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ABSTRACT

Flood is among the most devastating natural disasters worldwide, significantly affecting human
lives and property. The current study conducted on the Waja River floodplain aimed to model and
maps the flood inundation, flood hazard, flood vulnerability, and flood risk associated with
flooding in the area. To achieve this objective, various data sources were utilized, including
meteorological, hydrologic, and topographic data collected from different organizations. The
study employed several tools and materials, including the HEC HMS and HEC-RAS models, GIS
software, GPS devices, and metering tape. The HEC HMS model was used to analyze flood
hazard and risk by developing inflow design floods for different return periods. The model was
calibrated and validated using actual stream flow data. During model calibration the NSE value
was 0.75, Percent Bias (PBIAS) was 2.02, coefficient of determination (R?) was 0.78, and Relative
Mean Square Error (RMSE) was 2.03. During the validation period, the model achieved an R? of
0.77, NSE of 0.76, PBIAS of 1.64, and RMSE of 1.3. After calibration and validation, the annual
maximum precipitation from rainfall data was extracted to develop frequency storms for different
return periods. These storms were then used as input for the HEC HMS model to generate flood
hydrographs. The HEC-RAS model, combined with the flood hydrographs, was used to produce
flood inundation maps, which were visualized in ARC-GIS software for detailed analysis. The
results of the study indicated that for return periods of 10, 25, 50, and 100 years, the areas
inundated by floods were 3030 ha, 3364 ha, 3520 ha, and 3683 ha, respectively. Additionally, the
maximum flood depths were found to be 6.3m, 9.2m, 12.6m, and 14.45m for the respective return
periods. The maximum flood velocities were 3.8 m/s, 4.7 m/s, 5.5 m/s, and 6.8 m/s for the same
return periods. Flood hazard maps were derived from the depth, velocity, and duration of
floodwaters, revealing that 35% of the flooded area was categorized as having very high and high
hazard, while approximately 65% was classified as medium and low hazard. The flood
vulnerability map classified approximately 17% of the flooded area as having high and very high
vulnerability. About 18% of the flooded area fell into the moderate vulnerability class. The
majority of the flooded area, approximately 65%, had low and very low vulnerability. By
combining the flood hazard and vulnerability information, the study developed a flood risk map.

The results showed that 24% of the area fell into the high and very high-risk categories.

Key Word: Flood risk mapping, HEC-HMS, HEC-RAS, Arc GIS, Rainfall-runoff modeling

Xiii



1. INTRODUCTION

1.1. Background
Among the natural hazards capable of causing a disaster, the flood is the most hazardous,
frequent, and widespread catastrophic events throughout the world today. Between 2000
and 2008, floods were affected the largest number of people worldwide, averaging 99
million people per year. This makes flooding an important subject of study, particularly in
the less developed countries like Africa and the others. According to the related Programs
on Flood Management, flood impacts tend to be very dangerous in African towns where

improper land use planning and management for urbanization takes place. (Abu, 2020)

Flood can be defined as any relatively high water flow that exceeds a natural or man-
made bank in any part of a river or stream. People can be swept away in a short time and
property can be severely damaged by floods. When a riverbank is submerged, water
overflows the floodplain and often becomes a hazard. Flooding is the most common
environmental hazard due to the wide geographical distribution of river valleys and
coastal areas. Attracting people to these areas for settlement and farming makes them a
serious obstacle to social progress in both developing and developed countries
(Jayaseelan, 2001).

Most countries in the world experience floods and flooding. The risk of flooding is
enormous. These natural hazards cause damage to life, property, and ecosystems.
Flooding is one of the major natural hazards in Ethiopia due to a national topography of
mountainous highlands and lowland plains with natural drainage systems formed by
major river basins. Flash floods are a common flooding problem caused by high runoff
from the surrounding mountains (Adhanom, 2019) .

Flood impact mitigation requires information about flood characteristics and how those
characteristics propagate. Information about flood properties could be obtained from
hydrodynamic models. Hydrodynamic models can simulate flood extents, depths, levels,
velocities, and times over a distributed model domain and over the time dimension. Such
flood models solve relevant flow equations based on the laws of conservation of mass,

energy, and momentum.



Structural and non-structural measures are being taken worldwide to reduce flood
damage. However, it is time-consuming and costly to thoroughly construct flood defenses
to reduce the risk of flood damage. Flood risk maps are essential to achieve this goal,
helping local residents to be aware of the vulnerability of the area they live in, the
important role they play in disaster prevention measures, and proper evacuation in the

event of flooding.

The Waja watershed is located in the lower basin of the Ziway Lakes in the Rift Valley
lake basin system and is territorial in the Gurage and Silte Zone, CER, Ethiopia. The river
often causes flooding in the upstream highlands around the Zebider Mountains in the
summer season after heavy rains. Tributaries such as Angelo, Labogarobe, Labo, Murtute,
Garore, Tineshu Abay and Irinzaf (Butajira), Overflow into the Waja River in a short
time, causing flooding in the low-lying alluvial plains along the course of the river around
the Goflala Kebele. Heavy rains in the upstream catchments cause large inflows into

Ziway Lake.

Therefore, developing a rainfall-runoff model and a mapping of flood risk is an important
task. Consideration of both rainfall-runoff modeling and flood risk mapping for the
downstream Waja River serves to minimize its impact on community life and property by

knowing the path of the problem.

1.2. Statement of Problem
Flooding is one of the most devastating natural disasters globally, and Ethiopia is no
exception specifically the Silte Zone, particularly in the Waja watershed, the frequency of
flood events has increased significantly over the years. The Silte Zone's unique
geographic features, including its highland mountains and lowland plains, contribute to its
susceptibility to flooding. The area suffers from severe land degradation, which aggravate
soil erosion and reduces the land's ability to absorb rainfall. Consequently, heavy rains
lead to excessive runoff, overwhelming natural drainage systems and causing widespread
flooding. This environmental degradation not only heightens flood risks but also
compromises the region's ecological balance. The Silte Zone is known for its agricultural
productivity, which is vital for the food security of Ethiopia. However, recurrent flooding
threatens this productivity by inundating vast areas of farmland, displacing crops, and

damaging agricultural infrastructure. The loss of crops directly impacts the livelihoods of



farmers and their families, leading to food shortages and increased poverty levels in the

community.

