risk analysis is to understand the likelihood and potential consequences of flooding, enabling effective planning, mitigation, and emergency response strategies. Risk assessment combines the information from hazard, exposure, vulnerability, and consequence analyses to quantify and evaluate the overall flood risk in the area. It involves integrating the probability of flooding with the potential consequences to determine the level of risk for different areas and assets. Risk Communication focuses on effectively communicating the flood risk information to stakeholders, decision-makers, and the public. It involves presenting the results of the risk analysis in a clear and understandable manner, using maps, visualizations, and other communication tools. Based on the findings of the risk analysis, appropriate risk management and mitigation measures can be developed and implemented. These may include land use planning, floodplain zoning, structural measures (such as levees and flood walls), non-structural measures (such as early warning systems and emergency response plans), and insurance and financial mechanisms. For this study, flood hazard and flood vulnerability will be developed, flood risk then be developed by overlaying the flood hazard map and food vulnerability map. According to Zimmerman & Bier (2005), the conventional expression of risk is,  
                         Risk=Hazard * Vulnerability ……………………………………………. (3.25)
4. RESULTS AND DISCUSSIONS

4.1. Teji river Flood inundation extent
The flood inundation maps of the Teji River for different return period indicated that significant flooding in the river bank and along the floodplain of River. As the map shows that, the 100 years flood of the Teji River inundated the area more than two times larger than the 10 years flood. The upstream floodplain and the downstream part of floodplains are relatively flat to gentle slope and the inundation is more in this area. Whereas the middle part of floodplain has the steep sloped topography and this area were inundated less compare to the upstream and downstream floodplain. Due to the flat terrain at upstream and downstream part, the floodwaters spread considerably, resulting in large inundated areas. As shown on figure 4.1 below, for 100 years return periods, some part of Asgori town and major part of Teji town are likely to be affected by the floods. After Teji town, the downstream parts of an area inundated with flood are rural settlements, agricultural lands along the flood plain and seasonal crops. 
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Figure 4.1: Teji River 100 years flood inundation area

To show the spatial coverage of floods for different return periods, the inundation extent map was prepared as shown Figure 4.2 below. The areal coverage in square kilometer and hectares were also presented on table 4.1 below. This inundation maps were used for emergency action plan to see the perspective through which mitigation measure undertaken to reduce the risk of flood or take appropriate remedial measure.
Table 4.1: Teji river flood inundation area for different return periods

	Return period
	Inundation area (Km2)
	Inundation area (ha)

	10 years
	9.42
	942

	25 years
	13.93
	1393

	50 years
	17.77
	1777

	100 years
	20.87
	2087
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Figure 4.2: Floods areal extents for 10 years return period
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Figure 4.3: Floods areal extents for 25 years return period
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 Figure 4.4: Floods areal extents for 50 years return period
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Figure 4.5: Floods areal extents for 100 year return period
4.2. Water Surface Elevation 
The water surface elevation of a flood refers to the height or level of the water surface during a flood event. It represents how high the water reaches in relation to a reference point, such as the ground level or a specific benchmark. In study area, the WSE can vary greatly depending on the topography in which flood inundated. It is typically measured in meters above a mean sea level, which is a reference point used for elevation measurements. In unsteady flow analysis of Teji river flood, water levels can rise rapidly during floods, inundating the low-lying areas of Asgori town and Teji town and causing significant damage to infrastructure, property, and endangering lives. Therefore, Monitoring and predicting water surface elevations during a flood are crucial for flood forecasting, emergency response planning, and evacuation efforts. Figures below show the WSE of the Teji River for different return periods. 
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Figure 4.6: WSE for 10 years flood
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Figure 4.7: WSE for 25 years flood
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Figure 4.8: WSE for 50 years flood
[image: image159.jpg]426000 429000 432000 435000 438000

972000 974000 976000 978000

970000

Legend
100 yrs flood WSE

Value

l High : 2079.63
Low :2030.17

26000 2900 132000 435000 138000

972000 974000 976000 978000

970000





Figure 4.9: WSE for 100 years flood
4.3. Flood depth
Flood depth maps play a crucial role in understanding the water levels during different flood frequencies. These maps provide valuable information for assessing flood vulnerability and estimating the potential consequences of flooding, encompassing social, cultural, economic, and environmental aspects. In the case of the Teji River, the flood depth analysis reveals that high flood depths are observed in two main areas: the upstream part of the floodplain and along the center of the river channel. This occurrence can be attributed to the nearly flat topography of the upstream region. Due to the flatness, water tends to pond in this area rather than flowing downstream, resulting in the accumulation of floodwater and consequently higher flood depths.

