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ABSTRACT

Nowadays, Flooding is one of the most natural disasters, significantly affecting livelihoods,
infrastructures, and ecosystems worldwide. Genfel River Catchment, located within the
Tekeze Basin in Ethiopia, is particularly vulnerable to flood hazard due to its topography,
climatic conditions, and hydrological characteristiderefore, this study aims to analyze

the climate change scenarios as well as flood inundate map and identify flood hazards area.
Methodol@y integrates fieldmeasured elevation crosection data with dest fittedDEM

to improve the river channel representatidilme accuracy of digital elevation model (DEM)

in representing the river terrain channelas improved by integrating, the field data and
FABDEM 30 m resolutionThe hydrological process of the catchmerats simulated using

the HEGHMS model, which was calibrated and validated with the historical streamflow
data. Thena combined 1D/2D HE®RAS hydrodynamic modeas been employdd assess

flood hazards under different climate change scenarios, specifically, Shared Socioeconomic
Pathways (SSP) 4.5 and 8Hhe results highlight significant change in flood extent, depth,
and velocity under future climate conditions, with the worst scenario (SSP 8.5) indicating an
increased flood risk. The findings provide valuable insights for flood mitigation planning,
emergency response, and climate adaptation strategies in the Boeastablish hazard
management measures, it is critical to map flood inundation for possible climate change
scenariosThe entire area flooded kybaseline period under 200 return period will possibly
243.5ha, while a future period SSP8.5 scenario will possit8@.7 ha of the study area.
Thus, this study suggests emergency action plan should be implemented for better hazard
management practices to ensure public safety and protect economic interests in the flood

prone area.

Key words:1D/2D, climate changeCMIPG6, flood, SSR Flood hazard, Flood inundation
map,HEC-HMS, HEGRAS

Belaynesh Haftu Teweldemedhin

Modeling Flood Hazard Under Climate Change Scenarios in Genfel Ratehment

Tekeze Basin, Ethiopia
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1 INTRODUCTION

1.1 Background

Globally, flooding is a serious hazard to ecosystems, infrastructure, and populations, and
climate change is increasing the frequency and severity of floods. The Tekeze Basin, which
lies in the country's north and includes the Genfel River watershed, is prone to flash floods
and riverine flooding, significantly affecting millions of livelihoods. The region also
experiences high rainfall variabilitpMO, 2023).The occurrence of heavy rainfall and
runoff changes are the most common causes of urban flooding. Flash floods occur when a
huge amount of water overflows in a short period of time. Intense precipitation can cause

flooding in community settlements near river chan@elskherjee et al., 2022).

Flooding becomes serious issue when the river is crossing urbanized areas, since many
people live with in a small area and huge amount of money is invested to construct
infrastructures. The same is true in the case of Genfel river in which runoff discharge
generated from highland areas exceeded bank full discharge and the river inundated the

surrounding flood plains around Wukuro town.

During the summer flooding caused mainly due to intensive rainfall events have occurred
several times. However, the magnitude of the peaks and flood extent and depths have not yet
explored. The main problems related to those events are; Loss of livestock, massive erosion
and over flow of river bank which creates a risk to the community located close to the river
flood plain including inundation of Hospital, churches, and secondary school. Moreover,
damages the bridge foundation and abutments, over topping of roads especially the road to
Negash, and flooding of agricultural land can be stated as a key problem associated with

flooding in the area.

Projections related to climate change indicate that patterns of precipitation, temperature
regimes, and extreme weather events could change, generating uncertainties over the
dynamics of flood hazards. Comprehending the interplay between flood hazards and climate
change is crucial for efficient risk mitigation and adaptation strategies within the Tekeze

basin. Nevertheless, there lack of thorough modeling studies in this area that integrate



climatic predictions, hydrological processes, and assessments of flood hgzkaddu et
al.2017)

In order to bridge this gap, this study proposes to use a rigorous modeling approach to
evaluate flood risk in the Genfel River catchment in Ethiopia's Tekeze basin as a result of
climate change. This study seeks to shed light on the temporal and spatial dynamics of flood
danger under various climate change scenarios by combining sophisticated hydrological
models, and flood hazard mapping methodologies. The results of this study will support risk
reduction tactics, ad#gion plans, and welinformed decisiormaking to increase the

Tekeze basin's resilience to flood hazards imposed due to climate change.

Flash floods,such incidents are not fully preventable, but the associated hazards could be
minimized if flood prone areas are known in advance. This comprises to search a method to
merge the ground survey with of remotely sensed data for generating accurate digital terrain
model (DTM) of the floodplain and channel to get reliable flood forecast under climate
change scenarios. Flood extent mapping is one of the basistmiotural measures which

provides required information for mitigating the economic and social damage of flooding.

Therefore, the maimesearch gap observed in previous studies is thafidbe inundation
mapping is using coarse geometry data without modifying the accuracy of the river channel.
Furthermore, the 1D HERAS model was used imost of the investigations. However, the
present state of the art in flood inundation mapping has been updated to 2D or combined 1D/2D

model should be used.

Population growth and urbanization near flggdne areas exacerbate flood risks, impacting

the socioeconomic status of affected communitigenoako & Frimpong, 2021).
Consequently, there is a pressing need to develop effective strategies for addressing spatial
challenges(Hirabayashi et al., 2023)Future challenges for humanity will be driven by
changes in climatic conditions, which will significantly influence the occurrence and impact

of flooding and the hydrological regime of the Eaftitergovernmeral Panel on Climate
Change IPCC, 2023).Reports from the IPCC indicate that rising atmospheric temperatures,
humidity, precipitation, and changes in circulation patterns will lead to increased frequency

of extreme weather events, including floods, droughts, heatwaves, and cy&lbae<t al.,



2022). Studies project substantial socioeconomic impacts from future extreme flooding
events due to climate chan@€han et al., 2022; Mukherjee et al., 2022).

While flood events are challenging to control, a combination of structural anstmmtural
approaches can significantly mitigate their impdehgsanchali & Karim, 2022)Flood risk
management typically involves four key steps: prediction, preparation, prevention, and
mitigation, including damage assessmdhiforld Bank, 2022).Structural approaches
encompass the construction of various infrastructure such as weirs and small dams, while
non-structural measures involve mapping flgmbne areas and implementing effective
mitigation strategie{Mukherjee et al., 2022)Research indicates that relying solely on
structural measures is insufficient for reducing flood risk, highlighting the importance of

integrating norstructural approach&gingsanchali & Karim, 2022).

The primary objective of this research is assesBingd hazardutilizing data from CMIP6
climate models, with a specific focus on the Sand SSB.5 scenarioat Genfel Catchment

At the lower Genfel River catchment, there is a scattered community, and especially the
Wukuro town district, infrastructures (MkelWukuro and WukuréHawzen roadways) and
highly investment irrigated lands. Thus, usually suffers with the causes huge damage to the
community in the district especially those who are near the river banks as wells as in the
infrastructures and highly investment irrigated lands. Therefore, it is necessary to map flood

hazard for this catchment to identify flood hazard areas.

Preparation of flood inundation maps fraatchmentanalysis which accurately predict the

flood extent, flood depths and its velocity at critical locations is very important to prepare an
emergency action plafKulkarni et al., 2016)FEMA (2013)reported that flood inundation

map is a key element for mitigation planning, emergency action plan preparation, emergence
response, and consequence assessment. We also note that accuracy of flood inundation map
is a function of quality of geometry data (DEM resoluti¢fed and Michael, 20130nly a

few researchers improved accuracy of the river channel terrain by integrating field measured
elevation cross section data with elevation extracted from the mostly appropriate DEM
while other uses 12.5 m cell size DEBNd FABDEM 30 mcross section elevation data

without any modification to its river channel terrain.



The main objective of this study is tmodel flood hazardof Genfel catchmentsing
combined 1D and 2D HE®RAS hydrodynamic model. The Hydrologic Engineering Center
River Analysis System (HE®AS) model having a capacity to simulate steady and unsteady
hydro dynamic flood were employed in this research to analyz#ioiheé hazardunder the
most twoclimate changscenarios$SP 4.5andSSP 8.5

1.2 Statement of Problem

In the main rainy season, rivers carry high runoff discharges originated from mountainous
catchment in the form of flash floods, resulting in considerable losses of human life and
properties. Flash floods also transport trees, boulders and other large Gelbifi.river

which is located in th&asterrpart of Tigray that causes enormous damage resulted from the
formation of flash flood as it passes through the town. The town is confined by the flow of
Genfelriver flows towards south west direction. Dgithe summer flooding caused mainly

due to intensive rainfall events have occurred several times. The recent severe flooding that
occurred in the area had higher in its magnitude, extent as well as the huge resultant damages
which got a media coverage by Tigrai Mass Media Agency (TMMA). However, the
magnitude of the peaks and flood extent and depths have not yet explored. The main
problems related to those events are; Loss of livestock, massive erosion and over flow of
river bank which creates a risk to teemmunity located close to the river flood plain
including inundation oHospital, churches, and secondary schiddreover, damaging of
Hospital which provides service to the society, damages the bridge foundation and
abutments, over topping of roads especially the road, flooding of agriculturablahés a

key problem associated with flooding in the area. Such incidents are not fully preventable,
but the associated hazards could be minimized if flood prone areas are known in advance.
This comprises to search a method to merge the ground survey with of remotely sensed data
for generating accurate digital terrain model (DTM) of the floodplain and channel to get
reliable flood forecast. Flood extent mapping is one of the basiestrantural measures
which provides required information for mitigating the economic and social damage of
flooding. Therefore, to reduce the impact of flood which occurs in low land area when

excessive rainfall in adjacent highland areas, it is essential to study the -raingdfl



processes and extent of the flood to the nearby area along the river following appropriate

modeling procedures.

At Genfel Catchmentthere is a community especially the nanvédkuro town, scattered
village, infrastructures and highly investment irrigated lanOsere are population and
properties on both sides of the river banks. Hendbeifclimate change is continugdnay
causeloss of human life and property damage in the community especially those who are
located near the river banks. Furthermore, there is no previous study that deals with flood
inundation mappingetin the study area. Therefore, it is found necessary to develop flood
hazard mapo identify flood risky areas located tite catchmen{including Wukuro town

community,infrastructures and highly investment irrigated Ignds
1.3 Objective of the Study
1.3.1 General objective

The main objective of this study flbod hazards modeling under different climate change

scenarios in the Genfaler catchment, Tekeze Basin, Ethiopia

1.3.2 Specific objectives

V To integrate field measured elevation cross section data with modified DEM for
better representation afer channel.

V To simulate hydrological processes of the Genfel River Catchment under different
climate change scenarios using HEB®IS hydrologic model

V To develop flood hazard maps for the Genfel River Catchment and identifying areas

at high flood risk undethe climatechangescenarios

1.4 Research questions

I. Is integrating field measured elevation cross section data with modified DEM
significantly improve accuracy of flood characteristics?
il How do the hydrological processes of the Genfel River Catchment respond to

different climate change scenarios?



iii. Which areas in the Genfaler catchment are most vulnerable to flooding under
the climate change scenarios, and how can flood hazard maps help identify these

area®

1.5 Significance of the study

Loss of human life and damage on properties may be occurred due to flash flooding.
Therefore, mapping floodazardat Genfel river catchmens very important to motivate the
policy makers and experts to formulate and implement effectiveupddtedappropriate
strategies for the safe guarding of safety of the population and properties lodatekiuab

town. It is also important to aware the local community which areas are at flood risk.
Furthermore, the results can be used as a baseline information for further similar scientific
researchwill conductin the area and to formulate appropriate flood management plan by

assisting the Authorities in handling any possible flood events.
1.6 Scope and limitation of the study

In this study, considering the constraints, it is not possible to cover all aspects of the flood.
Hence, this study mainly focused on mapping of selected floodplain area which only covers
the river reach near to the town and simulation of floadard Domains of the model were
limited to somer.8 km at which masses of populations and economic interests are situated.
Hydrodynamic HEGRAS (version 6.5 mode| Arc GIS, and hydrologic engineering center
hydrologic model system (HEBMS, version 412) of USACE model were employed in this
study.Due to the constraints of time and budgetelopment of an emergency action plan or
preparations of any remedial action to the flood event were not part of this study which was

left for further studies.
1.7 PossibleObstacles

It may be difficult to conduct this thesis research in northern Ethiopia. One challenge might
be the lack of access to reliable data, particularly fromHyarological and Meteorological
service, collection of the primary data such as field survey. Data gathering may be impacted
by logistical problems such as inadequate internet connectivity or transportation in rural
places during field land survey data collection. Ultimately, finance will be the biggest

obstacle; even if funding by the PAU, it might not be sufficient.



1.8 Structure of the thesis

There are five chapters in this thesis. The first chapter is the introduction, objective of the
research, the research problem statement, and the study's scope and limitations. The research
literature review and description of the two models employed in the thesis study are
presented in chapter two. The material and methodology used to condueisdarch are
discussed in the third chapter. The modeling results and discussions are presented in the
fourth Chapter. FinallySummeryconclusion and recommendations are presented in the fifth

Chapter. In addition, the references and appendices are located at the end of the document.



2 LITERATURE REVIEW

2.1 General

Flooding is generally defined as the temporary inundation of normally dry land due to the
overflow of water from natural or artificial bodies, often resulting from heavy precipitation.
The Federal Emergency Management Agency (FEMA) defines a flood as a "general and
temporary condition of partial or complete inundation of two or more acres of normally dry
land area or of two or more properties" caused by various factors, including the overflow of
inland or tidal waters and the rapid accumulation of surface waters from any @onazdil

et al., 2024).

Flash floods, a specific type of flooding, are characterized by their rapid onset and short
duration. The National Weather Service (NWS) defines a flash flood as "a flood caused by
heavy or excessive rainfall in a short period of time, generally less than 6 (©alislti et

al., 2024).These events are often marked by swift water rise and high flow velocities,
making them particularly dangero@€larke et al., 2024)lt is important to note that the
definition of a flash flood is not uniform worldwide. Some researchers include events like
landslides and debris flows under the umbrella of flash floods, while others focus solely on
rainfall-induced flash flood¢Global Flash Flood Guidance, 202450r the purpose of this

research, only rainfalhduced flash floods are considered.