Upstream catchment of the Waja is characterized by high upland erosion by different
small Tributaries (i.e. Angelo, Labogarobe, Labo, Murtute, Garore Tineshu Abay and
Irinzaf (Butajira). Most of these tributaries flowing to common reach at Waja Watershed
particularly at Goflala Kebele whose elevation is low; have been caused flooding for
Fourteen Kebeles including Guraghe Zone. Historical flood events were recorded on
Goflala that displaced a number of inhabitants from the area. According to the report
from the Agriculture Department of Silte Zone, the flood disaster currently affecting six
Kebeles across two districts has resulted in the displacement of over 1,000 households
and left more than 5,000 residents homeless. This significant increase in the number of
evacuees highlights the urgent need for effective disaster management and response
strategies. The flooding has severely impacted local agriculture, inundating more than
1,400 crop fields and displacing over 5,000 livestock. This situation not only threatens
food security but also jeopardizes the livelihoods of many families in the region,

emphasizing the necessity for targeted agricultural support and recovery plans.

The Silte Zone Disaster Risk Management Office has reported that this disaster has been
ongoing since May, and support has been provided for those affected. Although the Silte
Zone administration has allocated over 1.7 million birr in assistance, stakeholders
including displaced residents have indicated that this support is insufficient to meet their
immediate needs. The gap between the scale of the disaster and the level of assistance
available calls for a comprehensive evaluation of resource allocation and support

mechanisms were not balanced.

Meteorological forecasts suggest that worsening winter conditions may exacerbate the
ongoing disaster, indicating a potential increase in both the frequency and severity of
flooding events. This raises concerns about the long-term resilience of affected
communities and underscores the need for proactive measures to mitigate future risks.
Despite the involvement of federal, regional, and zonal leaders in assessing the situation,
there is a pressing need for improved coordination among various stakeholders to ensure
that relief efforts are efficient, comprehensive, and address the specific needs of the

displaced populations.



This situation necessitates urgent intervention to protect agricultural activities and ensure
the sustainability of local economies. Current methodologies for assessing flood risk in
the Silte Zone primarily rely on flood extent maps, which do not adequately capture the
complexity of flood dynamics. Traditional assessments often overlook critical factors
such as flood depth, velocity, and duration, which are essential for understanding the true
risk faced by communities. With advancements in hydrodynamic modeling techniques, it
IS now possible to create more accurate flood hazard and risk maps. These models can
inform local authorities and stakeholders about potential flood impacts, allowing for more

effective preparedness and response strategies.
1.3.0Objective of the Study

1.3.1. General Objectives
The General objective of this study was to develop the flood hazard and risk map of Waja

river water using HEC RAS model

1.3.2. Specific Objectives
The specific objectives of this study are:

e To estimate peak Floods of the study area for different return periods.
e To develop a flood Inundation and hazard map of the study area.

e To develop a flood risk map for the study area.

1.4.Research Questions

% What are the estimated peak flood levels for the study area across different return
periods?

%+ How can a flood inundation and hazard map for the study area is developed to
identify areas at risk?

% What is the flood risk level of a study area?

1.5.Scope of the Study
The studies were focused on the Silte Zone, specifically within the Waja watershed. This
area has been significantly affected by recurrent flooding, impacting local communities,
agriculture, and infrastructure. The study were involved the development of a flood risk
map using hydrodynamic modeling techniques, such as HEC-RAS, to assess flood depth,
speed, and duration. It was also identify flood buffer zones critical for future planning and

investment in infrastructure projects.



1.6. Significance of the Study
This study aims to improve disaster management strategies in the Silte Zone, where
flooding has become a recurring event. By assessing the current situation and identifying
gaps in response efforts, the study can inform local authorities and stakeholders on how to
enhance preparedness and develop more effective response plans for future flood events.
One of the key contributions of this study is the development of a flood risk map that
offers valuable information to area officials, emergency managers, and local residents.
This map was serving as a critical tool for planning emergency responses, helping to
identify high-risk areas and prioritize resource allocation during flood events. The studies
were identifying flood buffer zones that should be considered when planning and
investing in significant projects in the area. Recognizing these zones is crucial for
sustainable development, as it helps mitigate risks associated with flooding while

ensuring that infrastructure projects do not exacerbate existing vulnerabilities.



2. LITERATURE REVIEW

2.1.Flood characterization
Flood is defined as the inundation of land by the rise and overflow of a body of water,
which may result in some property damage, occasionally fatalities, and injuries. Water
resources experts usually associate flooding with flows that are close to their yearly peaks
in volume. The most harmful and severe natural disasters are floods. In addition to the
loss of human and animal life, they result in extensive damage to farmland, homes, and

public utilities and cost billions of dollars annually. (Roy, S.K. and Sarker, S.C., 2016)

Flood is among the most common and destructive natural hazards known for their
extensive damage to infrastructure, public and private services, the Environment, and the
economy and destruction to a residential area. Floods stand out to be the most frequent
and devastating natural disaster around the world (Sinha, 2005), affecting millions of

people every year.

According to (Subramanya K. , 2009), Flood is an unusually high level in a river,
normally the stage at which the river overflows its bank and inundates the plain area. The
damage cause by flood in terms of loss of property and economic loss due to disruption of
economic activity are all too well known. Wide range of cores of rupees is spent every

year in flood control and flood forecasting.

Flooding is a natural occurrence that takes place frequently and in many different places.
Overflow from the sea and from rivers is perhaps best recognized, but sewage overflow,
overland flow, and ground water flooding can also be brought on by prolonged, strong,
and localized rainfall. Flooding has a big influence on human activity and can endanger
lives, property, and the environment. Housing, transportation, and utility infrastructure, as
well as business, industrial, and agricultural operations, can all be considered assets. As a
result of climate change, flooding is predicted to become more frequent and severe. By
accelerating and enhancing surface water runoff, changing water courses, and reducing
flood plain storage, development can exacerbate the issue of floods. (Khan and Rahman,
2015)

Flooding in Ethiopia often happens during the three months of the rainy season and is

only seen in regions with a low and flat topography. Highland rainfall is typically what



causes floods downstream and calamity for communities near any stretch of river courses
(Abu, 2020).

2.2. Types of floods
Flood types may generally be classified by identifying the primary distinctions between
each type of flood. This is done by taking into account variables like the impacted area's
size and the driving precipitation event's duration. This leads to the two primary
classifications of extensive long-lasting floods and small abrupt floods, which are useful

in defining the spatial and temporal scale of flood events. (Bronstert, 2003)

Most common flood types reported in literature are briefly described and include the

following;

Coastal floods: this is a type of floods that occur along the coasts of the seas and big
lakes. The triggering factor for this type of floods are wind storms such as cyclones and
low atmospheric pressure that eventually result to the set-up of water levels on the coast.
It is mentioned that when this set-up of water levels coincides with astronomical high tide
at the coast, coastal floods can lead to high water levels and thus flooding of the coastal
area (Jonkman, 2005)

Flash floods: is a particular kind of flooding that happens quickly following a
precipitation event, usually within less than six hours. It frequently occurs in locations
near rivers or lakes and is brought on by high or excessive rainfall, though it can also
occur in areas without any nearby bodies of water. (Camp J. , 2022) Steep slopes,
impermeable ground surfaces, and soils with low permeability are other characteristics
that have been linked to this type of flooding (Camp J. , 2022). The prediction and
cautioning becomes troublesome in light of the abrupt event of flash floods by leaving
very brief timeframe. Moreover the high increasing rate and flow velocity of flash floods
likewise make them more dangerous to human lives than river floods (Camp J. , 2022).
Property damage and Death caused by flash flood are more articulated when contrasted
with other type of floods (Jonkman, 2005).