The analysis indicates that the maximum flood depths recorded for a 100-year return period along the Teji River reach 14.6 meters. These depth values serve as an indication of the expected floodwater levels at different locations along the river. The flood depth maps, specifically figures 4.3 and 4.4, illustrate the spatial distribution of flood depths in the floodplain. It is evident from the flood depth maps that the maximum flood depth occurs near Asgori town, which is situated upstream of the river channel. As we move downstream, the flood depths gradually decrease along the river course. This information holds significant value for emergency responders as it enables them to assess the severity of flooding and devise appropriate response strategies. By understanding the depth of flooding, responders can gauge the potential impact on infrastructure, communities, and the overall safety of the affected area. This knowledge allows for better planning and allocation of resources during emergency situations, aiding in mitigating the adverse effects of flooding.
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Figure 4.10: Spatial variation of flood depth for 10 years flood
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Figure 4.11: Spatial variation of flood depth for 25 years flood
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Figure 4.12: Spatial variation of flood depth for 50 years flood
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Figure 4.13: Spatial variation of flood depth for 100 years flood
4.4. Flood velocity
Velocities in floodplain and in the river channels are relatively medium in most locations but are greater than 2m/s in some steeper areas of the floodplain, possibly resulting in some erosion in these areas. During the 100 years flood, velocities in the channel can be over 4 m/s.  At these velocities, scour of the riverbed and banks should be expected. Figure 6-30 shows a typical cross section of the Teji River. Velocity maps are particularly important for emergency and engineering tasks. Emergency workers use the latter to determine how fast the water flows in areas where rescue operations take place. In constructing flood defense structures, velocity of water is also needed to be known.
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Figure 4.14: Spatial variation of flood velocity for 10 years flood
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Figure 4.15: Spatial variation of flood velocity for 25 years flood
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Figure 4.16: Spatial variation of flood velocity for 50 years flood
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Figure 4.17: Spatial variation of flood velocity for 100 years flood
4.5. Flood Hazard
A flood hazard refers to the potential danger posed by the occurrence of a flood. The nature and extent of this hazard vary depending on the severity of the flood and its location within the floodplain. Different studies and guidelines employ various flood hazard classification limits. In this particular study, the depth-velocity hazard classification diagram considered was based on (FEMA, 2018) guide line.  FEMA's guidelines offer a framework for assessing flood hazards and categorizing them based on depth and velocity parameters. To determine the upper limits of the depth-velocity product for each hazard level, the study refers to the flood severity grid prepared by (FEMA, 2018). This grid, depicted in Figure 4.18, provides a visual representation of the different hazard levels corresponding to specific combinations of flood depth and velocity.
[image: image168.emf]
Figure 4.18 : Flood hazard category

The combined effect of depth and velocity has been considered while classifying the hazard at a grid point. These hazard criteria are assigned hazard index on 1 – 5 scale, 1 being low hazard category while 5 being extreme hazard category. The hazard classification scheme is shown in table 4.2.
The hazard classification scheme used in this study incorporates both depth and velocity to assess the combined effect and severity of flooding at specific grid points. The hazard criteria are assigned a hazard index on a scale of 1 to 5, with 1 representing the low hazard category and 5 representing the extreme hazard category. This scale allows for a systematic categorization of flood hazards based on their potential impact. Table 4.2, presented in the study, illustrates the hazard classification scheme employed. It outlines the specific criteria and corresponding hazard levels assigned to different ranges of depth and velocity. By considering both depth and velocity, the classification scheme provides a more comprehensive understanding of the potential dangers associated with flooding. This helps in prioritizing areas and resources for flood management and emergency response efforts. Areas categorized as higher hazard levels require more immediate attention and potentially more extensive mitigation measures to reduce the risks associated with flooding.

Table 4.2: Flood Depth and Velocity Severity Grid Categories source: (FEMA, 2018)
	Flood index
	Flood severity category
	Depth *velocity range (m2 /sec)
	Description

	1
	Low hazard
	< 0.2
	Generally safe for vehicles, people and buildings.

	2
	Medium hazard
	0.2 - 0.5
	Unsafe for small vehicles.

	3
	High hazard
	0.5 - 1.5
	Unsafe for vehicles, children and elderly.

	4
	Very high hazard
	1.5 - 2.5
	Unsafe for vehicles and peoples

	5
	Extreme hazard
	> 2.5
	Unsafe for all vehicles, peoples, and buildings


The hazard map for the 100-year return period, based on the maps of Depth * Velocity and the hazard classification scheme described on Table 4.2, has been prepared and is depicted in Figures 4.19. These maps serve as a crucial foundation for the development of short-term emergency action plans and long-term floodplain regulatory management strategies. Table 4.3 provides information on the area and percentage coverage of different hazard classes within the floodplain. The findings indicate that approximately 43% of the total flooded area falls under the extreme, very high, and high hazard categories. This implies that these areas are deemed unsafe for all individuals, including children, elderly people, vehicles, and structures vulnerable to flooding. The extreme and very high hazard areas are predominantly located in the upstream portion of the floodplain near Asgori town. This region is characterized by a flat slope gradient and a high population density, contributing to the increased hazard levels. These areas require particular attention and immediate action due to the significant risks associated with flooding. On the other hand, the high, medium, and low hazard areas are relatively distributed across the middle and downstream regions of the floodplain. These areas are characterized by varying slope gradients, with the middle section exhibiting steep gradients and the downstream section transitioning from steep to gentle gradients.

The hazard map and the corresponding classification of hazard areas provide essential information for decision-making processes. They serve as a basis for formulating emergency action plans in the short term, enabling effective response strategies to protect lives and minimize damage during flooding events. In the long term, these maps guide floodplain regulatory management efforts, helping to establish measures and policies to mitigate the risks and ensure the safety of communities living in flood-prone areas.
Table 4.3: Areal and percentage coverage of different hazard class

	Hazard class
	Area(ha)
	% coverage’s

	Low
	537.41
	26%

	Medium
	644.94
	31%

	High
	381.02
	18%

	Very high
	441.06
	21%

	Extreme
	82.58
	4%
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Figure 4.19: Flood Hazard map

4.6. Flood Vulnerability
Flood vulnerability refers to the susceptibility and potential for harm or damage to individuals, communities, infrastructure, and the environment in the event of a flood. It is influenced by various factors, including physical characteristics, socioeconomic conditions, and preparedness measures. The flood vulnerability map of the study area is presented in Figure 4.6 which highlights five areas of vulnerability levels ranging from very low, low moderate, high and very high. 
Table 4.4: Areal and percentage coverage for different flood vulnerability levels
	Vulnerability Levels
	Area (ha)
	%  coverage

	Very low
	797.688
	38%

	Low
	563.338
	27%

	Moderate
	570.658
	27%

	High
	100.908
	5%

	Very high
	54.408
	3%


According to Table 4.4 above and Figure 4.20 below, the very high and high vulnerability levels cover approximately 8% of the flooded area. These areas are characterized by urban regions, specifically Asgori town and Teji down, which have high population density, flat slopes, high flood depths, and medium flood velocities. The combination of these factors contributes to their heightened vulnerability to flooding. In these urban areas, the concentration of population and infrastructure increases the potential for damage and disruption during flood events. The flat slope of the terrain hampers the natural drainage of water, leading to the accumulation of floodwaters. Additionally, the medium flood velocities indicate the potential for fast-flowing water, which can exacerbate the destructive impact on buildings and infrastructure. The moderate vulnerability level covers approximately 27% of the flooded area. These areas exhibit characteristics such as medium-density urban dwellings, scattered rural populations, and dense evergreen forests. While they may have lower vulnerability compared to the very high and high levels, they still face significant risks during floods. The presence of urban areas and scattered rural populations implies a moderate level of exposure to flood hazards. The dense evergreen forests can contribute to increased runoff and potential blockages in drainage systems.