Flash floods in rivers are characterized by a rapid rise in water levels, high flow velocities,
and large quantities of debris and sediment carried downstream. This phenomenon is
primarily associated with small catchments and is commonly caused by intense convective
storms of short duration but high rainfall intengia et al., 2025)The severity of flooding
increases if the catchment is steep and has a surface with low infiltration cépghaitg et

al., 2024).

Floods are natural hazards resulting from a combination of hydrological and meteorological
factors. A flash flood disaster refers to natural events such as flooding, debris flow, or
landslides caused by heavy rains of short duration in steep mountainous areas (Wang et al.,
2020). These events are mainly influenced by underlying surface conditions (e.g., poor



vegetation cover), hydrological conditions, frequency of rainfall events, and human activities
(Sene, 2013; Ma et al., 2025).

Floods mostly caused by heavy rainfall have occurred throughout Ethiopia, with varying
times and severity in the topography of the highlands and lowland plains generated by the
major river basinsAmong others flash floods are the most common form of flood in
Ethiopia northern region, which are mostly caused by high slopes, geological formations with
little permeability, and heavy rainfalA flood occurs when water exceeds the capacity of a
stream or river, inundating floodplains and areas not typically affected by normal flow
(Khanet al. 2023. The study of floods and their associated risks is driven by the increasing

frequency of intense extreme weather events and precipitation over the past two decades.
2.2 CMIP GCM Climate Models candidates

In this study three CMPI6 GCM climate models were sssetheir performanceafter
assessing the performance giving the rank, the model with best performance and first rank is
selected Model candidate GFDL ESM4 according Berhanu, et al (2023[valuation of

CMIP6 models in reproducing observed rainfall over Ethityyi@valuatingover 37 CMPI6

GCM models his finding highlights GFDL ESM4 was the best performed for his study.
According toKahsay et al. (2024assesses the performance of various CMIP6 models in
simulating rainfall climatology over the Blue Nile River Basin (BNRB) in Ethiopia, the study
found that MPIESM1-2-LR was the seconbdest performing model for simulating daily
rainfall, andCNRM-ESM2-1 was also candidate of this study.

2.3 Climate model Bias correction

The bias corrections are necessary since climate models often exhibit systematic error
(biases) which are caused due to the limited spatial resolution, simplified physics and
thermodynamic processes, numerical schemes or incomplete knowledge of climate system
processesOne way of bias correction is to construct a transfer function (TF) to match the
cumulative distribution functions (CDF) of modelled and observed data from-dasaie

climatic variables (e.g. temperature and precipitation)

For flood modeling, Quantile Mapping is often consideredasw the most preferable bias

correction methodéDhawanet al., 2024) This approach is particularly effective because it


javascript:;

corrects not just the mean or variance but the edisteibution of climate variables, such as

precipitation and temperature, which are critical for accurate flood mgdelin

Quantile Mapping (QM) is widely recognized as an effective bias correction method in flood
modeling, particularly in regions like East Africa and Ethiopia. A study by Ayugi et al.
(2020) applied QM to correct biases in regional climate models over Kenya, enhancing the
accuracy of drought and flood projectioAsugi et al. (2020)his study utilized the Quantile
Mapping Bias Correction (QMBC) method to adjust biases in five regional climate models
(RCMs) from the Rossby Centre Regional Climate Model (RCA4) over Kenya. The
corrected models were then used to project extreme events such as drought and flood, aiming

to improve the accuracy of climate data for regional impact analyses.

Kahsay et al. (2024this research applied QMBC to correct biases in CMIP6 model outputs
for the Blue Nile River Basin. The study found that while some models performed well in
simulating daily rainfall, they were less accurate for monthly rainfall. The corrected
projections are essential for understanding future climate impacts on water resources in the
basin.Additionally, Nigussie, A., et al. (2023tudy compared the performance of various
bias correction methods, including QMBC, on satetliggived precipitation data for the

Main Beles River Basin. The findings highlighted the variability in performance across
different stations and satellite products, underscoring the importance of selecting appropriate
bias correction methods for accurate flood modeling. These studies demonstrate the
application of Quantile Mapping Bias Correction in Ethiopian watersheds, enhancing the

reliability of climate projections for flood modeling and water resource management.
2.4 Hydrodynamic model Analysis Models

Nowadays, several hydrodynamic models are available to nftmtel inundation map
analysis. They can be either hydrologic or hydraulic, one dimensional (1D) or two
dimensional (2D) in which their selection is a function of the level of analysis (simple,
intermediate, or detailed). In the case widens orat@nnelized floodplain, the accuracy of
1D model will become less reliable to estimate the outflow and to rout outflow hydrograph
(FEMA, 2013)Some of the models used for flobdzardnapping are described below.

FLO-2D model is developed based on MUDFLOW model in 1989. This predicts the flood

hazard, mudflow and debris flow over alluvial river and this uses grid system to determine
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floodplain based on elevation, roughness coefficient and it is good in predicting flow path
and area. In this model, sediment laden and without sediment flow can model. In this model,
discharge is estimated based on depth of flow over each sector and summing up all sector on
all the four sidesof gridD0 Br i e n e dtated that acquracy 6f h¢ model is dependent
on the density of grid system and the data available.

FLDWAV: model was developed by the NWS as a replacement to DAMBRK model. This
model has wave front tracking for more accuracy and computational time required is less.
This allows flood prediction and potential concerned area are calculated. This model is
designed to model rapid flood events from large precipitation event occurrences predicting
flow through single stream or network of streams using real forecasting technology and
considers terrain and properties of material at different time interval and adjust flow pattern.
This model also has secondary function to predict flow through hydrological structures and
river basins and it performs dam breach analyBigad and Lewis, 1988).

Danish Hydraulic Institute (DHI) MIKE 11: is new generation software comprising of
fully windows integrated graphical user interface. It is fully dynarogerfriendly, one
dimensional tool for the breach analysis which simulates flood waves, sediment
transportation, water quality in channels or water bodies, etc. Hydrodynamic module is one
of the core modules of MIKE 11 package simulating unsteady flow in open channel. It uses

implicit finite difference method for simulation

Hydrologic Engineering Center- Hydrologic Modeling System (HEGHMS): HEC-HMS

was developed bynited States Army Corps of Engine€@tdSACE) Hydrologic Engineering
Center. The model was designed for both continuous and-kasatl hydrologic modeling.

It provides several different options to the users for modeling various components of
hydrologic cycle. Initially it was developed to simulate the precipitatiooff processes of
dendritic watershed systems. Later it was improved to solve widest possible range of
problems including large river basin water supply, flood hydrographs, and small urban or
natural watershed runoff and it has the capability of integrating with other software to
accommodate well organized déize Silva et al., 2014HEC HMS model has been used in

different parts of the world for catchment model{dgo et al., 2014).

Hydraulic Engineering Center River Analysis System (HEGRAS): HEC-RAS is
developed by USACE Hydrologic Engineering Center. In the old versions ofREL
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(before development of the latest version of HEA&S, ver. 5.0 and later), it was possible to
simulate only onalimensional flow. However, the latest version of HEC RAS model has the
ability to model 1D, 2D and combined 1D/2D. HEC RAS has the abilitgddel steady and
unsteadyflow routing, sediment analysis, and water quality analysis.

2.5 HEC-RAS Model

Ghimire et al. (2020ktated thathe latest version of HERAS model has the ability to
simulate in all three modes: 1D, 2D, and combined 1D/2D modeling with unsteady flow

analysis.
2.5.1 HEC-RAS onedimensional (1D) model

HEC-RAS uses the steady and unsteady flow analysis for water surface profile computation
and flood plain delineation. Treating floodplain flow as a-dimensional flow along the

river channel center line is the simplest representation.-ddnensional models simulate the

flow by representing the terrain as a sequence of -s@dsons and providing estimates of
flow parameters including flow velocity and water deffffasallas, 201R Unsteadyflow

routing solves the 1D SauWvenant equation which is comprised of a continuity and
momentum(Ghimire et al. 2020)This model highly depends on geometric data at selected
specific locations and in the floodplain, which assume that river geometry changes linearly
over specific river sectiongn many instances, the assumption is appropriate, but it may not
be suitable for flood mapping in locations where flow is expected to spread, such as a wide
floodplain. Furthermore, 1D surface model are more preferable in practice since they are less

expensive, easier to create, operate, and maintain.
2.5.2 HEC-RAS two-dimensional (2D) model

HEC-RAS model has recently added the ability to perform 2D hydrodynamic flow routing
within the unsteady flow analysis portion of HRAS (HEGRAS, 2015).

The 2D model either uses the full SaWgnant equation or uses the diffusion wave equation.
The 2D SainVenant equation solves the problems with greater computational efficiency
requirements, whereas the 2D diffusmwave equation solves the problems with faster and

higher stability. The time step for running the model is governed by Courant condition for the
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SaintVenant equation full momentum and for the diffusiwave equatior{Ghimire et al,
2020)

SaintVenant equation full momentum

C= \% ¢ 1.0 (with a max C = 3.0) [2- 1]

Diffusion-wave equation

VDT

c =Y=" ¢ 2.0 (with a max C = 5.0) [2-2]

DX
Wher e, C i s Courant Number , V. is flood wave
X = 2D is the cell size in m.

2.5.3 Combined 1D and 2D HEGRAS model

Combined 1D/2D HEERAS model allows users to work in a large river system applying 1D
modeling for a river system where dominant unidirectional flow exists and 2D model for
wider flood plain, which requires a higher level of hydrodynamic precision. The 2D areas can
be directly connected to the 1D model as an upstream end or downstream end or using lateral
structure(Brunner., 2016)Based on the time intervals, the 1D model were connected with
the 2D model; with an option to iterate back and forth between 1D and 2D flow elements to
calculate the water surface elevati@runner., 2016)One of the greatest advantages of the
combined 1D/2D modelling over 1D in HERAS is the direct feedback each time step
between the 1D and 2D flow elements in order to accurately estimate the maximum
floodwater depth at every model grid cell. Nevertheless, the disadvantage of the 2D model is
that it requires substantial computational time and a fine computatjodgMozinaki et al.,

2017)

A combined 1D/2D HEERAS model enables accurate flood simulation by integrating river
channel flow with floodplain dynamics. The 1D model is typically used for river systems
with dominant unidirectional flow, while the 2D model is applied to wider floodplains where
hydrodynamic precision is required. These two components can be connected at upstream or
downstream boundaries or through lateral structures, allowing for an iterative exchange of

water surface elevation calculatio@runner, 2016).Ha et al. (D19) demonstrated the

13



effectiveness of this approach in their case study of the 2002 Baeksan flood event in Korea.
Their study successfully simulated flood dynamics by connecting 1D river channels with 2D
floodplain areas, capturing complex interactions between river flow and overbank flooding.
The results underscored the significance of integrating 1D and 2D modeling for improved

flood risk assessment and managenfat Kim, & Kim, 2019).

The integration of ondimensional (1D) and twdimensional (2D) modeling within the
Hydrologic Engineering Center's River Analysis System (HEAS) has become a pivotal
approach in flood modeling. This combined 1D/2D methodology leverages the strengths of
both modeling dimensions to provide a comprehensive analysis of flood behBwer.
coupled model effectively captured the interactions between river channels and floodplains,
enhancing the simulation's accuracy in predicting inundation extents and flow velocities.
This approach underscores the importance of combiné@D [nodeling in managing flood

risks in regions with intricate hydraulic characterisbasallas et al. (2019).

According toPathiraja et al. (2022)A study compared combined 1D/2D and 2D hydraulic
simulations using highesolution data in the Kelani River basin, Sri Lanka. The combined
1D/2D HEGRAS model outperformed other models in predicting flows and inundation
extents for flood events, highlighting its effectiveness in complex river systesnis.was
stated thatDesai et al. (2023),In the Panchganga River basin, a coupledi 2D
hydrodynamic model was developed using HEA&S to map flood extents between specific
gauging stations. The model was calibrated and validated with historical flood events,
demonstrating its capability to accurately simulate flood scenarios and assist in flood risk

management.
2.6 Hydro-Meteorological data quality assessment

The hydremeteorological data are used as a basement for rainfall runoff modeling of any
drainage area. The basic issue is to identify whether the data has quality or not. Inconsistency
may occur due to misreading, misplaced decimal points, arithmetic mistakes, gaps due to
gage shifts its original place, mistakes occurred when the gage is shielded by large trees,
errors happened by the carelessness of the operator, omission of observation in data transfer,
instrumental malfunctioning and other systematic errors are the main reasons for the

assessments of data quality.
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2.6.1 Meteorological data quality assessment

Precipitation is the decisivaeteorological input data to pretend the +walld information

into the representative computer system, the trend of the rainfall and inundation analysis.
Estimation of missing rain fall data

Any rainfall data series is expected to be qualified and free from any discontinuity. The
failure of any rain gauge station or absence of observer causes a short/long break in the
record of data at the station. The collected or single gaps in the entire data are to be estimated

before the data is available for analysis by the data owners or by the user itself.
2.6.2 Hydrological data quality assessment

In rainfall runoff analysis not only rainfall data, but also the river flow data have
indispensable role in the validity of the simulated runoff. The same to that of rainfall data
availability the stream flow data must be also available with desired length, time step and
guality. Because of their capital and labor costs the stream gages cannot be installed at every

location where the stream information is needed.
2.7 Flood hazard modeling

The main purpose of flood inundation mapping is to identify areas that would be affected by
floods.Hajeri et al. (2016)tated that the process of flood inundation mapping is an essential
component of flood risk management. Flood inundation maps not only provide accurate
geospatial information about flood extent but, when coupled with a geographical information
system (GIS), they also help decisioakers extract other useful information to assess
flood-related risks, such as human loss, property damage, and environmental degradation
(Pal et al., 2022)For these reasons, flood maps have been widely used in practice to assess
potential flood risks. However, the accuracy of flood inundation maps is significantly
affected by ground scale, particularly the resolution of the digital elevation model (DEM)
(Nkeki & Ojeh, 2023).

Flood inundation modeling using tools like HEEAS and GIS has become increasingly
popular in recent years. For instane®gos et al. (2022)lemonstrated the effectiveness of
GlS-based flood hazard assessment in the Upper Awash River Basin, Ethiopia, highlighting

the importance of integrating hydrological and topographical data. SimilGayiru &
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Dinka (2023) applied HEGRAS and GIS to analyze dam breach scenarios and flood
inundation patterns, showing that accurate modeling can enhance disaster preparedness.
FurthermoreMullick (2022)emphasized the role of HERAS modeling in managing dam
breaches and flood risks, reinforcing the importance of-tregblution input data for reliable

predictions.