River floods: refers to a flood type caused as a result of flooding of the river outside its
regular boundaries. They can likewise be related by a break of barriers or dams close to

the river. As per (Jonkman, 2005), river floods can be caused by various sources



including high precipitation levels, melting snow and blockage of the flow. Unlike flash

floods, river floods can be predicted in some period in advance (Jonkman, 2005)

2.3. General overview of flood
Floods are among the greatest threats to social security and the sustainable development
of society (Dottori et al., 2018), (Jahandideh-Tehrani et al.,, 2021) and; (Mishra et al.,
2022) and are among the most traumatic natural hazards in many parts of the world.
Heavy rainfall, rapid snowmelt, storm surges from tropical cyclones, or tsunamis is the

hydro meteorological causes of floods (Mishra et al., 2022).

Globally, flooding is a leading cause of losses from natural disasters and responsible for a
greater number of damages than most other types of elemental threats (Debarati, 2006).
According to (Debarati, 2006), South-East Asia, which is part of the most flood hit
continent in the world, topped the list of disaster impacts over the first six months of
2006, with 85% of global deaths from natural disasters over this period. These were a
total of 113 floods during this period, globally representing all-time high of 65% of all

natural disasters.

According to (Central Water Commission, 2020), Between 1953 and 2019, floods in
India cost INR 62.08 billion annually on average due to damage to crops, homes, and
public services, as well as the loss of 1674 lives. The hydrological cycle was accelerated
by changes in land use and human warming, which in turn enhanced the frequency,
amplitude, duration, and intensity of intense rains. (Singh et al.,, 2020); (Mishra et al.,
2022). In addition, urban centers situated on the coast and riverbanks are at high risk of
flooding due to sea level rise, poor natural drainage, rapid urbanization, and

encroachment in the floodplain (Sherly et al.,, 2015),

According to (SALHA|N, JUN RENTSCHLER & MELDA, 2020), Some 2.2 billion
people, or 29% of the world population, live in locations that are estimated to experience
some level of inundation during a 1-in-100-year flood event. Such an event has a 1%
chance of occurring in any given year, which translates to a 10% probability in a decade,
or 50% in a lifetime (68 years). About 1.47 billion people, or 19% of the world
population, are directly exposed to inundation depths of over 0.15 meters. Furthermore,
for over half of this exposed population, flooding could be even higher reaching life-
threatening levels, especially for children and the disabled. The most devastating long-
term consequences of floods are often experienced by the poorest households those who
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have next to no savings and limited access to support systems. By considering the
dimension of poverty, it is possible identify where floods would cause prolonged adverse
impacts on livelihoods and well-being. By this measure, countries in sub-Saharan Africa
face the greatest threat: We estimate that of the 171 million flood-exposed people in this
region, at least 71 million people live in extreme poverty (i.e. living on less than $1.90 a
day). Globally, 587 million poor people are exposed to flood risk, 132 million of which

live in extreme poverty.

In Ethiopia, flood usually takes place at the peak of the rainy season (July and August) in
most flood-prone areas. In East shoe Oromia region flooding often happens during July
and August. In study area Unseasonal and above-normal rainfall during September to

October could also cause flooding in areas along Awash Rivers. (Mokonen, 2021).

According to (Belina, 2020), Floodplains, which are typically found along rivers at their
downstream portions, are a common flood hazard. One of the five major basins that have
encountered extensive floodplains along its path is the Awash River Basin. Once a year,
during the summer wet season, known flood occurrences are known to occur at its middle
and lower catchments. The primary tributaries of the Awash River, the Mille and Logiya,
overflow in the lower catchments, posing a risk to settlement and agriculture. The
Kessem and Kebena tributaries of the Awash River also contribute significantly to
flooding in the middle watershed. Additionally, there are additional basins where there

are significant flood dangers for both property and habitation.

According to (Alemu, 2015), During flood occurrence in Dire Dawa during in August
1981 80 people were killed , and the other unpredicted flood that occurred on August 6,
2006 flooding was worst of all flooding event in Dire Dawa that killed 256 people from
which 244 were missed and 15,000 people were displaced. In 2006 a total of 524,400
people were vulnerable to flood disaster throughout the country during the rainy season of
Ethiopia. Out of this population, 199,900 people are actually affected by flood disaster in
various regions of the country. The socio economic sector was badly impacted by the
2006 floods in Dire Dawa, which resulted in 256 fatalities, 244 unaccounted for, more
than 9956 displaced people, and estimated property damage of 17,146,493 ET. Birr for
882 small-scale traders and 123 licensed traders. Due to the costs of restoration and
construction, it also had a significant influence on the city's economy. While the capital

expenditure remained constant or even reduced, the city's ongoing expenses for


https://twitter.com/intent/tweet?text=Globally%2C+587+million+poor+people+are+exposed+to+flood+risk%2C+132+million+of+which+live+in+extreme+poverty.&url=https://blogs.worldbank.org/climatechange/147-billion-people-face-flood-risk-worldwide-over-third-it-could-be-devastating/?cid=SHR_BlogSiteTweetable_EN_EXT&via=worldbank
https://twitter.com/intent/tweet?text=Globally%2C+587+million+poor+people+are+exposed+to+flood+risk%2C+132+million+of+which+live+in+extreme+poverty.&url=https://blogs.worldbank.org/climatechange/147-billion-people-face-flood-risk-worldwide-over-third-it-could-be-devastating/?cid=SHR_BlogSiteTweetable_EN_EXT&via=worldbank

renovation and reconstruction grew by 43%. Flood-related direct and indirect losses to the
city's agricultural, commercial, and infrastructural sectors were around 97,368,634.36 ET

Birr. The implementation of land-use policy is crucial for the future.

2.4. Causes and Consequences of Flooding
According to (Tekle, 2020), flooding is caused by many factors, such as structures that
held back the water. In another way, flooding can be exacerbated by increased amounts of
impervious surface or hard ground cover that does not let water through, as well as other
natural hazards such as wildfires that reduce supplies or the amount of vegetation cover
that can absorb rain.