The low and very low vulnerability classes encompass approximately 60% of the flooded area. These areas are characterized by agricultural lands, vegetation, lower rural population densities, and gentle to steep slopes. They generally have a lower vulnerability to flooding due to factors such as the natural drainage capacity of the land, less densely populated areas, and the presence of vegetation that can absorb and slow down floodwaters. The gentle to steep slopes aid in directing water away from settlements and infrastructure. It is important to note that high flood vulnerability levels indicate a higher flood risk. Areas classified as very high and high vulnerability are more susceptible to the adverse impacts of flooding, including potential damage to buildings, infrastructure, and the potential for loss of life. These areas require sensitive attention and targeted measures for flood risk reduction, such as improved drainage systems, flood-resistant building designs, and efficient emergency response plans.
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Figure 4.20 : Flood vulnerability map
4.7. Flood Risk
Flood risk refers to the probability and potential consequences of flooding occurring in a particular area. It takes into account both the likelihood of a flood event and the potential damage or adverse impacts that may result from it. Assessing flood risk aids in understanding the level of danger and informs decision-making processes related to land use planning, emergency preparedness, and flood mitigation measures. The flood risk map of the Teji River floodplain provides a comprehensive understanding of the flood risk levels across the region. The map classifies the flood risk into five levels, ranging from very low to very high risk, based on an analysis of various factors including hazards, vulnerability, and exposure. 
Table 4.5: Areal and percentage coverage for different flood risk levels
	Risk Level
	Area (ha)
	% coverage

	Very low
	754.106
	36%

	Low
	363.556
	17%

	Moderate
	559.536
	27%

	High
	310.806
	15%

	Very high
	98.996
	5%


Figure 4.21, the flood risk map, provides important insights into the distribution of flood risk within the flooded area. Approximately 20% of the flooded area is categorized as very high and high risk, primarily concentrated in the densely populated towns of Asgori and Teji. The presence of these high-risk zones in urban settlements underscores the vulnerability of these areas to flooding. The dense population combined with factors such as flat slopes, high flood depths, and medium flood velocities, increases the potential for significant damage and loss of life. It is crucial for authorities to prioritize these areas for effective flood mitigation measures, emergency response plans, and infrastructure improvements to ensure the safety and well-being of the residents.

Around 53% of the flooded area is classified as low and very low risk. These regions are situated downstream of the floodplain and consist of agricultural lands, sparse rural populations adjacent to Teji town, and natural vegetation. While these areas are less susceptible to flooding compared to the high-risk zones, it is important to maintain awareness and preparedness. Even low-risk zones can be affected by extreme flood events, and it is necessary to have measures in place to handle such situations and minimize potential impacts. Approximately 27% of the flooded area is categorized as moderate risk. These areas include parts of the upstream region, where flat slopes contribute to increased flood risk, as well as urban settlers within Asgori town and some areas along the downstream floodplain. The moderate-risk zones require attention and targeted interventions to reduce the potential impacts of flooding on the affected communities and infrastructure. This may involve implementing flood protection measures, improving drainage systems, and raising awareness among residents about flood risks and appropriate actions to take during flood events. The flood risk map serves as a valuable tool for policymakers, urban planners, and emergency management authorities. It allows them to prioritize resources and implement appropriate measures based on the specific areas and communities at different levels of flood risk. By understanding the distribution of flood risk, stakeholders can develop tailored strategies for flood risk reduction, land-use planning, and emergency response. This may include the construction of protective infrastructure, the improvement of early warning systems, and the promotion of community engagement and education initiatives to enhance resilience in flood-prone areas.
[image: image171.jpg]426000 429000 432000 435000 438000