RAS Mapper, a freely available extension of HRBS, provides an automated approach for
delineating flood zones or inundated areas as agposessing step in flood modeli(@al et

al., 2022). The integration of HEERAS with GIS enables more effective flood risk
assessment, helping decisiorakers design mitigation strategies and improve disaster
management effori@Nkeki & Ojeh, 2023).

2.8 Review of previous related studies

Previously, scientists all over the world conductedimber of flood related studies. Many of
research articles and theses paper neglect accuracy evaluation and DEM error correction
using filed surveyed data. However, digital elevation Model choice for particular flood
analysis studies greatly affects the output representation of river system and thus results of
the hydraulic simulation. There are few literatures available considering DEM resolution,
accuracy, errors in and elevation which addressed those issues using river terrain model,

some of them are listed below.

Flood Modeling using 1D Hydrodynamic modelingpebe, (2021),ncorporates river
bathymetry to the source DEM of 30 m cell size resolution DEM. To select a suitable DEM
from 30 m cell size, SRTM 30 and ASTER 30 M DEMs, RMSE and graphical evaluation
were used. The Inverse Distance Weighting (IDW) interpolation technique was used to
reconstruct the river bathymetry, and after integration, a considerable change was observed

on the river crossection.

Scott, (2018)creates digital elevation model from the combination of conventional (field
survey using total station) and LIiDAR topographic surveys. Gses8on comparison was
performed between elevation extracted from LIDAR DEM alone and the combined LIDAR
and conventional bathymetric survey and the later one represents thesewi®s

accurately.
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In the above studies, DEMs with relatively coarse resolution were used in some of the studies
compared to current freely available DEM like thR&@BDEM 30 m DEM. However, Both

DEM resolution and DEM errors have a significant impact on hydraulic outputs. A high
resolution DEM may offer butter representation of river system, but it does not guarantee
accuracy unless it is proven through different accuracy evaluation techniques such as

statistical and graphical analysis using sample points collected from field.

It is obvious that these studies had contributed their bests in identifying flood risky area in
their respective study areas. Numerous scientific studies and theses ignore accuracy
evaluation and DEM error correction by employing surveyed data that has been collected.
However, the digital elevation model used in a flood analysis study has a significant impact
on the output representation of the river system and, as a result, the hydraulic simulation
outcomes. There are a few literatures accessible that discuss DEM resolution, accuracy,

errors in, and elevation utilizing a river terrain model, some of which are given below.

When compared to current freely available DEMs, DEMs with relatively coassgution

were used in some of the research. However, DEM resolution and DEM inaccuracies which
have a significant impact on hydraulic outputs. A higholution DEM may offer a better
representation of a river system, but accuracy cannot be guaranteed unless it is validated
using various accuracy evaluation technigues such as statistical and graphical analysis using
field sample points. As a result, accuracy evaluations of the four freely available DEMs with
varying resolutions are required in this study. In addition, previous studies performed RMSE
or crosssectional analysis before and after integrating the river terrain model.-$&rctssn
evaluation is obviously important, but for DEMs with errors in representing river profiles,
seeing river profile change is also essential in evaluating changes in the slope of the river
profile as well as cumulative changes on the beds of -sexdsns, which were missed in

those studies.

Generally, the research gab observed in studies is that the researchers model the flood
inundation using coarse geometry data, without modifying accuracy of its river channel and
lack of climate scenario considerations. In addition to this, 1DRBS model was used in

most of the studies. But, the current state of art practice in flood inundation map has been

updated to 2D or combined 1D/2D modeling.
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3 RESEARCH METHODOLOGY

3.1 Description of the study area
3.1.1 Location

The study areavasconducted in the selected flood plain Genfel river which is tributary of
Giba river that is located in the highlands of central Tigray, Northern Ethiopia.
Geographically, it is located 88°3 3Bto 394 4 0a nEd 1MtUdt 6 1 Nigeor&pbic
location (seefigure 3:1). The catchment drains to Giba river which is sub catchment of
Tekeze river basinOne of thefloods impact vulnerable to this catchment Wukro town
which is located about 830 km North of Addis Ababa, Ethiopia.
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3.1.2 Topography and Slope

Genfel catchment is characterized as mountainous area. The elevation of the selected
catchment, ranges fro2007m a.s.| at the mouth of the river 863 m a.s.| at head water

area which is upper part of the catchment as shown in (Figirea)3 Average altitude is
2625m a.s.] According to (FAO, 1985) slope classification system, there are seven slope
classes namely; Flat @), Gently Slope (5%), Slopping (88%), Moderately Steep {8

15%), Steep (180%), Very Steep (360%), andextremely steep (>60%). Figure:3c
provides information on the steepnessG#nfel catchment according to the classification
systemGenfelCatchment laysn the two climate zones (Dega and Weyna Dégggfigure

3:3b)
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3.1.3 Climate

Traditionally, the climate of Ethiopia is classified into five climate zones based on the
altitude and corresponding temperatMMSA, 2001). These are, cold climate (Wurch)
having an altitude of more than 3000m, the highland (Dega) having altitude between 2500m
to 3000m, the altitude between 1500r2500m is warm climate (WoirBega), Kola (hot

and arid type of climate and the altitude is between 50@H00m) and Bereha (hot and
hyperarid type of climate with the altitude < 500m) a.&NMSA, 2001)According to this
classification,Genfelcatchment is characterized by Dega climate zone which c@2&§f

the study area and aba28% of the catchment fall under Wokhiizega climate zone, since

the elevation of the study area lies betw@®®7m to 3063n a.s.| (Figure 2 b). The
catchment has an extended dry period of nine to ten months and an effective rainy season of
50 to 60 days in Juiyseptember. Th&80-years (184-2013) annual average rainfall in the
catchment is aroundd0.07mm, but is characterized by large spatial and temporal variations.
During the rainy season, convective clouds generally develop at the end of the morning,
leading to mostly local rain showers in the afterngbiyssen et al, 2005)The intense
convective rainfall, combined with the steep topography and often poor soil cover leads to a

hydrologic regime that is characterized by flash floods.
3.2 Data collection

Both primary(Field, land surveyand secondargdata from governmental organizatiaigta
were relevant in this study. These data were collected from field and different governmental

organizations. The detail is described in the next section.
3.2.1 Primary data

Primary dataverecollected through field surveying of the Genfel River channel ab&ut

length. Here the river length is limited 8km as there is time and budget constramivell

as the Municipality of Wukurdeowenreports that the area is highly vulnerable as shown in
figure 33. to flooding.The main target here is toapthe floodinundation extenin Wukro

town. 26 river crosssections; at crossection interval o800 mand about nine data points

for a single crossectionwere collected using Total station. The sampling locations are at
center of the river channel, at top of the banks, between river channel and top of banks and

two data points from both sides of river banks (in floodplain). Additional elevatiomesaé
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collected whenever necessary (i.e. in the case of significant change of river depth and
elevation of floodplain). Totall234 data pointsverecollected from the field. Finally, these
data were merged with DEM to get a river channel with better accurang better

representation of river channel
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3.2.2 Secondary data

Secondary datavere collected from different governmental organizations: meteorological
data the rainfall and temperature for 30 years (132843) from the Ethiopian National
Meteorological Agency, stream flow ddtar 20 years (1982013)from EthiopianMinistry

of Water and Energy, Land use land cover data (LULC) from Ethiopian Mapping Agency,

FABDEM 30 m resolution size were downloaded from webbites://www.fabdem.org/
Additionally, satellite imaginary Land sat 8, DEM, SRTM 30 m and ASTER 30 m were also

downloaded from USGStp://earthexplorer.usgs.gpwere used in this study.

3.3 Spatial Data
Land UsdlLand Cover data

Land-cover information is necessary in flood model development. The@C$nethod
requires lanetover information as a way to estimate the effects of vegetation and other land
cover classes in transforming rainfall into runoff through such processes as interception,
evaporation and infiltration. On the other hand, the hydraulic component of a flood model
also requires landover information as a way to estimate river bed and flood plain surface
roughness, a parameter that dictates how fast water will flow and where it will flow during a
flood event. Classified land use land cover data for this study area shéiguren35a with

its statistics listed imable 31. According to the classification the land use conditions within
the basin as a whole is covered by Bare land, cultivated land, Grassland, |&odest
Shrubland, and Woodland areas. Results of the statistics indicates that next to shrubland,
forestland is the major landover in the riveiCatchmentin which both of them occupies
around57.790 of theCatchmentotal land area. The next dominant land use typerass

land having area coverage28.626 and the rest of land use type coves less 1b&f of the

total basin area
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Table3i 1 Land Use Land Cover type distribution of Genfel catchment

St. No Land Use Area Percentage
Land Cover (Km?) of Area

1 Bare Land 42 7.36

2 Cultivated Land 35 6.13

3 Forest Land 156 27.32

4 Grass Land 152 26.62

5 ShrubLand 174 30.47

6 Woodland 12 2.10

Soil Data

Soil data is another spatial input data required by-88Smethod. It plays a large role in
determining the movement of water in soil texture. Soil properties influence the relationship
between runoff and rainfall since soils have differing rates of infiltration. The soil map along
with land use mays used for finding of curve number. Having the DEM and land use land
cover information soil data from MoWIE was also collected as additional spatial data. And
from the classification the catchment comprisizsmain soil types i.e Chromic Cambisols,
Chromic Luvisols, Eutric Cambisolgutric Fluvisols, Eutric Gleysols, and Leptosals
shown in (Figure Bb and Table ). The study area is dominantly covered @gromic
Cambisolsand Eutric Cambisolssoil types with an area coverage aro@®d18%6 while the

remaining soil type occupies the remain#®)824 of thecatchmentrea.
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Table3i 2 Soil type, HSG and distribution of Genfel catchment

St. No Soil Type HSG Area (knf) Percentage of Are:
1 Chromic Cambisols B 284.75 51.08
2 Chromic Luvisols C 68.32 13.24
3 Eutric Cambisols B 101.32 15.10
4 Eutric Fluvisols A 58.14 10.18
5 Eutric Gleysols D 21.33 3.88
6 Leptosols D 37.14 6.52
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Figure3:5 Classified LU map (a) anoil map from MoWIE (b) of Genfel catchment
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3.4 Conceptual Framework of this study

Combined 1D/2D HEERAS model is selected for this study to moitlebd hazardat Genfel
catchmenand to map flood inundatioextent, flood depthand floodvelocity. This model is
selected as it was recommendedDnsai et al. (2023as an efficient tool to provide more
reliable results iflood modelingstudy.The combined 1D/2D HE®AS model isalsobest

for flood hazard modeling in the Genfel River Catchment due to its ability to accurately
simulate both river hydraulics (1D) and floodplain flow (2D), offering a more comprehensive
representation of overbank flooding (Brunner, 2020; Fewtrell et al., 2011). This approach
enhances flood inundation mapping, especially in complex topography, by integrating DEMs
and terraifbased crossection extraction (Neal et al., 2012; Gichamo et al.,, 2012).
Additionally, it provides more reliable flood depth and velocity estimations, crucial for risk
assessment and emergency planning (Horritt & Bates, 2002; Teng et al., 2017). The model is
also weltsuited for climate change scenario analysis (SSP4.5 & SSP8.5), enablisigriong

flood risk assessment (Di Baldassarre et al., 2009). Therefore, this method ensures better

flood mapping, hazard assessment, and climate adaptation planning for the study area.

Three stages were followed in the methods of this study. First, the input data for model set up
were preprocessed. Next, the HERAS model was seaip for the study area to simulate

flood inundation. Finally, the simulated flood characteristics, flood inundated area were
mapped and elements at hazard were also identified. The general conceptual frame work of

this study is summarized asfigure 36.
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Figure3:6 Conceptual framework dahe adopted methodology.

3.5 Data Analysis

3.5.1 Rainfall data analysis

This study used daily observed rainfall data from five stations recorde8D fgears (from
1984 to 2013). Since there are many missing data observations bef@4é dt9several

stations, the data was limited30 years.

Estimating missed rainfall data: Precipitation or rainfall is an important climatic parameter

and the studies on rainfall are commonly challenging due to lack of continuous data. To fill
the gaps in data, several interpolation techniques have been used. These methods are
Arithmetic Mean method, Normal Ratio method and Inverse Distance method. éradw

(1988) as cited iDe Silvaet al (2007)recommend using Arithmetic Mean method to fill

the missing rainfall data if normal annual precipitation of teggmboring station is within

10% of normal annual rainfall of station with missed data. If the normal annual rainfall data
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of the neighboring station is exceeding 10% of normal annual of the stations with missed
data In this study théNormal Ratio methodvas appliedNormal Ratio method is expressed

by the following relationship. Therefore, Normal Ratio method was selected for this study.

... 0 0 . O
0 T — E — o p
Where: Px = Missed value of precipitation (mm); Nx = Average value of rainfall (mm) for
the station in question for recording periodeNNn = Aver age value of
neighboring station; £.. Pn = Rainfall (mm) of neighboring station during missing period, n

= Number of neighboring stations used in the computation.

After filing missed data, homogeneity and consistence of data were checked. To test
homogeneity and consistency and (to check existence of trend in data series) of rainfall data
double mass curve technique and M#&m®endall rank statistics were tasted, respectively.

3.5.2 Data quality Assessment

The quality of rainfall and discharge of selected statiGesfel catchmenivas assessed. The

homogeneity, consistency and trend test of each station data have been evaluated.
a) Homogeneity of selected rainfall stations

The primary purpose of testing homogeneity is to distinguish data variability. Changes in
measuring methodologies and observing procedures, as well as the settings and buildings in
which stations are located, can all cause inhomogeneity-dioensional rainfall records
plotted to compare with each other are one of the verification procedures for homogeneity.
The nondimensional value of monthly rainfall of each station can be determined by the
following formula.

Pi'avg*
P=——=*10C 0 G

i
avg

where P, the is non dimensional value of precipitation for the month in station dygfover
years averaged monthly rainfall for the station i angiB over years average yearly rainfall

of the station i.