(Tekle, 2020) Indicate that flooding can occur due to meteorological, partly
meteorological, or other causes that can aggravate the occurrence of flooding.
Meteorological causes are snowmelt, rain and a combination of rain and ice melt. Coastal
storm surges and estuary interactions between current flow and tidal conditions bring
about partly meteorological causes. The remaining causes of flooding can be attributed to
other natural hazards such as earthquakes, landslides, tsunamis, and hurricanes or man-
made (technological) hazards such as dam breaches, levees, dikes, weirs, and terraces.
The cause of flooding can be described in terms of the water source, the geography of the
receiving watercourse, the cause, and the speed of occurrence. Water source-related
flooding can originate from the ocean (coastal floods), rivers (river floods), underground
(groundwater floods), and rain (pluvial floods). These major flood types are each

described in terms of their geography, cause, and speed of onset.

According to (Cancado, 2010) quoted in (Tekle, 2020), floods have both direct and
indirect consequences. Furthermore, as noted (Zein, 2010), direct losses from flooding
include deaths, injuries, homelessness, the collapse of buildings and infrastructure,
sedimentation, pollution, and so on. Indirect losses include disease, psychological impact,

short- and long-term economic loss, and so on.

2.5. Rainfall-Runoff model Selection
The relationship between the catchment's surface runoff production and the precipitation
the catchment receives is demonstrated through rain-runoff modeling. The target
catchment area's surface runoff is estimated by the model as a function of precipitation in

the canal or river system. Rain-runoff modeling aids in the visualization of the changes
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that past surfaces, vegetation, and climatic events have brought about in the water system.
(Namara, 2020).

According to (Xiang, 2020), the mechanism for making decisions regarding flood
protection has benefited from flood forecasting. The confidence level and lead time of
flood predictions are used to guide decision-making. Estimating the flood volume is
essential to a quantitative analysis. The most crucial factor in designing waterworks for
flood mitigation strategies is this one. The model is used in conjunction with other
approaches to examine the hydrograph's fluctuation throughout a range of return
intervals. The runoff and subsurface runoff that contribute to stream flow are calculated
using a conceptual model in the rainfall-runoff model, which interprets the hydrological

processes (Manfreda, 2008).

According to (Namara, 2020), the models are used as tools for a variety of activities,
including forecasting floods, modeling the flood event, and observing water levels in
various water scenarios. There are deterministic and probabilistic hydrological models.
Results from the probabilistic models exhibit some degree of randomness, but those from

the deterministic models do not.

2.5.1. Hydrologic Engineering Center's Hydrologic Modeling System (HEC-
HMS)

The conceptual representation of watershed activity by HEC-HMS is as various runoff
process components. Its specification is based on the information requirements of the
hydrological research and contains an accurate depiction of the hydrological system.
Accurately forecasting catchment outflows from upstream sub catchments and flood wave
propagation along the drainage network are the primary goals of flood hydraulic
modeling and flood inundation mapping. HEC-HMS offers the user freedom by offering a
variety of models for each component. For estimating peak discharges and runoff
hydrographs for various return periods at various locations of the water shed outlet, the
HEC-HMS model is employed. (Yeshmebet Yitbarek Belay, et al, 2022).

According to (Gunathilake, 2019), the key justification for choosing HEC-HMS is that
regionalization demands a frugal approach. As a result, using a minimal amount of input
data, the model is utilized to simulate runoff for gauged and un gauged catchments. The
Swedish Meteorological and Hydrological Institute created the process-based continuous
HEC-HMS model in the early 1970s to aid hydropower operations through forecasting.

11



This concept has been utilized extensively in Finland, Norway, and Sweden, as well as
more than 50 other nations. It is less complex approach and effective in simulation. Also,
HEC-HMS model has been applied in Ethiopia with success in several studies. It is
successfully applied in regionalization for hydrological balance and stream flow
prediction in catchments in Upper Blue Nile sub. It also received applications for
estimation of stream flow in catchments in Dedessa. (Kemal, Chekole Tamalew &
Abdella, 2016) and Upper Tekeze sub basin (Tadesse, 2017), (Akawka & Haile, 2021)
also applied HEC-HMS for regionalization of model parameters for predicting stream
flows in un-gauged catchments of the Upper Blue Nile basin. Therefore, those studies
showed that the HEC-HMS model is capable to predict stream flow in un gauged
catchments. HEC-HMS project requires four model data components:

Basin Model: - Basin Model: The basin model serves as a representation of the actual
watershed. The user can build a basin model by adding and connecting hydrologic
elements. A basin model is made up of numerous hydrologic parts; including reaches that
help communicate stream flow, junctions that mix stream flow from areas upstream of the
junction, and sub-basins that are used to represent physical watersheds. To compute
precipitation loss, excess precipitation translation to direct runoff, base flow estimation,
and flood routing, various methodologies are used in the basin model. (Chuanhai Wang et
al,, 2021)

Meteorological model: - The precipitation and evaporation data necessary to simulate
watershed dynamics are stored in the meteorological model manager. The meteorological
model manager calculates the input for precipitation for each sub basin. Using both points
and gridded precipitation data, this model can simulate both frozen and liquid

precipitation as well as evapotranspiration. (Chuanhai Wang et al,, 2021)

Control specification: - Time-related information in the simulation, such as the
beginning and ending dates and the computing time interval, is referred to as the control

specifications. (Mokonen, 2021).

Paired data: - Hydrological models need hydrological recorded data for the paired data
component, which is described below. Items of a dependent variable for an independent
variable are defined by paired data. The function must increase monotonically, which
means that it cannot drop in order for any given example. Different data storage-discharge
functions are contained in the paired data component, including elevation storage,
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elevation area, elevation discharge, inflow diversion, diameter percentage, cross section,
and unit hydrograph curves. The various forms of paired data models are distinct and
each uses a different type of data. One entry must be made for each pair of chosen data.
Multiple basin models may exchange paired data, which is a component of the project.
(Mokonen, 2021).

2.5.2.  Soil and Water Assessment Tool (SWAT)
The Soil and Water Assessment Tool (SWAT) is a hydrological model that can be used to
simulate the hydrological processes in watersheds, such as rainfall-runoff processes and
river flow. The model can be used to estimate the hydropower potential of a river basin
by simulating the flow of water within the basin and identifying areas with suitable

hydrological conditions for hydropower development. (Sarra Aloui et al, 2023).