972000 974000 976000 978000

970000

Class Risk level

- 1 Very low

Low

Moderate

High

0o 1 2 4 6 Bl Ve hich
e e s Km

426000 429000 432000 435000 438000

972000 974000 976000 978000

970000





Figure 4.21: Flood risk map
5. CONCLUSIONS AND RECOMMENDATIONS
5.1. Conclusions

Floods are undeniably one of the most devastating and recurrent natural hazards worldwide. Their destructive nature causes widespread consequences, impacting lives, societies, and economies in numerous ways. The effects of floods extend far beyond physical damage to encompass the loss of human lives, the spread of diseases, property destruction, economic setbacks, and profound social and psychological impacts. The main objective of the study was to evaluate the potential flood hazards, assess vulnerability levels, and determine flood risk across the river's floodplain. By using advanced hydrological and hydraulic modeling techniques, the researcher aimed to provide valuable information for effective flood management, land-use planning, and disaster risk reduction strategies. To initiate the study, the researcher gathered a wide range of data from various sources. The rainfall data was collected from the National Meteorological Agency (NMA). Stream flow data was collected from the Ministry of Water Resources; Ethiopia (MoWE). The Digital Elevation Model (DEM) obtained from the Alaska Satellite Facility (ASF). Additionally, land use/land cover data were collected from USGS. The study used two key models: HEC-HMS (Hydrologic Engineering Center's Hydrologic Modeling System) and HEC-RAS (Hydrologic Engineering Center's River Analysis System). The HEC-HMS model was utilized to develop inflow design floods for various return periods. This involved analyzing historical rainfall and stream flow data to determine the magnitude and frequency of floods that can occur in the Teji River basin. The model was accurately calibrated and validated using observed stream flow data to ensure accuracy and reliability in simulating flood hydrographs. The calibration period yielded a Nash-Sutcliffe Efficiency (NSE) of 0.78, Percent Bias (PBIAS) of 4.1, coefficient of determination (R2) of 0.79, and Relative Mean Square Error (RMSE) of 5.04, showcasing a good fit, favorable bias, strong correlation, and low error between the simulated and observed flow values. Similarly, during the validation period, the model achieved a solid performance with an R2 of 0.81, NSE of 0.79, PBIAS of 1.89, and RMSE of 1.29, indicating a reasonable fit, slight bias, significant correlation, and acceptable accuracy. After calibration and validation, flood hydrographs for different return periods, representing the expected flow rates during floods of varying magnitudes were generated. These hydrographs served as inputs for the HEC-RAS model, a hydraulic model widely used for river analysis and floodplain mapping. The HEC-RAS model considered the 2D flow area and roughness coefficients, to simulate the hydraulic behavior of the Teji River during flood events. The researcher integrated the HEC-RAS model outputs with Geographic Information System (GIS) software to map flood inundation areas. By overlaying the simulated flood extents on topographic maps, they generated detailed flood inundation maps that visually represented the areas prone to flooding along the Teji River. These flood inundation maps provided valuable information about the spatial extent and severity of flooding for different return periods. The flood inundation maps revealed significant flood-prone areas along the Teji River. For instance, during a 100-year flood event, the floodwaters inundated an area more than twice as large as during a 10-year flood. The flat terrain in the upstream and downstream floodplain areas contributed to the extensive spread of floodwaters, resulting in larger inundated areas. The maps also provided insights into flood depths and velocities. The maximum flood depth recorded was 14.6 meters during the 100-year return period, indicating the potential for catastrophic flooding. Additionally, maximum flood velocities of 6.5 m/s were observed, signifying the force at which floodwaters can move. After flood inundation maps, flood hazard map was developed. These maps classified the flood-prone areas into hazard categories, including extreme, very high, high, moderate, and low. Approximately 43% of the flooded area fell under extreme, very high, and high hazard categories. These areas were deemed unsafe for individuals, vehicles, and structures vulnerable to flooding. The upstream portion of the floodplain near Asgori town exhibited the highest hazard levels due to its flat slope gradient and high population density. To assess flood vulnerability, various indicators that contribute to the susceptibility of an area to flood damage were considered. These indicators included flood depth, velocity, duration, slope, land use/land cover, and population density. By analyzing these factors, the researchers classified vulnerability levels into five classes: very low, low, moderate, high, and very high. Approximately 8% of the flooded area was classified as very high and high vulnerability, primarily consisting of urban regions with high population density, flat slopes, high flood depths, and medium flood velocities. Moderate vulnerability covered around 27% of the flooded area, including medium-density urban dwellings, scattered rural populations, and dense evergreen forests. The low and very low vulnerability classes constituted approximately 60% of the flooded area, characterized by agricultural lands, vegetation, lower rural population densities, and gently to steeply sloping terrain. Finally, the flood hazard and vulnerability information were combined together to develop a comprehensive flood risk map. The flood risk map provided a clear understanding of the different risk levels across the Teji River floodplain. It classified flood risk into five levels: very low, low, moderate, high, and very high. Approximately 20% of the flooded area fell under the very high and high-risk categories, primarily concentrated in the densely populated towns of Asgori and Teji. These high-risk zones emphasized the vulnerability of urban settlements to flooding, necessitating the implementation of effective mitigation measures and the development of robust emergency response plans. Approximately 53% of the flooded area was classified as low and very low risk, consisting of downstream agricultural lands, sparse rural populations, and natural vegetation. While these areas are at lower risk, it is still essential to maintain preparedness measures to minimize potential impacts. Around 27% of the flooded area fell under the moderate risk category, requiring targeted interventions to reduce flood impacts on communities and infrastructure. The flood risk map served as a valuable tool for decision-making and planning processes. It provided policymakers, urban planners, and disaster management agencies with crucial information to prioritize and allocate resources for flood risk reduction measures. By identifying high-risk areas, the map guided the implementation of structural and non-structural measures such as the construction of flood protection infrastructure, land-use planning regulations, early warning systems, and community-based disaster preparedness initiatives. The map also facilitated the identification of areas suitable for floodplain zoning and the relocation of vulnerable populations to safer areas
5.2. Recommendations

Based on the findings, some recommendations can be made to address the risks and vulnerabilities associated with flooding.
Implement Flood Protection Infrastructure: Given the significant flood-prone areas along the Teji River, it is crucial to invest in the construction of flood protection infrastructure. This may include levees, floodwalls, and embankments to mitigate the impact of floods and protect vulnerable communities and infrastructure.

Land-Use Planning Regulations: Incorporate the study's flood hazard and vulnerability information into land-use planning regulations. Restrict or discourage construction in high-risk areas to prevent further exposure to flood hazards. Promote the development of green spaces or parks in flood-prone regions to serve as natural buffers.

Early Warning Systems: Establish an effective early warning system that can provide timely and accurate flood alerts to communities at risk. This system should utilize the calibrated and validated hydrological and hydraulic models to forecast flood events and issue warnings, allowing residents to evacuate in a timely manner.

Community-Based Disaster Preparedness: Conduct awareness campaigns and community training programs to educate residents about flood risks, preparedness measures, and evacuation procedures. Encourage communities to develop their own disaster preparedness plans, including establishing neighborhood emergency response teams and evacuation routes.

Floodplain Zoning: Utilize the flood risk map to delineate floodplain zones and implement appropriate zoning regulations. Discourage or restrict development in high-risk areas while promoting sustainable land use practices in low and moderate-risk zones. This can help minimize potential damage to infrastructure and reduce the exposure of vulnerable populations.