Figure 37 shows the study area has manodal rainfall pattern with rainfall concentrated
from June to September. The rest from October until May all stations are virtually dry period.
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Homoginety Test

Month

Figure3:7 Homogeneity test for selected rainfall statiotanfelCatchment

b) Checking consistency of selected rainfall station
Due to many factors rainfall data may not always be consistent. Checking consistency is
useful to remove uncertainties in the data before analysis. Basically, the inconsistency of data
is checked by using the double mass curve method. The double mass curve is used to check
the consistency of many kinds of Hydrologic data by comparing data for a single station with
that of a pattern composed of the data from several other stations in the area. Therefore,
double mass curve (DMC) is a plot of the accumulai@dfall of a station with the
accumulated rainfall of the neighboring stations. If the plot has linear relationship and if the
line has unique slope, then the data is consistent, i.e. the characteristics of the record have
changed with time. Based on the rainfall stations ardbadfel watershed were assessed
whether they are consistent or not using double mass @svahown in thdigure 38, there
is no apparent shift or change in slope for any of the stations, implying that the rainfall data

for all of them is consistent.
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Figure3:8 Double mass curve @enfelcatchment

c) Trend test
To observe if there is any uniformity the MaKendall rank statistics were used to
determine whether or not there was a trend in the data set. For each station, the ratio of
MannKendal | rank statistics, U to standard de
of U/ @& 1ies wil9batthe 3%hlevel &f significdnee whén there is no trend
in the data seriggRakhecha et al, 2009As seen in Table-3).

As aresult, table 31 shows that there is no trend for all the selected statior@enfel

catchment.

Table3i 3 Mann- Kendal trend test

Station name urs Stationname U/ G
Agulae 0.98090867 Senkata 1.704913
Edagahamuse 0.537164 Wukuro 1.144393
Hawzen 0.910843765
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3.6 Climate future projection data

3.6.1 Climate Model performance evaluation

Both the graphical and numerical performance evaludtothe employed climate models
weredone in this study.Cumulative Distribution FunctiofCDF) graph and ECDF as well

as model performance evaluation indicators

Figure 3:9 illustratesCDF before and after bias correction for observed data and Historical
CMIP6 GCM models from (1982013). figure 3:9a with gamma distribution for
precipitationandfigure 39b&c of CMIP6 models CNRMESM2-1, GFDL-ESM4, and MM

ESM1-2-LR,
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Figure3:9 (a) CDF-Precipitation (b) CDFTmin and(c) CDFTmax
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Out of the three climate modehndidates, GFDIESM4 was found that the best fit model as
it is indicated that in table-8 (NSH value 0.75PBIAS % value-9.80,and R value 0.75), and
figure 39a. Additionally, for temperature, th@PI-ESM1-2LR climate model was found that the

best fit climate model as it is indicated tikégure 39b and figure 3c, as well as in table-3.

Table3i 4 Evaluation of Model performance Indicators for precipitation

Performance CNRM-ESM2-1G GFDL-ESM4 MPI-ESM1-2LR
Indicator
Before After Before After Before After
Correction Correction  Correction Correction Correction Correction
NSH -0.58 0.16 -0.11 0.75 0.38 0.54
R? -0.58 0.16 -0.11 0.75 0.38 0.54
PBIAS % -32.10 -37.21 -21.20 -9.80 -37.10 -50.00

Table3i 5 Evaluation of Model performance indicators for Temperatures

Performance CNRM-ESM2-1G MPI-ESM1-2LR GFDL-ESM4
Indicator
Before After Before After Before After
Correction Correction Correction Correction Correction Correction
Tmax Tmin Tmax Tmin Tmax Tmin Tmax Tmin Tmax Tmin Tmax Tmin
NSH -3.26 -0.18 0.60 0.74 -2.44 -0.62 0.71 0.76 -2.16 -9.33 0.68 0.75
R? -0.26 -0.18 0.60 0.74 -2.44 -0.62 0.71 0.76 -2.16 -9.33 0.60 0.75
PBIAS % -7.30 -2.70 0.0 0.00 -8.20 14.80 0.0 0.00 55 50.30 0.0 0.00
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Figure3:11 Annual mean monthlfmax and TmirMPI-ESM1-2-LR SSP4.5 and SSP8.5

3.6.2 Temporal distribution

In the rainfallrunoff analysis, generating a synthetic (hourly) rainfall distribution is a typical

method. In order to generate rainfall runoff hydrographHEC-HMS requires hourly

distributed rainfall values. Rainfall is classified into four classes based on its intensity,
according to a technical document (bB) published by the United States Department of
Agriculture (USDA). Type |, type IA (the least intensive), type Il (the most intensive), and
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type 1l are the four types. Tygeé rainfall occurs all over the world, with the exception of
the Pacific Maritime climate, the Gulf of Mexico, and Atlantic coastal locations (USDA,
1986). Ethiopia's rainfall distribution has been accurately represented by Type Il rainfall
(Ethiopian Roads Authority (ERA), 2013). Thanfall was distributed into 2%our values in

this study using type Il rainfall4-hr design storm

Surface Runoff Computation

Long-term hydremeteorological data is required to understand the hydrological response of

a catchment. The SCSCN method is one of the most popular methods and can be used as a
substitute for computing the rainfadkcess hyetograph for each sub catchment. In general,

the objective of estimating runoff hydrograph is to determine the amount of runoff from a
given amount of rainfall using the catchment characteristics, and the time distribution of
runoff at the outlet of the catchment. Then, using the unit hydrograph technique, these
rainfall-excess hyetographs can be convoluted to yield the runoff hydrographs at the outlet of
these hydrologic units or ssdatchments. These hydrographs are then used as an upstream

boundary condition to bring the flow to bring the flow to flood modeling area.
Development of Peak runoff Hydrographs

For computation of design flood hydrograph, the established unit hydrograph ordinates for 1
hr interval were used to develop the runoff hydrograph due to the rainfall events over the
catchment. Peak runoff hydrograph for selected return periégis @yr, 100yr, and200yr)

were developed through convolution. The runoff hydrograph was derived from a multiperiod
of rainfall excess called hydrograph convolution. It involves multiplying the unit hydrograph
ordinates (Un) by incremental rainfall excess (Pe), adding and lagging in a sequence to
produce a resulting runoff hydrograph. The SCS type Il curve was used to divide the rainfall
data into successive short time events and the-@¢3nethod was used to estimate the
cumulative rainfall for storm depth of each return period. The incremental rainfall excess was

obtained by subtracting sequentially, the rainfall excess from previous time event.
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3.7 Flow data analysis

Independency and stationarity teGenfelgauging station, provides daily stream flow data.
The WaldWolfowitz (W-W) test was performed to determine the data independence and

stationarity. The following are the results of theWMest.

R=<élx X ™ X X [3-3]

R= (SZ Sz) [3-4]
N-1

Var(R) =% R+ S 455(%3(?\'5_’3;)52- °S, [3-5]

U =R R [3-6]

Where, R =5131792.029,= 5023640.686, Var (R) = 22670182283
Test statics (U) = (R4 )/sqrt (Var (R))
U = (5131792.02%023640.686)/sqrt (22670182283) = 0.718297591

At the 5% significance level, the test statistic value U is smaller than the crucial value, U

= 1.96, indicating that the data is independent and stationary.
Where

R: Represents the test statistic for the \AkAldlfowitz test.

U: The calculated test statistic from theWvVtest

Xi, X+1: Individual Observations from the data stream

S: Total count of all observations used in the analysis.

N: Number of observations.

Var(R): Variance of the test statistic.

R EAverage of R

34



Outlier test: The outlier tesfacilitates the identification of data points that fall outside the
expected range, specifically those located between the lowest and highest values. The
Interagency Advisory Committee on Water Data (IACWD) established standards for
determining flow frequency, which include methods for detecting outliers. According to
IACWD (1982), the outer limits for identifying outliers were calculated based on statistical
criteria outlined in the Bulletin 17B guidelines for flood frequency analysis. These standards
were later updated in Bulletin 17C, which provides improved methodologies for handling
skewness, historical data, and potential outliers in hydrologic datasets (England et al., 2018).

The lowest and highest thresholds for annual maximum flow d&&rafelgauging station,
are20.02and56.6 m’s?, respectively. When the minimum and maximum values of annual
flow data are within the limit, according to the standards of the IACWD, (1982), there is no
outlier data20.92m3s? and54.2m3s? are the lowest and highest annual stream flow values
recorded atGenfelgauging station, respectively. As a result, none of the data was rejected

since there was no data that exceeded the limit.
Frequency Analysis of Ranfall

The primary objective of frequency analysis igdtate the magnitude of extreme events to
their frequency of occurrence through the use of probability distributions (Chow et al., 1988).
Frequency Analysis of Rainfall is an estimation of how often a certain amount of rainfall is
reoccurring. Such estimation is a peguest for carrying hydraulic computation of a river
and development of flood inundation map. Accurate flood frequency analysis is therefore
crucial in predicting design floods which plays a vital role in minimizing flooding impact of

flood prone areas.

SCSCN method requires design rainfall obtained from the frequency analysis of rainfall for

the estimation of peak discharge. Design rainfall comprises of a depth and duration
associated with a given probability of exceedance or return period (Gericke and Plessis,
2011). The analysis is usually done by fitting an appropriate extreme value distribution to the
sample of annual maxima extracted from the series of rainfall values, recorded over an
extended period of time, for a catchment. Therefore, the daglgebt rainfall data of

Wukuro, Senkata, Agulae, Edagahamus and HagereSelam rainfall stations obtained from the
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National Meteorological Agency of Ethiopia was converted to an average design rainfall
depth over the main study area using Thiessen polygon method to produce annual maximum

series for the analysis.

Goodnessof-fit Tests

In design rainfall estimation, one of the primary steps is the selection of a suitable probability
distribution that fits the observed rainfall data and a gooduofefistest is used to help select

an appropriate distribution. A goodnesisfit test was used to determine whether a certain
distribution fits a given data set adequately before. The distribution that most often satisfied
the goodnessf-fit test was thus selected as best distribution. The model parameters

established can then be used to estimate the extreme events of different recurrence intervals.

At present, there is no universally accepted frequency distribution model for frequency
analysis of extreme events, rather probability distributions commonly suggested in different
literatures were examined in selecting the best fit probability distribution for @4ration

AM rainfall series. These includes; Normal, Log Normal, Gumbel-{iEM_.og Pearson type

3 (LP-IIl), and Generalized Extreme Value (GEV). Hence, the daily precipitation data
collected from five meteorological stations operated by the National Meteorological Agency
were used to develop thdatabase of annual precipitation maxima which has been

statistically analyzed using statistical analysis software, Easyfit 5.5.

A goodnessf-fit test was applied in this study to evaluate the following null hypothesis: HO:
24-h AM rainfall data follow a given distribution; and H1:-B4AM rainfall data do not
follow the assumed distribution. The three goodrodd# tests (KolmogorovSmirnov,
AndersofiDarling and Chisquared) were applied in selecting the best fit probability
distribution for 24h duration AM rainfall series.

Method of Parameter Estimation

A number of methods can be used for parameter estimation. However, three of the more
commonly used methods are considered here, namely, the method of moments (MOM), the
maximum likelihood method (MLM) and the probability weighted moments method (PWM).
The maximum likelihood method (MLM) is considered the most efficient method since it
provides the smallest sampling variance of the estimated parameters, and hence of the
estimated quantiles, compared to other methods (Rao and Hamed, 2000). But the equations
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are usually complex that can only be solved by numerical techniques. As a result of this

difficulty, the solution set may not properly found (Cunnane, 1989).

The method of moments (MOM) is relatively easy parameter estimation method. However,
MOM estimates are usually inferior in quality and generally are not as efficient as the ML
estimates, especially for distributions with large number of parameters (three or more),
because higher order moments are more likely to be highly biased in relatively small samples
(Rao and Hamed, 2000). The PWM method (Greenwood et al., 1979; Hosking, 1985) gives
parameter estimates comparable to the ML estimates, yet in some cases the estimation

procedures are much less complicated and the computations are simpler.

In general, the ML and PWM are beter for parametersesimating of three and above
three paameterdistributionsresgedively of underlying distribution from which the dataare
sampled.

Here, the complexity of ML equation is simplified using Easyfit 5.5. Based on these facts the

ML were adopted in this study for Gumbel Extreme Value Type F|EHistribution.

The Gumbel Extreme Value Type | (EN distribution is one of the most widely used
probability distributions for flood frequency analysis due to its ability to model extreme
hydrological events. According to Chow et al. (1988), the Gumbel distribution provides reliable
estimates for annual maximum floods and is mathematically convenient for estimating return
periods such as Sfear or 106year floods. Similarly, Stedinger et al. (1993) emphasize that
Gumbel (EVA1) is effective in modeling upper tail extreme values, making it a preferred choice
in hydrology. Furthermore, Panhalkar and Jarag (2016) found that the Gumbel method produced
accurate and reliable flood quantiles for return period estimation, reinforcing its applicability in
flood risk assessment. Additionally, the World Meteorological Organization (WMO, 2009) has
recommended the use of the Gumbel distribution for extreme rainfall and flood estimation,

further establishing its significance in hydrological studies.

The probability density function (PDF) of tilumbel (EV-1) distribution is given by

w w
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where:
x = flood magnitude (random variable)

e = | ocation parameter (mean of the distribu

b scale parameter (measure of dispersion)

The cumulative distribution function (CDF) is:

Mo AP Qo — [3-8]

The return period T is the average time interval between floods exceeding a certain
magnitude and is given by:

Y — [3-9]
) I Ta ¢— [3-10]
3.8 HEC HMS Model

HEC-HMS is a semdistributed conceptual, continuous and event hydrological model which
simulates rainfall runoff. It requirameteorologicadataand geographical information such

as the lag time, area of the sub basins of the catchment to get the simulated runoff at the
required outlet point. After converting data from a geographic to a hydrologic data format in
the HECGeo HMS, the next step was to configure the FHBZS model(Bill Scharffenberg

and Karlovits, G., 2018)

The HEGGeo HMS program, perform spatial analysis, delineate sub basins and streams,
construct inputs to hydrologic models, and allows the user to build acceptable hydrologic
inputs for use with the HEEIMS directly. Back ground map files, basin map files,
meteorological model files, and a grid cell parameter file are all created byG¢aCGIMS.