According to past review studies and a large body of literature that currently numbers
more than 5000 studies, the Soil and Water Assessment Tool (SWAT) is one of the most
widely used eco-hydrological models globally. The assessment of water resource issues,
the investigation of hydrological processes, the study of the effects of land use and
climate change, and the use of best management practices all involve the use of

hydrological and water quality models. (Sarra Aloui et al, 2023)

As demonstrated by multiple SWAT overview articles for special issues, SWAT has
proven to be a reliable and adaptable multidisciplinary modeling tool that may be used to
simulate a range of watershed problems. (Sarra Aloui et al, 2023).

2.6. Calibration and validation of hydrological models
Model calibration is the process of estimating model parameters by comparing model
predictions (output) for a given set of assumed conditions with observed data for the same
conditions. In model validation, a model is run using input parameters measured or
determined during the calibration process. Calibrating on a major flood event does not
guarantee that the model will accurately simulate another flood event even when they are
of the same magnitude. Keeping this difficulty in mind, multiple peak flow events were

selected for calibration. (Hongren Shen,& Bryan A. Tolson, 2022).

The calibration of hydrological models is often complex in regions with scarce data, and
generally only uses site-based stream flow data. However, this approach will yield highly

generalized values for all model parameters and hydrological processes.
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After the model has been calibrated, the evaluation takes place. Hydrological models can
be evaluated in many different ways, but typically involve validation of forecast
performance under changing conditions, and sensitivity and uncertainty analyses. (Xin Jin
and Yanxiang Jin , 2020).

2.7. Hydrodynamic models
Hydrodynamic models are Numerical flood models or computer-based models that use

mathematical and computational techniques to simulate the behavior of water during a
flood event (Anees et al. 2016). These models typically employ numerical algorithms to
solve equations that describe the flow of water in a river or stream, while taking into
consideration factors such as rainfall, runoff, channel geometry, and riverbed roughness.
Numerical flood models can be used to simulate the effects of various flood scenarios, as
well as to assess the efficiency of the proposed flood mitigation measures (Saleh et al.
2013). They are also used to simulate how flood behavior will alter in response to
changes in climate, land use, and other factors. Numerical flood models can take several
forms, such as one-dimensional models that simulate water flow in a river channel
(Pramanik, Panda, and Sen 2010) or two-dimensional models that simulate water flow

over a floodplain (Rameshwaran and Shiono 2007).

Hydrodynamic models are widely used tools in detailed flood dynamics simulations and
are mostly linked to flood forecasting, mapping (Anees et al. 2016). The critical
characteristics of hydrodynamic models that perhaps explain their widespread usage in
various applications are the ability to manipulate their inputs to investigate the impacts of
changes in the initial conditions, boundary conditions, and topographic changes arising
from the change in critical hydrodynamic features such as river streams, culverts, and
stream channel volume (Randa et al. 2022). The 1D hydrodynamics are usually
computationally efficient since they consider flows in one direction and assume their
steady and uniform. However, they have several limitations which include the inability to
capture lateral and vertical wave diffusions of the flood waves, considering topography as
cross-sections rather than the continuous surface, and thus somehow subjective in
factoring in orientation and topographical cross-sections (Horritt and Bates 2002). The 2D
hydrodynamics generally can accurately simulate inundation timings and durations and
are thus commonly used in different applications. However, they are computationally
intensive especially when covering a large study area since they solve the full shallow-

water equation (Neelz and Pender 2010). The 3D hydrodynamic models are generally
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considered not viable when covering an area of more than 1000 square Kilometers
especially when a high-resolution simulation is required. They are computationally
intensive and may take prohibitively long and thus not reliable for quick forecasts that
give enough lead time for interventions (Beven and Binley 1992). For numerical flood

modeling, a number of software packages are available, including:

» HEC-RAS: This software, created by the US Army Corps of Engineers, is used to
simulate the hydraulics of river systems in both one and two dimensions (Khattak
et al. 2016);

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

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

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

» Environmental Protection Agency’s Environmental Fluid Dynamics Code
(EFDC): This software, developed by the United States Environmental Protection
Agency, is used for three-dimensional hydraulic and water quality modeling of

surface water systems (Roy et al. 2020)..

It is important to note that the software chosen was determined by the specific needs of
the flood study, as well as the availability of data and resources. (Shustikova et al. 2019),
(Schubert et al. 2022) and (Chang et al. 2018) compared two 2D numerical models
(LISFLOOD-FP and HEC-RAS) used for assessing floodplain flooding, and discovered
that although coarser grids perform comparably, higher-resolution grids produce superior

outcomes.

2.7.1. Model selection criteria
When selecting both hydrological and hydraulic models for flood modeling, it is

important to consider a combination of criteria to ensure the models are suitable for the

specific study (Gul, Harmancioglu, and Gul 2010). Here are some key criteria to consider:

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

models should be capable of addressing the specific objectives effectively.

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

their suitability for the study area.

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

formats effectively.

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

similar study areas should be chosen.

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

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

and reduce the learning curve for researchers and practitioners.

The availability of technical support: The availability of technical support and updates
from the model developers or the modeling community for both the hydrological and

hydraulic models should be considered. It should be ensured that the selected models
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have active user communities, online forums, and access to technical assistance. Regular
updates and bug fixes can enhance the models' performance and address any issues that

may arise during the modeling process.

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

their capabilities and performance.

2.8.Flood hazard mapping
Flood hazard maps are widely used in flood information reports and requests for updating
when changes have occurred in the canals, in the flood plains, and in the upstream areas.
These changes include structural and channel or flooding changes in upstream areas. The
development of new buildings on the floodplain, obstructions, or other land-use changes
can affect water surface elevation, discharge, and flow rates, thereby altering the
elevation profile that defines the floodplain

Flood hazard mapping is an essential part of appropriate land use planning in flood-prone
areas. It produces easy-to-read, quick-to-access charts and maps that help identify areas at
risk of flooding and also helps prioritize mitigation and response actions (G.Venkata
Bapalu, 2014)

The flood hazard map is a flood map that shows the flood hazard, i.e. the intensity of
flood situations and the associated probability of it being exceeded. A flood hazard map
often shows the spatial distribution of water depth and flow velocity for scenarios of
synthetic flood plains with a specific return interval. The hazard characteristic of flood
risk is related to the hydraulic and hydrological parameters. Geographic information
systems (GIS) are often used to create flood hazard maps. They provide an effective way
of assembling information from different maps and digital elevation models (Sinha,
2005). GIS can calculate the extent of flooding by comparing local elevations to extreme

water levels.
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2.9. Flood Vulnerability