Relocation of Vulnerable Populations: Identify areas with high vulnerability and high flood risk, such as the densely populated towns of Asgori and Teji, and consider options for the relocation of vulnerable populations to safer areas. This may involve developing alternative housing options and providing necessary support and resources for the relocation process.

Continuous Monitoring and Updating: Regularly monitor and update the flood hazard and vulnerability assessments, as well as the flood risk map, to account for changes in climate patterns, land use, and population growth. This will ensure that flood management and mitigation strategies remain effective and relevant over time.

International Cooperation: Collaborate with international organizations, neighboring countries, and experts in the field of flood management to share knowledge, experiences, and best practices. This can help gain insights into successful flood risk reduction strategies implemented in similar contexts.
6. REFERENCES
Abbott, M. B., Bathurst, J. C., Cunge, J. A., O’Connell, P. E., & Rasmussen, J. (1986). An introduction to the European Hydrological System—Systeme Hydrologique Europeen, “SHE”, 1: History and philosophy of a physically-based, distributed modelling system. Journal of Hydrology, 87(1), 45–59. https://doi.org/10.1016/0022-1694(86)90114-9

Adigrat, M., Region, T., Nigusse, A. G., & Adhanom, O. G. (2019). Flood Hazard and Flood Risk Vulnerability Mapping Using Geo-Spatial and. 11(1), 90–107.

Al, P. M. et. (2004). Reducing disaster risk a challenge for development. United Nations Development Programme—Bureau for Crisis Prevention and Recovery. Doi:10.1007/ s003450050172.

Alemu, T. (2020). FLOOD HAZARD AND RISK ASSESSMENT OF UPPER AWASH BASIN USING GEOGRAPHIC INFORMATION SYSTEM: A CASE OF BARGA RIVER, OROMIYA, ETHIOPIA.

Alexander, D. E. (1997). The study of natural disasters, 1977-1997: Some reflection on a changing field of knowledge. Disasters, 21 4, 284–304.

Ali, A. B. Md. (2018). Flood Inundation Modeling and Hazard Mapping Under Uncertainty in the Sungai Johor Basin, Malaysia (1st ed.). CRC Press. https://doi.org/10.1201/9780429469015

Anees, M. T., Abdullah, K., Nawawi, M. N. M., Ab Rahman, N. N. N., Piah, Abd. R. Mt., Zakaria, N. A., Syakir, M. I., & Mohd. Omar, A. K. (2016). Numerical modeling techniques for flood analysis. Journal of African Earth Sciences, 124, 478–486. https://doi.org/10.1016/j.jafrearsci.2016.10.001

Ardoin-bardin, S., & Al, C. E. T. (2009). Rainfall and Water Resources Variability in Sub-Saharan Africa during the Twentieth Century Rainfall and Water Resources Variability in Sub-Saharan Africa during the Twentieth Century. January 2015. https://doi.org/10.1175/2008JHM1004.1

Arnold, J. G., Srinivasan, R., Muttiah, R. S., & Williams, J. R. (1998). Large area hydrologic modeling and assessment part I: model development 1. JAWRA Journal of the American Water Resources Association, 34(1), 73–89.

Barbero, G., Costabile, P., Costanzo, C., Ferraro, D., & Petaccia, G. (2022). 2D hydrodynamic approach supporting evaluations of hydrological response in small watersheds: Implications for lag time estimation. Journal of Hydrology, 610, 127870. https://doi.org/10.1016/j.jhydrol.2022.127870

Beven, K., & Binley, A. (1992). The future of distributed models: Model calibration and uncertainty prediction. Hydrological Processes, 6(3), 279–298.

Billi, P., & Ciampalini, R. (2015). Paolo Billi , Yonas Tadesse Alemu &. January. https://doi.org/10.1007/s11069-014-1554-0

Birkmann, J. (2007). Risk and vulnerability indicators at different scales: Applicability, usefulness and policy implications. Environmental Hazards, 7(1), 20–31. https://doi.org/10.1016/j.envhaz.2007.04.002

Blaikie, P., Cannon, T., Davis, I., & Wisner, B. (2005). At Risk: Natural Hazards, People’s Vulnerability and Disasters. https://doi.org/10.4324/9780203974575

Buttinger-Kreuzhuber, A., Konev, A., Horváth, Z., Cornel, D., Schwerdorf, I., Blöschl, G., & Waser, J. (2022). An integrated GPU-accelerated modeling framework for high-resolution simulations of rural and urban flash floods. Environmental Modelling & Software, 156, 105480. https://doi.org/10.1016/j.envsoft.2022.105480

Centre, R. C. R. C. C. (2021). Climate Change Impacts on Health: Ethiopia Assessment. April, 8–40.

Chen, S. H., & Pollino, C. A. (2012). Good practice in Bayesian network modelling. Environmental Modelling & Software, 37, 134–145. https://doi.org/10.1016/j.envsoft.2012.03.012

Dadhe, B., & Gumi, B. (2020). Flooding in Ethiopia; Causes, Impact, and Coping Mechanism. A Review.

Diakakis, M. (2017). Flood History Analysis and Its Contribution To Flood Hazard Assessment. The Case of Marathonas, Greece. Bulletin of the Geological Society of Greece, 43(3), 1323. https://doi.org/10.12681/bgsg.11308

Enyew, B., & Steeneveld, G. (2014). Analyzing the Impact of Topography on Precipitation and Flooding on the Ethiopian Highlands. August.