Thus, can be utlized by HEEGIMS to generate a hydrologic model. The hydrologic
constituents and their hydrologic interconnections are contained in the basin model file
(Scharffenberg et al., 2006)

HEC-Geo HMS can generate tables with physical properties of streams and water colors to

aid in estimating hydrologic parametetdsSACE, 2005).
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3.8.1 HEC HMS Model Set up

The rainfall runoff modeling foGenfelcatchment was conducted usi8g@S Curve Number,

and SCSydrograph, Muskingum routing and constant monthly base flow. The initial values
of parametersvere obtained from the catchment characteristics which are extracted using
Arc-GIS software and HEC GddMS tool and critical review of various studies that use
HEC-HMS. HEC-HMS model setup consists of a basin model, meteorological model and

control specifications.

) Basin Model
Basin model is a physical representation of watersheds (calleobsuis in HEEGHMS)
and river systems as hydrological elements, each with its own technique for simulating

hydrologic processes. Figurel2 shows basin model developed ®enfelcatchment.

5 Basin Model [Genfel] o B [ES

Main Rivers
Reach

Sub Basin 1

Sub Bain 2

Sub Basin 3

Genfel Watershed Outlet

Figure3:12 Basin model developed f@enfelcatchment

i) Meteorological Model
The project screen other primary components are meteorological models. A meteorological

model is made up of available recorded time series rainfall data from each rainfall gauging
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station that contributes to the watershed froi@41® 2100, as well as areal rainfall estimates

calculated using the specified hyetograph.

i) Control Specifications
The simulation time step and period or length is determined by the control specifications
model. Despite the fact that, unlike the other two components, it does not contain much
parameter data, it does contain the critical process of controlling the start and finish times of
simulations. In this researcGenfelcatchment was modeled using the starting date Jafril
199 and the ending date of 31ec¢-2006 with a time interval of 1day for calibration and 1

Jan2007 to 31-Dec2013 with the same time interval for validation.
3.8.2 Sensitivity analysis of the HEGHMS parameters

Sensitivity analysis is generally performed to understand how the mesldls react to
changes in model parameters. Some parameters have more impact on the model results than
others so the objective here is to find those sensitive parameters. While using hydrological
models for the purpose of rainfall runoff simulation, establishment of sensitivity analysis is
needed to accelerate and optimize the calibration process, in the estimation of parameters and

to understand the behavior of the model.

Therefore, this studyasalso performedthe sensitivity analysis during the computation of
the rainfall runoff flood to identify which parameter could be highly affect for the peak
discharge generated from the catchment.

3.8.3 Calibration and validation of HEC HMS model and simulation of PMF

In this research before simulating theak dischargghe HECHMS model was calibration

and validation were done to adjust model parameters and ensure that the model can
accurately reproduce observed data. Ordyédars of daily observed stream flow data from
199 to 2006 were used aGenfel stream gauging station for this purpose. As a result, the
HEC-HMS model was calibrated and validated using areal rainfall data from the same time
period (from19%to 2006). The data was separated into two parts. 2/ghe data from
01/Jan199 to 31/Dec/206 (13 years of time series data) was used for calibration and 1/3 of
the data was utilized for validation from 01/Jaf®2®@o 31/Dec/203 (7 years of the time

series data). A systematic search for acceptable parameter values is sfigune iB13.
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Figure3:13 Procedure of schematic calibration

For both calibration and validation periods, performance of the matvaluated through
calculating NastSutcliffe efficiency criteria (NSE), coefficient of determination?}R
percent obias (PBIAS), and by graphical inspection of observed and simulated stream flow

hydrographs.

NashSutcliffe efficiencyis calculated asne minus the ratio of the error variance of the
modeled timeseries divided by the variance of the observed -Berées NashSutcliffe
efficiency ranges from one to negative infinityyalue of one indicates a perfect fithile a

value of zero indicates that a mean value would have produced the same level of accuracy.

The equation reads: criteria were computed as follow:

0 "YO p [3-11]

B

Where:Qops ()= Observed flow at time step i f8']; Qsim ¢y = Simulated flow at time step i

[M3sY]; Qobs ave= Average observed flow [faY].

R-squaredR?) is astatistical measure of how close the data are to the fitted regression line
It is also known as the coefficient of determination. The valug?af00% indicates that the

model explains all the variability of the response data around its mean.
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Y [3-17]

Where: Qim ()= Simulated flow at time step i fii']; Qobs )= Observed flow at time step i

[M3s]; Qobsave= Average observed flow [fal].

The percent bias (PBIAS) is the measure of the mean trend of the simulated stream flow to
be greater or lower than the observed stream flow. It value ranges beBveeno B, i n wh
negative value indicates overestimation and positive values indicate model underestimation

bias. Generally, the values of PBIAS close to zero shows better model performance.

0600 Y . Zp T [3-13]

Where: PBIAS = Percent bias of stream flowxdQ)= Observed flow at time step i fs1];
Qsim ()= Simulated stream flow at time step i*p.

Model performance evaluation criteria as suggested/bgiasi et al. (2015)pre listed in
Table 36.

Table3i 6: Performance evaluation criteria of HEOMS model stream flow simulation

NSE R? PBIAS (%) Performance rating

>0.80 >0.85

N

5 Very good
0.70 O NSIO. 75%000RN 5 O PBI / Good
0.50 < NSFE06<RO 0.7 10 O P BI Satisfactory

\
O 0.50 O 0.6 O N 15 Unsatisfactory

SourceMoriasi et al 2A5

After calibrating the model, the calibrated parameters, basin nizdsline period, mid
period, and future period estimated raintak then used as input to the HEB®S model to
generatgeak dischargbydrograph. The generatpdak dischargbydrograph will served as
an upstream boundary condition using HEAS model.
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3.9 HEC RAS Model
3.9.1 River terrain processing

Digital Elevation Models are usually constructed using remote sensing techniques. However,
DEM may build up from land surveying. Elevation shape file from the field collected
constructed points are loaded in ArcGIS software for further processing and preparation of
DEM for the study area. This can be done by creating continuous surface in raster form using
IDW interpolation techniques in ArcGIS tool.

Procedures to reconstruct river channel: Reconstruction of the river channel and
integrating its result with DEM requires an advanced GIS processing. Numbers of steps were

followed to reconstruct the river channel.

First, field measured cross section elevation values at SoBT®)-SiX river crosssections

and elevation extracted from different DEM resolutions were used to compare the two values
for the same cross section location (to compare values of similar location). In the
comparison, therevere divergence between the two elevations values, then the field data
were integrated with DEM which have similar values for the same location for fully
reconstruction of the river terrain; so that accuracy of the DEM were improved. As result,
figure 3-14 shows that bed profile of river centerline that cross section elevation collected
from ground survey (field data) versus elevation extracted from different available DEM
resolutions for the same locatioAdditionally, all DEMs versus field are availab(see
Appendix: A. Since, it was found th&fABDEM 30 m DEM resolution was the most suitable
which have similar values with the field collected values for the same location, the next
another option were observed ti&RTM 30 m DEMthe second, third ASTER 30 m DEM
resolution were found that another option for this study.aAsesulf the river terrain
developed from Ground survey were integrated wittBthe*30 m cell size DEM resolution
which performs better to capture the river profile in order to get best river terrain

representation for this study (as s€ggure 314).

By applying the R statical softwarestatical performance evaluation of the DEMs was also
assed as shown rable3-7.
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Table3i 7 Statical performance evaluationtbk availableDEMs

DEM RMSE MAE R?
FABDEM 3.39 2.77 0.95
SRTM 3.86 3.45 0.93
ASTER 8.72 6.74 0.66
Field Elevation vs DEM extracted Z SRTEM
2020 - Z FABDEM
2000 Z_ASTER
=7 Field
= 1980
.
g 1960
ﬁ 1840 S
—
M 020
19{”} T T T T T T T T T T T T T T T T T T T T T T T T T T 1
S oen M D W D0 e [ oen en O S £ W 00 = T M A0 o0 MO Oy o9
=T = e e S s | R G - B T N T WM NS M- P
Dhstance (10° m)

Figure3:14 Field elevation versus elevation extracted from DEMs along river center line

Note: To measure distance, the axis of @aige (Outletivas used as a reference, i.e. zero

distance.

Secondly, some data points along the river i.e. between each rivesseotiess (at end left
bank, end right bank, river center, two points between center and banks) were digitized
Google earthThirdly, elevation of the digitized points was estimated using slope of the river.
River slopewascalculated using the field measured elevation values. Fourth, field measured
elevation values, the digitized points and elevation from DEM were integrated and added to
Arc-Map and serve as an input to recongtthe river channel terrain using inverse distance

weighting (IDW). Figure 35 shown that point map d¢he cross sections river profile which
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were used as an input to IDWocedureinterpolation to develop continuous river channel

terrain.
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Figure3:15 Point map used as input for interpolation to generate the river terrain

From the available options of the interpolation techniques, the Inverse Distance Weighted
(IDW) were selected for this taskhe Inverse Distance Weighted (IDW) interpolation
technique was selected for this task because it has been tested and validated as a suitable and
accurate method for generating river terrain, as supported by Panhalkar and Jarag (2016).
IDW is particularly effective because it assumes that closer data points have a stronger
influence on the interpolated values, which aligns well withaharacteristics of river terrain

where local variations are significant. Unlike some other interpolation methods, such as
Kriging, IDW preserves important local variations without excessive smoothing, ensuring a
more realistic representation of the riverbed. Additionally, IDW is computationally efficient

and does not require complex statistical assumptions, making it a practical and reliable
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choice for this type of analysis. Furthermore, given that IDW performs well when data points
are sufficiently dense and wallstributed, it was deemed the most appropriate technique for
accurately representing the river terrain in this stutlge general formula for IDW
interpolator iSormed as a weighted sum of the data:

@ @ o pT

Where: 27t he i nter pol adoeation;Zarheaseredavalue athhé location;

a1 unknown weight for the measured value atithiocation;N i Number of sample points.

The river channel terrains constructed through this process were then integrated with the
DEM to improve (modify) accuracy of the DEM. This modified DEM then used to create the
required geometry data for HERAS model.

3.9.2 River Terrain Model Development

The RMSE versus weight factor or power function plots for the inverse distance weighing
(IDW) interpolation method are useful for analyzing the quality of interpolation while

generating river terrain models (RTM).

For calculating RMSE6 point with known elevation are excluded from the centerline of the
point map. This point map is then interpolated for various weights that range between 1 and
8. Finally, the interpolated elevations are compared against the known elevationsrasshe
pondinglocations and effect of deviations are calculated by means of RMSE using equation

[3:14]. The most optimum interpolation result is indicated by the lowest value of RMSE.

Yb Yo 2 G pu

Where, @ Known Elevation valuesp Elevation values that are extracted from

constructed DEM using cross ponding IDW
N number of sample points

The RMSE versus weight parameters or power function plots for the IDW interpolation
method are used to assess the quality of interpolation while creating a river terrain model.

The RMSE drops exponentially as power function grows, as shown in FiglGe The
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graphs for a fixed search radius ® m shows a higher RMSE value initially, but the
fluctuation becomes insignificant after the power function value rea¢hé&sgure 316
shows that when a better weight factor with an optimum valu® & used, optimal
interpolation quality is achieved. For fixed search radius, different values of the power
function have been reported in (Merwaeteal.,2006; Tarekegret al, 2009; Abebe, 2021).

In this study, the river terrain model was built using inverse distance interpolation with a
weighting factor of5 and a searching radius 60 m. Figure 316 shows that the optimal
interpolation is achieved with better weighing factor starting from the \alde a result,

the optimal weighting factor fixed for this river terrain model development Svéasr

successfully land survey DEM construction.
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Figure3:16 RMSE variation as a function of weighting factor

To calculate the slope along each segment, the interpolated elevation along the river
centerline of the layeis sampled and grouped in range of distance. The river centerline is
divided in to6 segments of length df.3 km while the slope is calculated for each segment.
Table 37 shows that the distribution of slope along figegments(upstream end to
downstream end of the river channel) along the centerline of the river which were calculated
from the interpolated river channel. Therefore, it is observed that slope of constructed DEM
is a function of weighting factor up to it reaches its optimal value. After the optimal value is
achieved slope becomes constant which indicates the integratedoBé&dvhes valid as no

47



slope variation is observed. Therefore, weighting fadpm@as selected in order to develop

best river terrain.

Table3i 8 Slope distribution from the land survey DEM

Weighting Factor(W)
Segment 1 2 3 4 5 6 7 8
S1 0.0059 0.0053 0.0043 0.0043 0.0043 0.0043 0.0043 0.0043
S2 0.0051 0.0046 0.0040 0.0040 0.0040 0.0040 0.0040 0.0040
S3 0.0093 0.0089 0.0080 0.0080 0.0080 0.0080 0.0080 0.0080
S4 0.0054 0.0048 0.0042 0.0042 0.0042 0.0042 0.0042 0.0042
S5 0.0040 0.0038 0.0031 0.0031 0.0031 0.0031 0.0031 0.0031
S6 0.0069 0.0062 0.0054 0.0054 0.0054 0.0054 0.0054 0.0054

Figure 317 shows that spatial distribution of exclud@@lpoints with known elevations used
for validation along theiver channel (upstream end to downstream efmtat are used to
calculate the RMSENd slope consistency the 5 segments
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Figure3:17 Distribution of validation points river reach centerline of constructed DEM
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After RMSE, slope, validation points and 2D elevation profile were assessed, the river
channel land survey constructed DEM were integrated through advanced GIS Analysis tools.
First the elevation points with their X and Y Location points imported teMap. In the
Arc-Map, 30 m cell size DEM converted to TIN then TIN to Node points. After this
displayed both elevation points and the original TIN points in ARS; So thatusing a
sophisticated GIS analysis tofle. the river channel in the original TIN was removed and
replaced by the newly produced river channel TINhen, merged the corrected field
constructed elevations and the original TIN elevations finally the integrated points converted
to TIN.

Figure 318 shows as land survey constructed DEM of river channel downstre&enjél

catchmenbf the study area.
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Figure3:18 River terrain model developed from interpolation of calculated elevation
3.10 Pre-processing: preparation of HEGRAS input data

3.10.1 Terrain model development

Terrain data, also known as a Triangular Irregular Network, was a significant data aspect that
GeoRAS employed to build the HERAS input data. The construction of a terrain model is
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the first step in the development of a hydraulic model. A good representation of ground
surface elevations for the area of interest is the foundation for any realistic river hydraulics

model.