Flood vulnerability is one of the significant components in risk management and flood
damage assessment. (Nasiri et al., 2016b). Since vulnerability is found to be the main
reason for disasters, it seems necessary to develop our perception of vulnerability (Nasiri
et al., 2016a). Research with vulnerability subjects involves diverse descriptions for
vulnerability; in the United Nations’ description vulnerability is a degree of damage to
certain objects at flood risk with a specified amount and present in a scale from 0 to 1 (no
damage to full damage) (UNU-EHS, 2006). The International Panel on Climate Change
(IPCC) described the vulnerability as the incapability degree of managing climate change
and sea-level rise impacts(IPPC, 1995). There are several methods developed by
Researchers to evaluate flood vulnerability. Nevertheless, flood threat is still very
prevalent in spite of increased awareness about the vulnerability (Birkmann, 2007). This
matter increases doubt about the effectiveness of vulnerability evaluation methods and
their influence on flood mitigation and adaptation(Khan, 2012). Vulnerability
measurement is a complex process because it influenced by several environmental,
economic, and social or even political elements in local scale (Nasiri et al., 2016a). In
other words vulnerability is affected by numerous factors such as settlements conditions,
infrastructure, authority’s policy and capacities, social inequities, economic patterns,
etc.(Miranda & Ferreira, 2019) . So flood vulnerability varies for people in diverse
circumstances (Pandey et al., 2010). Human systems are vulnerable to floods due to three
vital aspects: Exposure, susceptibility, and resilience. Exposure refers to people and their
surroundings and every element present in flood-prone areas being exposed to the flood
impacts as a subject to potential losses(UNISDR, 2009). Susceptibility (Tan et al., 2012)
states is people, environment, and infrastructure tend to be influenced by a hazard
because of the fragility of the community or ecosystem, and (Al, 2004) defines resilience,
coping, and adaptation ability of a system in addressing disaster stress. Instance the
vulnerability of urban areas is a reflection of the exposure and susceptibility of the city to
flood risk and the resilience of that region to cope and recover from the flood effects
(Smit, 2006).

Generally, the vulnerability of a system against a certain hazard is not easily assessed.
Three routes for the assessment can be distinguished such as economic, social, and

cultural.
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Thus, vulnerability assessment in flood-prone areas depends on the following factors
(Tsakiris, 2007):

> The Exposure of the system (E).

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

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

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

> The fuzziness of the interrelated sides of vulnerability (coping capacity &
exposure) (1).

2.10. Flood risk mapping

Flood risk maps are essential tools for land use planning in flood-prone areas. The basic

criteria for mapping are usually chosen according to flood return periods. Sometimes, the

expected water depth or dynamic considerations are used instead. These criteria are

discussed in mapping examples from several countries. To draw a flood risk map, four

phases are usually recognized: hydrologic, geomorphic, hydraulic, and land use. Each of

these phases poses different problems and requires relevant methodologies to accomplish

them. A flood Risk mapping is the basic tool and starting point of any regional

intervention policy for flood control. Flood risk maps can be used for several purposes:

+
+

they provide the basic initial information for land use planning;
they allow correct development for new urban areas;

the cost of flooding and risk reduction benefits can be adequately evaluated by
using these maps;
the feasibility of non-structural flood control measures such as flood proofing can
be correctly assessed;

they can form the basis for any type of insurance plan;

flood risk maps serve as a logical base for investment planning and priority
setting, mainly for non-structural measures; and

Last but not least, flood risk maps increase public awareness of risk.

It's more of a guide to proper resource management than a restrictively-centered
mechanism for land management. This is necessary as the water level fluctuates

relative to water-input and water-output within the catchment (Gebre, 2015)
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Flood risk is the combination of flood hazards and vulnerabilities at a particular location
that needs systematic assessment, collection, and analysis of variables. GIS and its
extension (HEC-RAS) have emerged as important device in flood mapping and analysis
because it enables the preparation of maps of inundated areas (Adhanom, 2019).

2.11. Flood Mitigation Measure

Mitigation is continued action taken to reduce the risk of flood on property or humans. It
refers to a method or progress working to reduce/ avoid the impact of flooding on the
communities living in the area. The mitigation activities are working after the flood,
during flooding, and before flooding. Flood mitigation measures can be classified into
two (Subramanya K. , 2008). Those are:

Structural measure: is a method to control or reduce the flood impacts on the
communities by constructing engineering structures. This is used to control floods by

using engineering structures like:

+ Storage and detentions reservoir (store the income flood into the reservoir and
reduce the flood peak by providing temporary storage by restricting the outlet
flow rate)

+ Levees, dykes, or flood embankments (earthen banks constructed parallel to the
river courses and the oldest and most commonly used)

+ Floodways (natural channels flood which diverts during peak flood)

+ Channels improvements (increase floodway by widening deepening channel), etc.

+ Land management (developing vegetation and soil covers with land treatment like
check dams, contours bund, zing terrace, etc.)

Nonstructural measure: This is the method of flood mitigation which is different from
the construction of engineering structures but it follows the method of communities living

with the flood. Nonstructural mitigation measures are like:

+ Floodplain zoning (when river discharges high expected that the river over banks
and flow into the plain)

+ Relocate (moving the communities will be affected with their assets to the nearest
location /area)

+ Flood forecast and early warning (warning to the communities that are affected by
flood for appropriate measures)

+ flood insurances (the helping mechanism of communities).
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Flood control measure: - flood protection in this case refers to the building levee, dam
which is structural flood control measure. Structural measure builds in the flood plain,
can counteract flooding of the flood plains in several ways. For example, new catchment
dams can reduce flood peak, levee channels the flow into certain predetermined entry
ways and flood ways help to channel excessive flow away. But, building and maintenance
costs of this type of measure are high (Subramanya K. (., 2009)

Land use measure: Land use planning in flood area has the aim of reducing expected
flood hazard on the one hand and reducing the risk of the development in the flood area
on the other hand. The different land use options within floodplains would be analyzed.
Land use type is dividing into different zones according to river characteristics usually

Facilitates the analysis of land use option.

» Land use types are more susceptible to flood than other and the following options
can be exercised; the most vulnerable land use land cover activities shall be
discouraged in a flood area.

» Land use land cover can be shifted to low vulnerable area, for instance where river

has characteristically less flood risk.

2.12. Previous studies

Different researches have undertaken dealing with the application of Hydraulic model by
using HEC-RAS in flood hazard and risk assessment (Abu, 2020) used integrated
approach of remote sensing and GIS for flood hazard assessment for Ketar river
floodplain, located downstream of Abura gauging station in Ziway-dugda woreda,
Ethiopia. Abura gauging stations is among the most frequently flood-affected area for
which flood risk mapping is so important. The area is situated at the confluence of Katar
River it is the main contributor of flood in this area. In order to delineate flood hazard
zones, in general, different thematic layers viz., floor of building, age of building, land
use, vulnerability map and building material map were developed from topographic sheet
and field survey. The study has demonstrated the capabilities of using remote sensing
and GIS for detailed mapping of flood hazard zone.