Erena, S. H., & Worku, H. (2018a). Flood risk analysis: Causes and landscape based mitigation strategies in Dire Dawa city, Ethiopia. Geoenvironmental Disasters, 5(1), 16. https://doi.org/10.1186/s40677-018-0110-8

Erena, S. H., & Worku, H. (2018b). Flood risk analysis: Causes and landscape based mitigation strategies in Dire Dawa city, Ethiopia. Geoenvironmental Disasters, 5(1). https://doi.org/10.1186/s40677-018-0110-8

EU. (2022). DIRECTIVE OF THE EUROPEAN PARLIAMENT AND OF THE COUNCIL. 0344.

Fabillar, L. A., & Gomba, F. (2017). Flood for Hazard Assessment of Gandara River: Input to Flood Control Program (SSRN Scholarly Paper 3085386). https://doi.org/10.2139/ssrn.3085386

Fahad, M. G. R., Nazari, R., Motamedi, M. H., & Karimi, M. E. (2020). Coupled hydrodynamic and geospatial model for assessing resiliency of coastal structures under extreme storm scenarios. Water Resources Management, 34, 1123–1138.

Fatichi, S., Vivoni, E. R., Ogden, F. L., Ivanov, V. Y., Mirus, B., Gochis, D., Downer, C. W., Camporese, M., Davison, J. H., Ebel, B., Jones, N., Kim, J., Mascaro, G., Niswonger, R., Restrepo, P., Rigon, R., Shen, C., Sulis, M., & Tarboton, D. (2016). An overview of current applications, challenges, and future trends in distributed process-based models in hydrology. Journal of Hydrology, 537, 45–60. https://doi.org/10.1016/j.jhydrol.2016.03.026

Faulkner, D., & Wass, P. (2005). Flood estimation by continuous simulation in the Don catchment, South Yorkshire, UK. Water and Environment Journal, 19(2), 78–84.

FDREfile:///D:/Teji_data/Materials/Materials/Organized/General Overview/20230704-WCA_Floods_20203_Information_Note-ENG.pdffile:///D:/Teji_data/Materials/Materials/Organized/General Overview/20230704-WCA_Floods_20203_Information_Note-ENG.pdf. (2018). Federal Democratic Republic of Ethiopia National Disaster Risk Management Commission, early Warning and Emergency Response Directorate Flood Alert # 3. 3, 1–7.

Federal, U., Catarina, D. S., & Engenharia, D. D. (2015). Quantitative method to distinguish flood and flash flood as disasters Quantitative method to distinguish flood and flash flood as disasters Abstract : June, 10–14. https://doi.org/10.3178/suisui.1.11

Fekede, N. (2016). FLOOD RISK ANALYSIS WITH REGARDS TO CROP YIELD IN UPPER AWASH RIVER BASIN , ETHIOPIA ( CASE STUDY OF TEJI RIVER ).

FEMA. (2018). Guidance for Flood Risk Analysis and Mapping Flood Depth and Analysis Grids. February.

Grande, P. (2016). Flood Hazard Identification Program Grande Prairie – Bear River – Flood Hazard Study – Summary. 2016.

Gul, G. O., Harmancıoglu, N., & Gul, A. (2010). A combined hydrologic and hydraulic modeling approach for testing efficiency of structural flood control measures. Natural Hazards, 54, 245–260.

Hlavcova, H., Kohnova, S., Kubes, R., Szolgay, J., & Zvolensky, M. (2005). An empirical method for estimating future flood risks for flood warnings. Hydrology and Earth System Sciences, 9(4), 431–448. https://doi.org/10.5194/hess-9-431-2005

Hon, M. (2006). IHMS Integrated Hydrological Modelling System. https://www.academia.edu/7580397/IHMS_Integrated_Hydrological_Modelling_System

Horritt, M. S., & Bates, P. D. (2002). Evaluation of 1D and 2D Numerical Models for Predicting River Flood Inundation. Journal of Hydrology, 268, 87–99. https://doi.org/10.1016/S0022-1694(02)00121-X

IFRC. (2021). DISPLACEMENT IN A Localized humanitarian action at the. 1–60.

IPPC. (1995). Scientific-Technical Analyses of Impacts, Adaptations, and Mitigation of Climate Change.

Khan, S. (2012). Vulnerability assessments and their planning implications: A case study of the Hutt Valley, New Zealand. Natural Hazards, 64(2), 1587–1607. https://doi.org/10.1007/s11069-012-0327-x

Khattak, M. S., Anwar, F., Saeed, T. U., Sharif, M., Sheraz, K., & Ahmed, A. (2016). Floodplain mapping using HEC-RAS and ArcGIS: a case study of Kabul River. Arabian Journal for Science and Engineering, 41, 1375–1390.

Kiwanuka, M., Yilma, S., Mbujje, J. W., & Niyomukiza, J. B. (2021). FLOOD ANALYSIS AND HYDRAULIC COMPETENCE OF DRAINAGE STRUCTURES ALONG ADDIS ABABA LIGHT RAIL TRANSIT. 4(2), 248–272.

Klijn, E.-H. (2009). Public–Private Partnerships in the Netherlands: Policy, Projects and Lessons. Economic Affairs, 29(1), 26–32. https://doi.org/10.1111/j.1468-0270.2009.01863.x

Kouwen, N. (1988). WATFLOOD: a Micro-Computer Based Flood Forecasting System Based on Real-Time Weather Radar. Canadian Water Resources Journal / Revue Canadienne Des Ressources Hydriques, 13(1), 62–77. https://doi.org/10.4296/cwrj1301062

Kumar, V., Sharma, K. V., Caloiero, T., Mehta, D. J., & Singh, K. (2023). Comprehensive Overview of Flood Modeling Approaches: A Review of Recent Advances. Hydrology, 10(7). https://doi.org/10.3390/hydrology10070141

Kumar, V., & Yadav, S. M. (2021). Real-Time Flood Analysis Using Artificial Neural Network BT  - Recent Trends in Civil Engineering (K. K. Pathak, J. M. S. J. Bandara, & R. Agrawal, Eds.; pp. 973–986). Springer Singapore.