Terrain data comes in a variety of forms, levels of information, and sources. A Digital
Elevation Model was one source of data utilized to create TIN (DEM). In addition to DEM,
field survey data is required to improve the quality of terrain data when representing the
ground surface. Using the 3pecial analysis extension in ArcGlIS, the TIN of the study area
was created from the DEM of the study area data.

3.11 Post processing: Hydraulic computation in HEC RAS

In this section, data processing in HHRAS and the ways to prepare all necessary input data
to the HECRAS model were discussed.

3.11.1 Geometric Characteristics

In this study, the flow in the river channel were modeled as 1D flow and the flow in the
floodplains on both sides of the banks were modeled as 2D flow. The geometry data required
to define the 1D river channel (river centerline, banks, flow paths,-sext®ns), and lateral
structures on both river banks were digitized from TIN using HESEORAS and exported to
HEC-RAS. The geometry data needed to model the 2D flow areas (floodplain on both sides
of the river channel)

Model Calibration

An important parameter used in calibration of HRAS mo d e | i's Manningbé
coefficient n, which is used to reflect the resistance to flow from the river bed and floodplain

at each crossection. But due ttack of data along the Genfel river, the model was calibrated

using the highest flood mark observed at the site. The point information was observed the
field along the study site. To collect heights flood marks interview with local people, witness

and land owners of 605 years old has conducté&keAppendix: B during the observation

marks of flood levels to make sure about observation points for the maximum flood event
happened to the study ar€utcrop rocks, vegetation, litter debris and sand and silt deposits

used as the stage indicators of the highest flood mark in the study Adadonally, the 2D

cell size was also essential, twrification involves drial-anderror method where different
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sets of model options and parameters were used until an acceptable match between the
observed and simulated flood water depth and flooded areas is achieved. by performing many
simul ations, each wusing a different value o
error could be identified and this range of
Using the observed Water level was calibrat€den, the depths of flood for the return
periods were simul at ed asswvelinagthet2b icedl siz@taticah i ng 6 s

performance was also done using the R.
3.11.2 Manning roughness (n)

The resistance to flood flow in the river channel and floodplain is represented by this
Manning roughness coefficienthis surface roughness is greatly affected by land cover and

land use of the study area. Land use land cover map were used to estimate surface roughness
of the flood prone area bgomparing the land cover to the value of roughness calibrated
values recommended by Vent Chow (1959).

Selection of an acceptable value of Manni ng
accuracy of the computed water surface elevations of the natural river. The value of
Manningd n was very variable and depended
surface roughness, vegetation cover, channel irregularities, channel alignment, scour and
deposition, obstruction, size and shape of the channel, seasonal variations, temperature,
suspended and bed load materials, stage and disuS84€E, 2016)

For river channels and floodpl ai(Arsementetany sc

al.,1989provi ded manning roughness 6&n for the 1
of variable LULC for the flood plain and several riv@eanderingsharacterizesGenfel

flood plain of this study area.

Visual observation, referring literature, and engineering judgment were used to obtain
Manning's n values f or t hevalleyscalcalatddiusing tmeo d e |
channels of the reach as LULC information for each surveyed-seati®n, and the value is
determined using roughness characteristics of natural channels and floodplain. For the study
area reach, the investigation determined th
river channel value an@d.05 t00.088 for the flood plaimrea was acceptable for this study.

figure 319 shows that river channetaterial type sample picture taken during field data

collection.
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Figure3:19 sample picture of river channel during field survey (December, 2024)

3.11.3 Boundary conditions (BC)

Upstream and downstream BC are the basic issues in order to compute the unsteady flow
analysis of the river systenseveral options are installed in the model for these purposes
These are flow hydrograph, stage hydrograph, and normal depth, rating curve and stage/flow
hydrograph. Selection of these BC depends on the availability of data. For this study, normal
depths (friction slope of river channel) were considered as downstream B@seline, mid

period, and future period scenarivghere,thenormal depth is the depth at which the flow is
steady and uniform, while the friction slope represents energy losses due to fAstian.
result,the normal depth value @B average slopes of the river channel centerline were used
for this study. Flow hydrograpWvas considered as upstream BC to simulBseseline, mid

period, and future period scenati@gich were generatelom design of 24 stormusing

HEC HMS model were usdgdansen 1988&)s upstream boundary condition.

3.12 HEC-RAS model setup

The roughness value was defined to the river channel, bank lines, and 2D flow area after all

of the relevant geometric data was created and exported to-RASC During each
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simulation time step, it is a line from which flow is collected by the downstream 1D river

channel.

Using lateral structures, the 2D flow area on both sides of the banks was also connected to
the 1D river channel (high ground near the banks). Thesilgdt 2D flow area is connected to
the 1D river channel by one lateral structure, while the 1sglte 2D flow area is connected

to the 1D river channel by the other lateral structure.

HEC RAS compares the elevation of the lateral structures to the water surface elevation near
the structures during flood simulation. The water flow from the 1D River channel to the 2D
flow area and vice versa if the water surface level in the 1D river channel is greater than the

elevation of the lateral structures.

The weir coefficient of the lateral structure controls flow transfer between the 1D river
channel and the 2D flow area. When a weir coefficient is set too high for the situation being
modeled, too much flow is conveyed, and the model becomes un#taldeesult, a suitable

weir coefficient should be applied to make the model stable and generate appropriate results.
The HEGRAS 2D modeling user manual provides instructions for selecting a weir
coefficient under various scenarioShe weir coefficient value for neelevated lateral
structure (natural ground) ranges from 0.11 to O28his study, a weir coefficient value of

0.24 was used as the natural ground near the bank is serving as a lateral structure to connect

the 2D flow area to the 1D river channel.

Another important issue at this stage is selection of a preferable equation and computational
time steps. HEERAS has two sets of equations to solve unsteady flow simulation. The Saint
Venant equation and the Diffusion Wave equation. The Diffusion Wave equation has an
advantage over Saint Venant equation to minimize computational time as it is more stable
with higher computational time step. The problem in the Diffusion Wave equation is that the
change in velocity concerning time and distance is not considered. Hence, it is not
recommended as change in velocity will be dramatic temporally and spatially. And, for detail
analysis and more accurate results, Saint Venant equation is preferable (Brunner, 2016).
Based orthese pieces of evidencbe Saint Venant equation is selected for this study.-Saint

Venant equation includes both conservation of mass (continuity equation) and momentum.

a) Conservation of mass equation or Continuity equation
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— — T [3-16]

b) Conservation of momentum equation.

—  — 0 —  YQYd T [3-17]

Where; Q = dischargen®s!], A = active flow aregkm?], h = water surface elevati¢m], x
= distance along waterwdyn], t = timds], Sf = friction slope, Sc = expansion contraction

slope and g = gravitational acceleratjoms?].

The computational time step is determined using the directions in theRASCuser
manual. The selection of a suitable time step that works well with the 2D flow area
computational mesh is a function of attaining accurate results while significantly reducing
calculation time. The courant number is also taken into account in the selection
computational time step, in addition to the above statement. Flood velocity, simulation time
step, and 2D cell size all affect the Courant number. InHRBS simulation, it is used to

control simulation time.
SaintVenant equation full momentum

VDT

C=—¢1.0(Withamax C = 3.0) [3-18]
DX
. DX . _
Alternatively, DT ¢ v (with C =1.0) [3-19]
Wher e, C i s Courant Number , V. is flood wave
X 2D is cell size 1 n m.

Figure 320 shows that the HEC RAS model 1D geometry alignments such &rithge,

lateral structure, river bank station, flow path lines and cross section cutline.
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Figure3:20 1D geometry of HEC RAS model

Figure 321 shows as 2D flow area connected to all 1D river channels. Additiofigilye
3:22 shows that the Lateral structure used to connect the 2D flow area to the 1D river

channel.
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Figure3:21 Combined 1D2D Geometry of HECRAS model
Note: ROBi Right over flow bank floogblain, LOBT Left over flow bank flood plain

Right Side
Lateral
Structure
Connector

Figure3:22 Lateral structure connection
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4 RESULT AND DISCUSSION

In this study, only the most comm®&iverainflash floodswere analyzed. Sinc#)e selected
specific area is affected bflash flood reputedly under different hydrologic events.
Hydrodynamic HEGRAS model ArcGI$ and hydrologic engineering centeydrologic
model system (HE@IMS, version 412) of USACE model were employed in this study.

4.1 HEC HMS Model Result
4.1.1 Sensitivity analysis of the HEGHMS parameters

The mainconceptof sensitivity analysis is to select the most effective model parameter for
model calibration. In this study sensitivity analysis was done to identify the most sensitive
parameter for the loss, transform, and base flow methods. Thétlpestameters values are
selected within the allowable ranges recommended based on their effect on peak discharge

and total volume using calibration.

This study performs the sensitivity analysis of HB®IS model during the computation of
the peak dischargéo identify which parameter could be highly affect for the peak discharge
generated from the catchment. Figure 4:1 shows the change simulated hydrograph and

simulated hydrograph for 25% change for each parameter values of the model.

As shown inigure 4:1 thatvhen compare the degree of impact on the computed peak discharge
Curve NumbeandStandard Lage timare the most sensitive paramet@esaking coefficient

and MuskingurK are less sensitive while Muskingtis least sensitive parameters.

Whereas: CN: Curve NumberSLT: Standard Lag TimandPC: Peaking Coefficient
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Figure4:1 HEC-HMS parametes variationsensitivityanalysis.

4.2 Calibration and validation of HEC HMS model

As it is illustrated fgure 4:2 a comparison of the simulated and observed stream flow
hydrographs for the calibration period9@4-2006) at Genfel gauging stations which
represenGenfelriver catchment. The model reasonably captured the pattern of the observed
hydrograph (including recession and rising limbs) of the catchment. The calibrated HEC
HMS model satisfactorily captured the observed hydrograjibeofelcatchment. However,

the calibrated model has also captured peaks with some exceptions. For inst290d, in
stream flow magnitude is under estimated. While, low flod966 slightly under estimated.
Performance of the model is also acceptable when evaluated using criterion. It is obtained
very good performance in terms of reproducing the observed patterns of stream flow
hydrograph (NSE=04. Simulated and observed stream flowGainfelstream gauge station
compared graphicalljigure 4:2.
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Figure4:2 HEC HMS model calibration validation output
Figure 43 and Figure 4} show that correlation between observed and simulated stream flow
hydrograph for calibration and validation period respectively. As it is observed from

scattered plot the model result has simulated values closer to observed ones.
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Figure4:3 Correlation between observed and simulated stream flow calibration period
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Figure4:4 Correlation between observed and simulated stream flow validation period

The HEGHMS model performed satisfactorily the catchment during the calibration period.
Performance measures indicate that the model performed bet®emdel catchment with

NSE greater than 0.80, PBIAS lays between tb 310 and a Rgreater than 0.85. (Table
4:1). Considering poor data quality, the model performance is acceptable for studying rain

fall runoff generation.

When evaluated for the validation period @20 2013), the modeperformance declined but

with noticeable magnitude. The phenomenon can also indicate deterioration of the quality of
observed stream flow data. Overall assessment of validation indicates with N®En@.8
PBIAS =-6.24 andR?= 0.8 for validation period based on the observed data at the outlet of
the catchmentAccording to the above conducted model performance evaluation criteria of
this study HEEHMS Model resuls are summarized in Tablel

Table4i 1 Performance evaluation criteria of calibration and validation period

Perforn Model stage and r
i ndi ca

Cal i b Remar k Val i da Remar

NSE 0 .48 Very g 0.08 Good

R’ 0.68 Very G 0.28 Good

PBI AS 3. 2 Ve Gy o d -6.2 4 Good
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4.3 HEC HMS Model Simulation Result
Estimation of Runoff hydrograph for Baseline period (198-2013)

In this portion, results of peak runoff hydrograph estimation for different return periods based
on Soil Conservation Service Curve Number (SCH) method are presented. Results of
bathymetry integration to the selected DEM using statistical and graphical evaluation are also
presented. In the subsequent section, the results hydraulic characteristics (i.e., inundation

area, flow depth, and velocity) from HERAS hydrodynamic model are covered.
Flood Frequency analysis

Table 42 presents the estimated point design rainfall values for various reoccurrence
intervals. The average design rainfall depth over the main study wasa analyzed using
Gumbel (EVV1) methodusing statistical analysis software, Easyfit 8 %levelop thelatabase

of annual precipitation maxinmo.

Table4i 2 24-h point design rainfall fodifferent reoccurrence intervals

Return period (year) 24-hours point design rainfall (mm

25 59.47
50 66.52
100 73.51
200 80.49

In the case of bassline period,ciédn be observed that as the return period increases the
magnitude of estimated point design rainfall also increases at different rate. The design
rainfall for the study ranges from 59.47 to 80.49 mm fota@2B00 year of return periodkor

the future projectioifsee AppendixD).
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Peak Flood Hydrograph

The peak runoff hydrograph with different reoccurrence intervals from the design rainfall

were calculated, using daily rainfall data for a perio8@years from 1984 to 2013.

Having therainfall runoff hydrograph for the considered reoccurrence interval as shown in
figure 45 the effective rainfall was transformed into peak runoff hydrograph by convolution
process and thdesign peak discharges {m™) for Genfel river catchment, estimated with
SCSCN based runoff volumes obtained from-f24lesign storms for Typk design rainfall
distribution are presented in (Figuts). For the future period (sefppendix: E)

24-h Design Storm
450
400
= 350
'*E 300 Q25
E 250 Q50
£ w Q100
A 1% —Q200
100
50
0
Smmnwe S SRR RN aRR AR mnRRsTees
Time (Hr)

Figure4:5 Predicted Flow discharge of Genf&liage outletor d/t return period¢B/line).