The flood history at the study area is known / experienced by the people living. The
upstream of the Awash River basin has been flooded for short duration after intense or
prolonged rainfall events, but the downstream area has been flooded for weeks or months

every year during wet season. Timing and size of the flood cause influence the production
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of the crops cultivated in flood plain. Intense rainfall in the upper Awash River basin
occurs at the end of rain season, the flood can damage the crops (Gebre, 2015).

Flood flashing also affect the community below koka reservoir. The people identify
flooding coming from Awash River, the surrounding areas and combination of both.
Agriculture is the major source of the work for the study area communities and they
depend on it for income and for food. The people mostly farm along the Awash River and
use irrigation pump for with draw water from Awash River to the irrigation land.

There are types crop growing at the study area. Some of those are; tomato, onion, maize,
Cabbage, teff, wheat, barley and etc. all peoples whose living in the study area is affected
by flooding. During the rainy season they farming land and grow crop was loses by flood
plain because the area is vulnerable to the flood. The highly ranges of flow of the main
river and its tributary between the dry and rain season of rainfalls, overflows in the latter
cannot used for irrigations and in large measures must be wasted and lost, while in
contrast in the dry season there is a shortage of water. Therefore, water control during
rainfall season has two main advantages are flood reduce during rainfall season and used
during dry season but this method was not applied (Abu, 2020)

The future peak flood forecasting was estimated by using flood frequency analysis
(Mokonen, 2021). The flood map done through HEC-GeoRAS and HEC-RAS software’s
and comparing the amount of crop loss yield produced previously from hectare of land
and the expected crop yield from inundated area the flood damage could be estimated
(Mokonen, 2021). In this study calibration and validation of hydrological and hydraulic

model were didn’t worked in this case the output of model might be inaccuracy.
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3. MATERIALS AND METHODS
3.1.Description of the area

3.1.1. Locations

The Rift Valley basin is one of the major river basins in Ethiopia and is situated in the
central part of the country covering parts of Southern Ethiopia, Central Ethiopia and
Oromia Regional States. The study area is located in the central rift valley basin in
Central Ethiopia Region Mareko special woreda and Silte Zone. The catchment is
geographically bounded between 7°50 —8°13 N and 38°10 - 38°32E, at 108 km from
Hossana, Capital city of CER and Skm far from East Mesekan Woreda center, Inseno.

The total area of the Waja watershed is 864.92 km? and was used for hydrologic modeling
for this study. Topographically, the Waja watershed is ranging from 1734 m at the outlet

near Koshe town to about 3470 m in the high mountainous areas.
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Figure 3.1: Location map of Waja River catchment
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3.1.2. Climate
Climate of the study area consists of two ecological zones: humid to dry sub humid, dry
sub- humid to semi-arid lands (Makin et al., 1976). Accordingly, highland areas west of
Butajira are categorized under humid to dry sub-humid land. The areas north of Butajira
around the perennial sources of Waja River are humid to dry sub-humid lands. The rest of
the area which is around the watershed is in dry sub- humid to semi-arid zone. Rainfall

and temperature in the Waja River catchment strongly varies with the altitude.

The rainfall pattern increase as increasing the altitude from the rift floor to the western
highlands. The average annual rainfall varies spatially and ranges from 811 mm/year
around the rift floor in the east to 1104 mm/year at extreme highlands areas in the west.
Figure 3.2 below shows mean monthly rainfall of three meteorological stations within and

around the catchment.

All Three stations have a record from 199-2017 G.C which has more than 27 year’s data.
From the Figure below, it can be seen that the rainfall distributions are bi-modal. The
peak average monthly rainfall appears in the months of June to September while small to
moderate rainfall occurs from March to May. The mean annual temperature of Waja
ranges from 17.14 to 19.99 °C

3.1.3. Soils
The major soil types in study area exhibit a general relationship with altitude and slopes.
The soil types in the study area are classified in to six types known as Chromic Luvisols,
Chromic Vertisols, Eutric Cambisol, Marsh, Luvic Phaeozems, and Pellic Vertisols, are

generally dominating the area.

Generally, the soils types of this watershed area are characterized with shallow, moderate
to deep and very deep in depth and sandy clay to clay texture types. They are reddish
brown to red clay soils. Run-off formation from Eutric Cambisol is high and hence it is

susceptible to erosion.
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Figure 3.2 : Soil map of the Area

3.1.4. Land Use Land Cover of an Area
The land use and land cover map shows the spatial distribution and classification of
various land use types within the study area. By integrating land use and land cover data
with soil information, the hydrological characteristics of the region can be effectively
assessed. Changes in natural vegetation cover due to cultivation and deforestation have
significantly impacted the area, increasing weathering and erosion rates. Additionally,
farming activities on slopes have further contributed to soil erosion. The Waja River
catchment has experienced extensive damage from sheet erosion, resulting in significant
soil loss. Various land use and land cover types are present in the Waja watershed, as

shown in Figure 3.4 below, with annual crops being the predominant category.
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Figure 3.3 : Land use Land Cover map of the Area

3.1.5. Topography of area

The Waja River watershed exhibits a significant elevation range, with altitudes varying

from 1,734 meters to 3,470 meters above sea level. This variation in elevation plays a

crucial role in shaping the hydrology and geomorphology of the region. In the upper

reaches of the watershed, characterized by rugged terrain, the landscape is predominantly

defined by convex shapes. These convex slopes typically arise from geological processes

such as erosion and sediment deposition, creating undulating landforms that can influence

water flow patterns. The steep, rounded contours in this upper region tend to promote

rapid surface runoff during rainfall events, leading to increased erosion and sediment

transport towards lower elevations. The unique topography of this area is vital for

understanding the watershed's hydrological dynamics, as it affects how water is collected,

stored, and channeled through the landscape. In contrast, the lower part of the watershed

features more linear slope shapes, indicating a gradual transition from the rugged upper

terrain to flatter areas. These linear slopes often result from a combination of natural
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processes and human activities, such as agriculture and land development. The gentler
gradient in this region typically allows for more effective water infiltration and reduced
runoff, which can enhance groundwater recharge and support local ecosystems. However,
the linear nature of these slopes may also pose challenges, as they can lead to localized

flooding if rainfall exceeds the capacity of the soil to absorb water.
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Figure 3.4 : DEM of the study area