Kundzewicz, Z. W. (2008). Flood risk and vulnerability in the changing climate. 31(39), 21–31.

Kundzewicz, Z. W., Kanae, S., Seneviratne, S. I., Handmer, J., Nicholls, N., Peduzzi, P., Mechler, R., Bouwer, L. M., Arnell, N., Mach, K., Muir-Wood, R., Brakenridge, G. R., Kron, W., Benito, G., Honda, Y., Takahashi, K., & Sherstyukov, B. (2014). Flood risk and climate change: Global and regional perspectives. Hydrological Sciences Journal, 59(1), 1–28. https://doi.org/10.1080/02626667.2013.857411

Legese, B., & Gumi, B. (2020a). Flooding in Ethiopia;Causes, Impact and Coping Mechanisms. A Review. 7(3).

Legese, B., & Gumi, B. (2020b). Flooding in Ethiopia;Causes, Impact and Coping Mechanisms. A Review. International Journal of Research and Analytical Reviews (IJRAR) Www.Ijrar.Org, 7(3), 707.

Liu, Y., & Pender, G. (2015). A flood inundation modelling using v-support vector machine regression model. Engineering Applications of Artificial Intelligence, 46, 223–231. https://doi.org/10.1016/j.engappai.2015.09.014

Lohani, T. K. (2018). Flood inundation mapping under climate change scenarios in the Boyo watershed of Southern Ethiopia. Journal of Water and Climate Change. https://www.academia.edu/92556397/Flood_inundation_mapping_under_climate_change_scenarios_in_the_Boyo_watershed_of_Southern_Ethiopia

Maranzoni, A., D’Oria, M., & Rizzo, C. (2023). Quantitative flood hazard assessment methods: A review. Journal of Flood Risk Management, 16(1), e12855.

Meira, L. F. D., & Philips, W. (2019). An economic analysis of flooding in the Caribbean The case of Jamaica and Trinidada and Tobago. ECLAC Studies and Perspectives Series, 76, 1–54.

Miranda, F. N., & Ferreira, T. M. (2019). A simplified approach for flood vulnerability assessment of historic sites. Natural Hazards, 96(2), 713–730. https://doi.org/10.1007/s11069-018-03565-1

Mishra, S. K., & Singh, V. P. (2004). Long‐term hydrological simulation based on the Soil Conservation Service curve number. Hydrological Processes, 18(7), 1291–1313.

Nasiri, H., Johari, M., Yusof, M., Ahmad, T., & Ali, M. (2016a). An overview to flood vulnerability assessment methods. Sustainable Water Resources Management, 2(3), 331–336. https://doi.org/10.1007/s40899-016-0051-x

Nasiri, H., Johari, M., Yusof, M., Ahmad, T., & Ali, M. (2016b). An overview to flood vulnerability assessment methods. Sustainable Water Resources Management, 2(3), 331–336. https://doi.org/10.1007/s40899-016-0051-x

National Disaster Risk Management Commission - Early Warning and Response Directorate: Flood Alert, April 2016 - Ethiopia | ReliefWeb. (2016, May 12). https://reliefweb.int/report/ethiopia/national-disaster-risk-management-commission-early-warning-and-response-directorate

NCRSAA. (2021). African floods. May.

Ndue, K., & Baylie, M. M. (2023). Determinants of Rural Households ’ Intensity of Flood Adaptation in the Fogera Rice Plain , Ethiopia: Evidence from Generalised Poisson Regression.

Neelz, S., & Pender, G. (2010). Benchmarking of 2D hydraulic modelling packages.

Nordio, G., Frederiks, R., Hingst, M., Carr, J., Kirwan, M., Gedan, K., Michael, H., & Fagherazzi, S. (2023). Frequent Storm Surges Affect the Groundwater of Coastal Ecosystems. Geophysical Research Letters, 50(1), 1–10. https://doi.org/10.1029/2022GL100191

OCHA. (2023). Flood Risks in West and Central Africa.

Osei, M. A., Amekudzi, L. K., Omari-Sasu, A. Y., Yamba, E. I., Quansah, E., Aryee, J. N. A., & Preko, K. (2021). Estimation of the return periods of maxima rainfall and floods at the Pra River Catchment, Ghana, West Africa using the Gumbel extreme value theory. Heliyon, 7(5), e06980. https://doi.org/10.1016/j.heliyon.2021.e06980

Pandey, A. C., Singh, S. K., Gyan, S., Univeristy, V., & Nathawat, M. S. (2010). Waterlogging and flood hazards vulnerability and risk assessment in Indo Gangetic plain Waterlogging and flood hazards vulnerability and risk. June 2018. https://doi.org/10.1007/s11069-010-9525-6

Papaioannou, G., Vasiliades, L., Loukas, A., & Aronica, G. (2017). Probabilistic flood inundation mapping at ungauged streams due to roughness coefficient uncertainty in hydraulic modelling. Advances in Geosciences, 44, 23–34. https://doi.org/10.5194/adgeo-44-23-2017

Peel, M. C., & McMahon, T. A. (2020). Historical development of rainfall‐runoff modeling. Wiley Interdisciplinary Reviews: Water, 7(5), e1471.

Pramanik, N., Panda, R. K., & Sen, D. (2010). One Dimensional Hydrodynamic Modeling of River Flow Using DEM Extracted River Cross-sections. Water Resources Management, 24(5), 835–852. https://doi.org/10.1007/s11269-009-9474-6

Pulse, A. (2021). CLIMATE CHANGE ADAPTATION AND ECONOMIC TRANSFORMATION IN SUB-SAHARAN AFRICA (Vol. 24, Issue October).