From Table 43, it could be seen that the design frequency or return period, &023.00,
and 200 return periodyear, 24h designstorm hydrographs have peak flows ranging from
260.1 to 368 m?® s ! while the times to peaik aroundL7 h.
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Table4i 3 Magnitude peak discharge and time to peak for different return p@aseline)

Return period (year) Peak Discharge (f8%) Time of peak (hr)
25 260.1 17:03
50 302.7 17:00
100 346.4 16:38
200 386.8 16:57

The results from the Tekeze Basin indicate a significant increase in peak discharge with
longer return periods, a trend consistent with findings in other river basins where extreme
weather events lead to higher runoff. This necessitates improved flood management practices
to mitigate potential risks (Smith et al., 2020). Additionally, the observed decrease in time to
peak discharge suggests that changes in land use and hydrological response dynamics are at
play. Studies have shown that urbanization and deforestation can lead to quicker runoff,

thereby shortening response times during heavy rainfall events (Jones & Lee, 2019).

Moreover, the implications of climate change cannot be overlooked; it is expected to
exacerbate the frequency and intensity of extreme weather events, resulting in increased peak
discharges. Research indicates that even moderate increases in rainfall can significantly
impact flood risk in vulnerable regions (Mastrorillo et al., 2016). Accurate hydrological
modeling is crucial for predicting these risks, as models that integrate land use changes and
climate scenarios can enhance our understanding of future hydrological responses (Kumar et
al., 2018).

Regional comparisons further highlight these trends; for instance, the Blue Nile Basin

exhibits similar behaviors regarding peak discharge related to return periods, emphasizing a
regional pattern that can inform management strategies (Tadesse et al., 2021). Overall, the
findings stress the importance of adaptive management strategies in response to changing

hydrological dynamics in the Tekeze Basin and similar regions.
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4.4 Effect of DEM Interpolation Accuracy

Accurate river cross sections were only available at some location along the river. As such, the
terrain of river between these cross sections should be constructed by interpolation the field
measured elevation values. The effects of selected weighting factors on the accuracy of
interpolation scheme are evaluated. Such allows selecting the best interpolation scheme that gives

relatively accurate elevation values of the river ter(@arekegn, 2009)

Plotting at the upstream, middle, and downstream ends of the River channel, the accuracy of
the field survey generated DEMD elevation profile (Elevation vs distance) was also
performed.The land surveyed DEM indicates detail river terrain cross sectional elevation
profile, as shown in théigure 4:6. However, some of the river alignments and elevation
profile were not well addressed from the original DB™Mm*30 m cell size.In this study, a
high-resolution DEM of the river channel were produced by merging elevation cross section

data from field measured elevation cross section values and B&M (esolution).

Around the upstream end Gfenfelriver channelGenfe| thefigure 46 illustrates a sample
plotted 2D elevation profilevhich shows river crossection profile before and after land
survey validates the improvementrofer channel whereelevation (m) versus distance (m)
(Figure4:6) for the upstream end. Additional samples were also done which were presented
at (Appendix:F).

=
F“'- 'T, Cross-Secton Profile Genfiel_River, Gendel Reach, Siation T814847 - o b

1Y pa—— 13880

[
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—
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—

a) Crossectional view before construction b) Crossectional view after construction

Figure4:6 ChannelD elevation profildoefore and after construction of river channel
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River terrain profile and a crossection comparisowere done ashown infigure 47. Which

were constructed over a selected station taken from the geometry to assess the improvement
of the modified DEM integration with the field data. The first river terrain profile, which
represents bygreencolor, was generated from tf3 m*30 m cell size DEM, the second

river terrain represented kytue color is the land survey constructed, while the third river
terrain profile, which represents lygllow color, was generated from the combined DEM
after integration, as shown ifigure 47. The river terrain profile comparison shows a
significant improvement. The comparisons also show that the initial profile extracted from
the 30 m * 30 m cell size DEM has some erroneous and misrepresented, but that the new
profile developed using the new technique is more accurate and same to the field surveyed
observed data, as seen by frelow color in the plotted graph (Figure7} and almost
overlapped to the field surveyed. Thalidates that using this method on a source

DEM leadsto significant modifications in river terrain channel representation.

2020 4
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1930 -+
1270 +

A
A
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1940 Intergrated DEM

Land Survey DEM
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Figure4:7 River profile variation

4.5 HEC-RAS Model Calibration

The model performance evaluatiomas done both graphicallfFigure 48) as well as
staticallybased on RMSE, MAE, and®Rrovides insights into the accuracy of the simulated

water |l evels compared to observed values.

roughness coefficient (n) values significantly affect the model's predictive capability.
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Among the three tested scenarios, the simulation nviém channelpstream, n=0.0221/le,

n=0.; downstream, n=0.024 exhibited the best performance, with the lowest RMSE (0.46)

and MAE (0.38), along with the highest coefficient of determinatiof=@F3). This

suggests that this combination of roughness values provides the closest match to observed

water levels, making it the most reliable parameter set for this study.

On the other hand, the wittiver channelupstream, n=0.024m/le, n=0.03;downstream,

n=0.026 shows a moderate performance, with an RMSE of 0.77, an MAE of 0.69, ahd an R

of 0.51. While the results indicate a reasonable level of agreement, the higher errors suggest

that the roughness coefficients

accuracy.

The third, withriver channelupstream, n=0.026m/le, n=0.032;downstream, n=0.028,
performed the worst, with RMSE (1.10) and MAE (1.02) at their highest values, and even a

mi g ht

St

negative R value €0.01), indicating poor agreement with observed data. The negative R

suggests that this model setup does not capture the observed water levels effectively and may

introduce excessive resistance to flow, leading to significant errors.

----- Observed Water Level(m)
Mle, n=0022
Drownstream, n = 0,024
Simulated Water Level Upstream, n =0.024 <« -2«
Mile, n=10.03
Downstream, n = 0.026

Mile, n=10.032
Downstream, n=0.028

Water Level (m)

I T T R R — B

-
i i R . T T R ) =1

Distance (10°m)

Simulated Water Level Upstream, n=0.022

Simulated Water Level Upstream, n =0.026

....

Figure4.8 Measured and Model Simulated Water level at the river reach
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Table4i 4 HEC-RAS Model performance indicator Statics

Simulation(different n values) RMSE MAE R2
Upstream, n = 0.022 0.46 0.38 0.83
M/le, n = 0.028

Downstream, n = 0.024

Upstream, n = 0.024 0.77 0.69 051
M/le, n = 0.03
Downstream, n = 0.026

Upstream, n = 0.026 1.10 1.02 -0.01
M/le, n = 0.032
Downstream, n = 0.028

4.6 PredictedFlood Characteristics

A flood characteristic includes Peak flood, flood depth, flood velocity and the flood arrival
time. Modeling Flood hazard was performed using the current version of combined 1D/2D
HEC-RAS vesion 6.5 in this study under climate change scenarios (SSP4.5 and SSP8.5)
including baseline period. The peak discharge generateduseas asupstream boundary
condition. The simulation timeframe is set to 31 hours, beginning and ending was varied for
each scenario and return periods., with a simulation time step of 3 seconds. In the next

sections, the simulated flood characteristics for baseline and future scenario are addressed.
4.6.1 Flood map in case thegeak dischargehydrograph (Baseline period)

Table 44 shows thasummary otheflood inundation areas fdvaseline period (1982013),

Mid period 2058 (2041-2071), andong period 2080s (20742100) SSP4.and SSP8.5f

25, 50, 100, and 200 returns pesoépplying the ArcGIS lhe possiblelbod inundation area

will be range from 197.5 to 2827a These flood inundated areas include affected areas
residential areaggricultural areasand infrastructures such as Mekelle to Adigrat roadway.
From the inundation flood map result SSP8.5 shows the worst scenario as the possible

inundation will be 282.ha
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Table 45 summarizes flood characteristics generated from the-REE model for baseline

period, The simulation timeframe is set & hours, beginning at 180:00 on10/Aug/2011

and ending a00:00:00 on12/Aug/2011, with a simulation time step & seconds.These

flood characteristics only apply to flooding in a sindlenensional (1D) river channel.

Table4i 5 SummeryFlood inundation mapping characteristics

Return period (year) Time period

Inundation Areal{a

25 Baseline 197.5
Mid period SSP4.5 238.02
Mid period SSP8.5 262.2
Long period SSP4.5 238.1
Long period SSP8.5 261.5
50 Baseline 218.7
Mid period SSP4.5 246.7
Mid period SSP8.5 269.3
Long period SSP4.5 249.8
Longperiod SSP8.5 269.6
100 Baseline 235.9
Mid period SSP4.5 254.1
Mid period SSP8.5 276.8
Long period SSP4.5 256.4
Long period SSP8.5 277.2
200 Baseline 243.5
Mid period SSP4.5 262.4
Mid period SSP8.5 281.8
Long period SSP4.5 261.2
Longperiod SSP8.5 282.7
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Table4i 6 Summery of flood hazard characteristics for the baseline period-A®ER)

Location| Return | Time period| Peak | Depth | Velocity | Time topeak: Simulation
period flow (m) (ms?h) start on 10Aug2011 at
(year) (m3s?) 16:00:00
u/s 25 Baseline 242.26|1.14 |2.68 10Aug201 at 16:04:00
m/le Baseline | 51936/1.04 |204 | 10Aug201 at 16:24:00
Baseline
d/s 193.26| 0.87 | 1.62 10Aug201 at 17:11:00
Simulationstartson 16Aug2011 at 160:00
u/s 50 Baseline 271.81(1.24 |2.89 16Aug2011at 7:06:00
m/le 244.57|1.38 | 3.06 16Aug2011 at 7:21:00
d/s 212471091 |1.68 16Aug2011 at &03:00
Simulation starts on 12Aug2011 at @600
u/s 100 Baseline 3114 |16 2.95 12Aug2011 at 7:02:00
m/le 2674 |1.33 |3.28 12Aug2011 at 7:17:00
d/s 228.75[0.95 | 1.72 12Aug2011 at 7:56:00
Simulation starts on 14Aug2011 at @600
u/s 200 Baseline 343.97|1.66 |3.06 14Aug2011 at 6:58:00
m/le 287.77{1.38 | 3.36 14Aug2011 at 7:19:00
d/s 241.27| 0.98 1.74 14Aug2011 at 7:57:00

Note: u/s: Upstream m/le: middle , and d/s: downstream, @&nfel riverwhere the gauge

station was useds reference point to measure all distances
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Figure 49, figure 410, figure 411 illustrats a floodhazardcharacterstic for the baseline
period (19842013) Figure 49a represents for 2gear return perod, figure:9b represents

for 50-year return period, figure:9c represents for 10@ear returen period, and figuredd
illistrates for 200year return period probable inundation flood afected a®as.of this

flood inundation areas the probable inundation flood afected area ranges from 197.5 ha to
243.5ha. Additionally, for the baseline period, the flood extent is range about 0.42 to 0.52
km to the leftover bank floodplain anids range about up to 0.58 to 0.68 km to the right over
bank.
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Figure4:9 Maximum food inundationrmap forbaseline period (1982013)

According to the model result, the flood extent and depth are greater in the Future SSP8.5
scenario than that of baseline period and SSP4.5 scenario. It-evigelht that if flood

features such as extent and magnitude rise h#tzardwill increase. As a result, in this
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section, a flood inundation map with the worst scenario SSP8.5 with greater impact is

presented and explained.

For the baseline perio9842013) maxmum flood depth map was devolopedhich
illustrats the probablenaximum flood depth figure 410a represents for 2pear return
perod, figure 410b represents for 59ear return period, figure:#0c represents for 10Qear
returen period, and figureXd illistrates for 200year return period probabfood depth
map for the flood afected areas. Out of this floo@pth flood afecte@dreas the probable
flood depth for theflood afected area ranges frdhm to 4.27 m
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Figure4:10 Maximum food depthmap for baseline period9842013)

According to the model resuthaximumflood velocity map was devoloped for the baseline
period(19842013), which illustrats the probable floodlocity figure 411a represents for
25-year return perod, figure:¥lb represents for 5@ear return period, figure :#lc
represents for 10Qear returen period, and figureldd illistrates for 206year return period
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probable floodvelocity map for the flood afected areamscerall this flood velocity flood
afected areas the probable flogglocity for the flood afected area ranges fro@l0ms* to
7.46ms?,
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Figure4:11 Maximum food velocitymap for baseline period (1980D13)
4.6.2 Flood map in case thamid period 2050s(2041-2070 SSR.5

Figure 412, figure 413, figure 414 illustrats a flood hazard characterstic for thiel period
2050s (2044207) SSP4.5 scenarid-igure 412a represents for 2gear return perod, figure
4:12b represents for 5@ear return period, figure:®2c represents for 10@ear returen
period, and figure :42d illistrates for 208year return period probable inundation flood
afected area3.he overallof this flood inundation areas the probable inundation flood afected
area ranges fror238.02ha t0262.4ha. Additionally, for themid periodof SSP4.5the flood
extent is range about @4o 0.5 km to the lefover bank floodplain anids range aboutip to

0.6 to 0.7 km to the right over bank.
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Figure4:12 Maximum food inundationmap for mid period 20502041-2070) SSP4.5
For the mid period 2050s (204€D70) flood depth map was devoloped, which illustrats the

probable maximum flood depth figurel3a represents for 2ear return perod, figure

4:13b represents fob0-year return period, figure:#3c represents for 10@ear returen
period, and figure 43d illistrates for 206year return period probable flood depth map for

the flood afected areas. This scenario this flood depth flood afected areas the probable flood

depth for the flood afected area ranges from O m to 4.4 m.
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Figure4:13 Maximum food depthmap for mid period 2050s (2044070) SSP4.5

According to the model result maximum flood velocity map was devoloped fomithie
period 2050s (20412070, which illustrats the probable flood velocity figurelda
represents for 2gear return perod, figure: b represents for 5@ear return period, figure

4:14c represents for 10@ear returen period, and figurel4d illistrates for 208year return

period probable flood velocity map for the flood afected areas. overall this flood velocity
flood afected areas the probable flood velocity for the flood afected area ranges from 0.01

ms!to 8.04mst.
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Figure4:14 Maximum food velocitymap for mid period 2050s (2044070) SSP4.5
4.6.3 Flood map in case thamid period 2050s (2041-2070) SSRB.5

Figure 415, figure 416, figure 417 illustrats a flood hazard characterstic for thegperiod