Rameshwaran, P., & Shiono, K. (2007). Quasi two-dimensional model for straight overbank flows through emergent. Journal of Hydraulic Research, 45(3), 302–315. https://doi.org/10.1080/00221686.2007.9521765

Ramkar, P., & Yadav, S. M. (2021). Identification of critical watershed using hydrological model and drought indices: A case study of upper Girna, Maharashtra, India. ISH Journal of Hydraulic Engineering, 27(sup1), 471–482. https://doi.org/10.1080/09715010.2019.1594416

Randa, T., Tom, R. O., George, K. O., Joanes, A. O., & Haron, A. (2022). Review of flood modelling and models in developing cities and informal settlements: A case of Nairobi city Journal of Hydrology: Regional Studies Review of flood modelling and models in developing cities and informal settlements: A case of Nairobi city. Journal of Hydrology: Regional Studies, 43(October), 101188. https://doi.org/10.1016/j.ejrh.2022.101188

Roy, S., Atolagbe, B., Ghasemi, A., & Bathi, J. (2020). A MATLAB-Based Grid Generation Tool for Hydrodynamic Modeling. Watershed Management Conference 2020, 88–98.

Sahoo, B., Perumal, M., Moramarco, T., Barbetta, S., & Sahoo, S. (2020). A multilinear discrete Nash-cascade model for stage-hydrograph routing in compound river channels. Hydrological Sciences Journal, 65(3), 335–347. https://doi.org/10.1080/02626667.2019.1699243

Saleh, F., Ducharne, A., Flipo, N., Oudin, L., & Ledoux, E. (2013). Impact of river bed morphology on discharge and water levels simulated by a 1D Saint–Venant hydraulic model at regional scale. Journal of Hydrology, 476, 169–177. https://doi.org/10.1016/j.jhydrol.2012.10.027

Sarhadi, A., Soltani, S., & Modarres, R. (2012). Probabilistic flood inundation mapping of ungauged rivers: Linking GIS techniques and frequency analysis. Journal of Hydrology, 458–459, 68–85. https://doi.org/10.1016/j.jhydrol.2012.06.039

Scholl, M., Ingebritsen, S., Janik, C., & Kauahikaua, J. (1996). Use of Precipitation and Groundwater Isotopes to Interpret Regional Hydrology on a Tropical Volcanic Island: Kilauea Volcano Area, Hawaii. Water Resources Research - WATER RESOUR RES, 32. https://doi.org/10.1029/95WR02837

Schulze, R. (2001). FLOODS AND DROUGHTS: COPING WITH VARIABILITY AND CLIMATE CHANGE AUTHORS:
Smit, B. (2006). Adaptation , adaptive capacity and vulnerability. 16, 282–292. https://doi.org/10.1016/j.gloenvcha.2006.03.008

Stephens, T. A., & Bledsoe, B. P. (2020). Probabilistic mapping of flood hazards: Depicting uncertainty in streamflow, land use, and geomorphic adjustment. Anthropocene, 29, 100231. https://doi.org/10.1016/j.ancene.2019.100231

Tan, B., Uk, V. M., Uk, M. P., & Germany, J. P. (2012). Determinants of Risk: Exposure and Vulnerability Coordinating Lead Authors: Lead Authors: Review Editors: Contributing Authors : 65–108.

Tansar, H., Babur, M., & Karnchanapaiboon, S. L. (2020). Flood inundation modeling and hazard assessment in Lower Ping River Basin using MIKE FLOOD. Arabian Journal of Geosciences, 13, 1–16.

Teng, J., Jakeman, A. J., Vaze, J., Croke, B. F. W., Dutta, D., & Kim, S. (2017). Flood inundation modelling: A review of methods, recent advances and uncertainty analysis. Environmental Modelling & Software, 90, 201–216. https://doi.org/10.1016/j.envsoft.2017.01.006

Tsakiris, G. (2007). Practical application of risk and hazard concepts in proactive planning. European Water, 19(20), 47–56.

Turkington, T., Breinl, K., Alkema, D., & Jetten, V. (2016). Author ’ s Accepted Manuscript climate change impact studies. Weather and Climate Extremes. https://doi.org/10.1016/j.wace.2016.10.001

UNISDR. (2009). Terminology on disaster risk reduction. Retrieved from The united nations office for disaster risk reduction.

UNU-EHS. (2006). Vulnerability a conceptual and methodological review.

USAID. (2018). CLIMATE RISK PROFILE. December.

Vivekanandan, N. (2015). Flood frequency analysis using method of moments and L-moments of probability distributions. Cogent Engineering, 2(1), 1018704. https://doi.org/10.1080/23311916.2015.1018704

Vojtek, M., & Vojtekov, J. (2016). Flood hazard and fl ood risk assessment at the local spatial scale: A case study. 7(6), 1973–1992.

WFP. (2023). Eastern Africa Seasonal Monitor. June.

WMO. (2022). State of the Climate in Africa (Issue 1330).

Zhong, M., Jiang, T., Li, K., Lu, Q., Wang, J., & Zhu, J. (2020). Multiple environmental factors analysis of flash flood risk in Upper Hanjiang Multiple environmental factors analysis of flash flood risk in Upper Hanjiang River , southern China. June. https://doi.org/10.1007/s11356-019-07270-9

Zimmerman, R., & Bier, V. M. (2005). RISK ASSESSMENT OF EXTREME EVENTS.



7. APPENDIX
Appendix A: 100 years flood depth
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Appendix B: flood velocity for 100 years flood
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Appendix C:  flood Duration for 100 years flood
[image: image174.png]



[image: image175.png]



Hydrological modeling





Temporal data





Spatial Data





DEM


Soil


LULC











Rainfall


Stream flow


Frequency storm











Model simulation for time series data using HEC-HMS





Model Calibration





Model Validation





Model simulation for event based frequency storms





Flood Hydrograph for different return periods





v





Hydraulic modeling





Boundary conditions





DEM





LULC





HEC-RAS Model development





Model Simulation





 Model Results





Flood depth


Flood velocity


Flood inundation boundary


Flood duration


D*V








Flood hazard map


Flood Vulnerability map


Flood risk map








Vulnerability data








  II 