SSP8.5 of 280s(2041-2070). Figure 415a represents for 2fear return perod, figure ¥bb
represents for 5@ear return period, figure:#c represents for 10@ear returen period, and

figure 415d illistrates for 206year return periodnaximum probable inundation flood
afected areas. Out of this flood inundation areas the probable inundation flood afected area
ranges from262.2 ha to 281.8 ha. Additionally, for the mid period of SSP4.5, the flood
extent is range about 0.45 to 0.57 km to thedgér bank floodplain and its range about up

to 0.64 to 0.76 km to the right over bank.
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Figure4:15 Maximumflood inundationmap for midperiod 2050s (2042070) SSP8.5

AppendixH shows floodhazardcharacteristicsfor a future period SSP4.5 and SSP8.5
scenarios including maximum flood depth, maximum flood velocity maximdlmod

inundation areas

For the mid period 2050s (204€D70) SSP8.5 scenarimaximum flood depth map was
devoloped, which illustrats the probable maximum flood depth figur@adepresents for
25-year return perod, figure:¥6b represents for 5@ear return period, figure :36c
represents for 10Qear returen period, and figurel8d illistrates for 206year return period
probable flood depth map for the flood afected areas. This scenario this flood depth flood
afected areas the probable flood depth for the flood afectedsauges from O m t6.82m.
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Figure4:16 Maximum food depthmap for mid period 2050s (2044070) SSP8.5

According to the model result maximum flood velocity map was devoloped for the mid
period 2050s (2042070) SSP8.5 scenario, which illustrats the probable flood velocity
figure 417a represents for 2gear return perod, figure:%b represents for 5@ear return
period, figure 417c represents for 10@ear returen period, and figurel4d illistrates for
200-year return period probable flood velocity map for the flood afected areas. overall this
flood velocity flood afected areas the probable flood vefofor the flood afected area
ranges from 0.01 misto 8.74 mg.
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Figure4:17 Maximum flood velocity map for mid period 2050s (262170) SSP8.5

Overlayed Flood inundation map, figurelé illistrates for 200year return period probable
inundation flood afected areas of future period SSP8.5 scenario. The overall of this flood
inundation areas the probable inundation flood afected area c@®82rgéha which is the
wrost scenarioAdditionally, for the future period of SSP8.5, ttnreximumflood extent is e
about 088 km to the leftover bank floodplain and t ab@ut upl.2 km to the right over
bank.
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Figure4:18 Flood Inundation Map for future period SSP8.5 (Worst scenario)

4.6.4 Cross sectional and longitudinal profile ofGenfel River

The water surface height, base elevation, and major channel distance from upstream to the
downstream were all included in the longitudinal profile of @enfelRiver shown in the ure
4:19 for the baseline period 28@ar return period

Figure 419 showslongitudinal profile river,river crosssectionsalong the channalpstream
end The flood overflows the banks and flows onto the floodplain near the river channel, as
shown in Figure 20. Thewidth of the river that is shown as a 1D channel is represented by the

river station (xaxis value).
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Figure4:20 Sample crossectional flow profile at the upstreastream seatin baseline

Additionally, for future period théongitudinalbead profile and sampltoss sectiondlow
profiles are presented (sAppendixG).
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5 SUMMARY, CONCLUSION AND RECOMMENDATION

5.1 Summary

This study investigates the impact of climate change on flood hazards in the Genfel River
Catchment. The study employs a combined 1D/2D HREAS hydrodynamic model and the
HEC-HMS hydrologic model to assess flood risks under different climate scenarios,
specifically Shared Socioeconomic Pathways (SSP) 4.5 and 8.5. The research integrates
field-measured river crossection data with a modified Digital Elevation Model (DEM) to
improve accuracy in flood simulations. The study uses both primary and secondary data,
including meteorological records, streamflow measurements, land use data, and topographic
surveys. Hydrological modeling with HEEBMS is carried out for rainfaltunoff
simulations, with calibration and validation using 20 years of observed flow data. The HEC
RAS model, in a combined 1D/2D configuration, is applied to simulate river flow and
floodplain interactions, providing insights into the extent, depth, and velocity of floodwaters
under future climate scenarios. Climate projections are derived from CMIP6 models{GFDL
ESM4, MPIESM1-2-LR, and CNRMESM21) to evaluate potential changes in
precipitation and temperature patterns.

The findings reveal that flood extent and depth are projected to increase significantly due to
climate change. Under a 2Q@ar return period, the inundated area is expected to expand
from 243.5 hectares (baseline) to 282.7 hectares under SSP8.5. The results highlight that the
SSP8.5 scenario presents the highest flood risk, necessitating proactive flood mitigation
strategies. The study emphasizes the importance of flood hazard mapping and early warning

systems to minimize damage to infrastructure, settlements, and livelihoods.

Generally this study underscores the urgent need for improved flood risk management in the
Genfel catchment. It recommends integrating flood hazard assessments into urban planning,
infrastructure development, and emergency preparedness strategies. Further research is
suggested to enhance flood mitigation measures, particularly in highly vulnerable areas like
Wukro town. The study provides valuable insights for climate adaptation strategies,

supporting decisiomakers in planning for future flood risks in Ethiopia.
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5.2 Conclusion

A combined 1D/2D hydrodynamic model, HERAS, was used to analyze the flood hazard
under climate change scenario of Genfel Catchment. A-feighlution DEM was used to
determine the river channel and floodplain Wukdown. The DEM employed in this
research has a resolution of 30 m. In exceptional cases, river channels with a width of less
than 30 m are difficult to distinguish with this DEM. In order to fill this data gap, elevation
was observed at twenty saxer crosssections of the flood vulnerable area (Wuktown).

This field data was used for a variety of reasons, including: comparing of cross section
elevation values of the same location, from field with elevation extracted FARBRDEM,

SRTM 30 m, and ASTER 30 m DEM; selecting and improving DEM accuracy and
reconstruction of a river terrain model by merging it with elevations generated from the
updated DEM.

The river terrain model was constructed using the IDW interpolation method with a
weighting factor of 5 and a searching radius of 5 rArcGIS. This new river terrain model

was integrated with the updated DEM (i.e. the river channel in the original DEM was deleted
and replaced by the newly produced river terrain model). As a result, a new DEM was
constructed while the flood plain area is represented by the updated DEM. Then, using HEC
GeoRAS ArcGIS extension, all of the geometry data necessary to identify the 1D river
channel and the 2D flow area (floodplain) were generated from a TIN of this new integrated
DEM. The baseline, future projection climate induced impaas investigated for the
Wukurotown. The24-h design rainfall was computed using Typ&és used to compute the

peak discharge

Overlayed Flood inundation map, for 208ar return period probable inundation flood
afected areas of future period SSP8.5 scenario was found that as worst scenario. The overall
of this flood inundation areas the probable inundation flood afected area @82¥ha,

max flood depthl15.46 m and maximum flood velocit¥.27 ms' which is the wrost
scenario.Additionally, for the future period of SSP8.5, the maximum flood extent is about

0.88 kmtothelefover bank floodplain and itds about

floodplain
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The study underscores the importance of integrating -t@gblution topographic data,
advanced hydrological models, and climate projections in flood risk assessment.
Furthermore, the research highlights the inadequacy of current flood mitigation measures and
the urgent need for improved planning and adaptive strategies to cope anticipated flood risk.

5.3 Recommendation

According to various literatures and histories of flood hazard modeling around the world, a
large number of flood modeling wanducteddue to various types of climate induced
impacts. However, two of the scenarios of climate scenarios, SSP4.5 and SSP8.5, were
considered for this study, and a furtidodeling of flood hazardinalysis for theGenfel
catchmentsing the othescenariosof climate changeintegrating Al, exploring additional
climate scenario, and promoting interdisciplinary collaboratsimuld be done for their
support to save the lives of theikurotown population, as anffood hazarchas the potential

to have a significant impact on them.

Additionally, improved land use planning should be enforced to prevent development in
high-risk flood zones, reducing potential damages. Implementing early warning system that
utilize reattime hydrological monitoring and flood forecasting can provide timely alerts,
allowing communities to prepare and minimize casualties. Furthermore, comhaség
adaptation strategies should be promoted through awareness campaigns, emergency response
training, and machine learning techniques to improve flood prediction accuracy.

Due to time and budget constraints development of Flood mitigation measure and risk
assessment ware scope limitation of this stédlyirrigable area, the link road, the population
settled in the North West and the rural residential around the irrigable area both river banks were
strongly affected by the floodSo, to reduce or ifpossible,to eliminate the risk, the local
populationan emergency action plan should devise hazard management methods to ensure

public safety and proteetconomic interests in the flooded area.
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7 APPENDIX

Appendix: A Field elevation versus elevation extracted from all Candidate DEMs

Field elevation versus elevation extracted from all Candidate DEMs along river loenter

Note: To measure distance, the axis of the Genfel Guage station was used as a reference, i.e.

zero distance.
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Appendix: B Samplepictures taken during field data collection

Sample pictures taken during field data collection at river chgdifédrent locations), and

Sample pictures taken during field data collection at river flood plain
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Appendix: C ECDF graph forPrecipitation, Minimum Temperature, and Maximum
Temperature

Empirical Cumulative Distribution Function for Precipitation (a), Empirical Cumulative

Distribution Function for Minimum Temperature (b), and Empirical Cumulative Distribution
Function for Maximum Temperature (c).
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Appendix: D 24-h point design rainfall for different reoccurrence intervals

24-h point design rainfall for different reoccurrence intervals of the future period 2050s and

2080 both SSP4.5 and SSP8.5.
24-hours point design rainfall (mm)

Time period

Return period (Year)
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Mid period SSP4.5 25 76.44

50 84.56
100 92.63
200 100.66
Mid period SSP8.5 25 92.15
50 102.33
100 112.44
200 122.51
Long period SSP4.5 25 82.97
50 91.54
100 100.04
200 108.51
Long period SSP8.5 25 109.66
50 123.65
100 137.54
200 151.37

HEC-HMS Model output includingpeak discharge and time of peak

Appendix: E HECHMS generated peak discharge hydrograph for mid period 2050s (2041
2070) SSP4.5

Return Peak Time of
period Discharge
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Discharge (m's)

200 4

100

24-h Design Storm

HECHMS generated peak hydrograph for mid period 2050s {204@) SSP8.5

(year) (m3s?h peak (hr)
25 362.3 16:58
50 411.3 16:56
100 457.4 16:56
200 503.8 16:57

Discharge (m3/s)

24-h Design Storm

Q23
Q50
Q100

—Q200

HECHMS generated peak hydrograph for mid period 2080s (200D) SSP4.5

[P -

o o

(=31
L

.
=
=}

Discharge (m3/s)
[ L
2 =
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=}

24-h Design storm

Return Peak Discharge Time of
period (m3s?h) peak (hr)
(year)
25 454.1 16:56
50 514 16:57
100 576.1 16:55
200 630.1 16:54
Return Peak Time of
period Discharge peak (hr)
(year) (m3sh
25 400 16:57
50 450.5 16:56
100 502.3 16:55
200 554.3 16:54

HECHMS generated peak hydrograph for mid period 2(08081-2100) SSP8.5
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24-h Design Storm Return period Peak Discharge Time of
(year) (m3s?) peak (hr)
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g 88
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g
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[P
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g

100 738.2 16:50

200 815.3 16:52

Appendix: F Genfel River sample plotted 2D
elevation profile at different location of the river.

Around upstreanof Genfel River, the figure below illustrates a sample plotted 2D elevation

profile, elevation (m) vs. distance (m).

FE{ Cross-Section Profile: Genfel_River, Genfel_Reach, Station 6636645~ — o X [, Cross-Section Profile: Genfel_River, Genfel_Reach, Station 6636645 ~ — m] X
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Around middleof Genfel River the figure below illustrates a sample plotted 2D elevation

profile or elevation (m) vs. distance (m).

FE Cross-Section Profile: Genfel River, Genfel Reach, Station 5112974 — a X [ Cross-Section Profile: Genfel_River, Genfel_Reach, Station 5112974 ~ — m] *
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FJ:: Cross-Section Profile: Genfel_River, Genfel_Reach, Station 5283.474 = (m] X F{: Cross-Section Profile: Genfel_River, Genfel_Reach, Station 5283.474 = (m] *
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Around dwnstream end oBenfelriver study the figure below illustrates a sample plotted

2D elevation profileelevation (m) vs. distance (m).

F& Cross-Section Profile: Genfel_River, Genfel_Reach, Station 2865.058 - [m] % [EL Cross-Section Profile: Genfel River, Genfel Reach, Station 2865.058 = o X
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- Ff:: Cross-Section Profile: Genfel_ River, Genfel_Reach, Station 2778.664 = (m] x
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F-F;C Cross-Section Profile: Genfel_River, Genfel_Reach, Station 1861.605 = O X F{C Cross-Section Profile: Genfel_River, Genfel_Reach, Station 1861.605 _ o b

18708
18707 187
1,870.6 1,870.8
1,970.5 1,970.6
18704
Verna 1,970.4
1,8702 1.8702
g 19701 g 17
T 1870 % 1.989.8
o 19899 &
T 4 'oe05 & 18895
1,969.7 1,968.4
1,969.6 1,968.2
1,969.5
1,969.4 1,988
12693 1,968.8
1,969.2 1,968.5
1,968.1 1,068.4
0 50 100 150 200 o 50 100 180 200
Distance Distance

Appendix: G Longitudinal flow profile for200-year return periofbr Fture period.
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a) Cross sectional flow profile at the upstream sectiorsfP8.5
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Appendix: H Flood Hazard characteristics for the far future period

Z 39°§6'E 39°?6'E 39°%8’E 39°-I39'E 39°34'40"E 39°36'0"E 39°37'20"E 39°38'40"E
oy 1 1 L 1
< 1a)25-vear r T N [ ; g
a a) 25-year retum period g, ¢) 100-year return period N =
A Az
2
)
Eis)
2
=
&
z
o
T3
4
Z
=
- <t
&
Z
=
- <t
=
z
:; § Legend .
- /| Affected Households : Affected Households _i;,
i B 1nundation Map L e I [nundation Map 2
iz 0 | 2 4 1 2 4
g g T T T T klll C kln
bt 39°35'E 39°36'E 39°37'E 39°38'E 39°35'E 39°36'E 39°37'E 39°38'E 39°38'E

Maximum Flood Inundation map for long period 2080s (20100) SSP4.3) 25, b)50,

€)100, and d)20§ear return pericsl
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Maximum Flood Inundation Map for long period 2080s (2@200) SSP8.3) 25, b)50,
€)100, and d)20Qear return pericsl
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