3.1.6. Slope of an area
The slope of the watershed plays a critical role in influencing runoff generation, as it
directly affects the speed and volume of water that flows over the land during
precipitation events. According to the results of terrain analysis based on Digital
Elevation Models (DEMs), the slope gradient across the majority of the watershed varies
significantly, with values ranging from 0 to 76 degrees. In watersheds where the slope is
minimal, typically approaching O degrees, water tends to infiltrate the soil more readily,
leading to reduced surface runoff, those approaching 76.34 degrees facilitate rapid runoff,
as gravity pulls water down the terrain more swiftly. This can result in increased surface
water flow, heightened erosion, and a greater potential for flooding. The variation in slope
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gradients across the watershed indicates that different areas were respond uniquely to
rainfall events. Regions with steep gradients are likely to experience
more significant runoff and erosion, which can exacerbate the impacts of flooding and
lead to the degradation of soil quality. In contrast, flatter areas may retain more moisture

and support vegetation growth, contributing to improved watershed health.
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Figure 3.5: Waja Watershed Slope map

3.1.7. Hydrologic characteristics of Waja watershed
The Waja River serves as a vital tributary to Lake Ziway, traversing diverse landscapes as
it makes its way to the lake. Throughout its path, the river flows through lush ground
forests that are rich in biodiversity and support numerous springs at various locations.
This ecological corridor not only provides habitat for various species but also plays a
crucial role in maintaining the hydrological cycle of the region. As the River descends
through the Zebider Mountains, it approaches the lower reaches of the watershed near

Koshe city. However, the river has been undergoing significant changes in its course,
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resulting in the erosion and destabilization of its banks. This shifting behavior has
profound implications for the local community, particularly for farmers whose
agricultural lands lie adjacent to the river. The erosion not only diminishes arable land but
also poses a direct threat to local infrastructure, including essential structures such as
bridges on the main road to Worabe town, as well as roads and diversion systems
designed to manage water flow. The river's loss of guidance and orientation has led to
erratic flow patterns, which cover extensive and irregular areas. Consequently, this has
resulted in land loss, increased flood damage, and an aesthetically unpleasing landscape.
The unpredictable nature of the river raises significant concerns for local residents, who
face not only economic challenges due to the loss of farmland but also heightened risks to

their safety and property.

3.2.Materials
In this study, the selection of materials and models was carefully determined based on
their capacity to address the existing challenges and contribute effectively to achieving
the predefined objectives. The integration of appropriate tools and methodologies is
crucial for ensuring the reliability and validity of the study results. To fulfill the
objectives of the study, the following materials and models were utilized:

e ARC-GIS: - ARC-GIS have been used to delineate watershed area, to know
longest flow path, clip soil and LULC maps.

e HEC-HMS was used to simulate the precipitation-runoff processes of the
catchment and determine the peak flood discharges for different return period
which have been used as an input for HEC-RAS hydraulic model.

e HEC-RAS were used to delineate the flood inundation and hazard map of the
study area in concert with Arc-GIS.

e Excel: - Microsoft Excel is used for analyzing different data like climate and

stream flow data by using different excel templates.

e GPS:-used to collect the coordinate and elevation data.
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3.3. Methods

3.3.1. Data collection

To achieve the objectives of this study, a comprehensive range of data was collected from
various sources, ensuring a robust analysis of the hydrological dynamics within the Waja
River watershed. The data types gathered include hydro-meteorological data, Digital
Elevation Models (DEMs), soil data, land use/land cover information, and socio-

economic data.

3.3.1.1.Rainfall data
In this study, rainfall data were collected from three strategically located meteorological
stations: Butajira, Koshe, and Tora. These stations were selected for their representative
coverage of the Waja River watershed, ensuring a comprehensive understanding of the
area's precipitation patterns. The meteorological data were obtained from the National
Meteorological Agency (NMA) of Ethiopia, which is known for its extensive network of
weather monitoring stations and commitment to providing accurate and reliable climatic
information. The dataset spans an extensive period of 30 years, from 1992 to 2021,
allowing for a robust analysis of long-term rainfall trends and variability within the

watershed.

Table 3.1: Rainfall data stations availability and Location

Station Station Annual
S/no | Name Region | Woreda Longitude | Latitude | Class RF
1 Butajira | CER Meskan 382200 80900 3 1104
2 Koshe CER Mareko 383131 80023 4 811
3 Tora CER Lanfuro 382514 75120 4 851

3.3.1.2. Hydrological Data
River is gauged at the Butajira outlet. River is the upper reach of Waja River which is

part of RVL basin. It is a perennial river that drains an area of 864.92 Km?. This data was
crucial for model calibration, validation, and analyzing the impacts of meteorological

factors on runoff generation and watershed response.
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Table 3.2: River Flow stations data availability and Location

River Site/Location Catchment Easting Northing

Waja Butajira RVLB 430451.65 897451.43

3.3.1.3.Digital Elevation Model (DEM)

Digital Elevation Model (DEM) is a square grid of regular spaced elevation data for
hydrology, agricultural planning, soil mapping and so on. Unfortunately, the use of DEM
surface is generally not suitable for large scale terrain representation for hydraulic
analysis of the river channels. Because they cannot vary in the spatial resolution, it may
poorly define the land surface in areas of complex relief. Therefore, for hydraulic
modeling of river channels, the Digital Elevation Model (DEM) with spatial resolution
12.5m by 12.5 m were downloaded from the Alaska satellite Facility (https://vertex-
retired.daac.asf.alaska.edu/).

3.4.Data Analysis
3.4.1. Tests on hydrologic data

The basic assumptions in statistical flood frequency analysis are the independence and
stationarity of the data series and that the data come from the same distribution
homogeneity and outlier, it is better to check the flow data at five percent significance

levels to reach an accurate estimate.
3.4.1.1. Test of independence and stationarity

Wald-Wolfowitz (1943) (W-W) test were used to test for the independence of a dataset
and to test for the existence of trends in a given sample of size N. For a dataset X3, Xo....

Xn the statistic R was calculated as;

I YLD ¢ TR o O G ¢ 3 §
Where: - Xi — Magnitude of flow at i period
Xi+1 — Magnitude of flow next to i period
X1 — Magnitude of flow at first period

Xn — Magnitude of flow at last period
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N- Total number of flows
When the elements of the sample are independent, R follows a normal distribution with

mean and variance given.

_ s2_s,
R= e 32
N =1 (3.2)
S2_S, __  S%_4SZS, 4 4S2S, + S — 25,
Var(R) = _R? (33
ar(R) = 3 + N—DN—2) (3:3)

1
Where; S, = Nm',. and m', = - rox]

m',. is the rth moment of the sample about the origin

The statistic U is approximately normally distributed with mean zero and variance unity.
In this thesis, the test of independence was at 5 % significance level, by comparing the
statistic u with the standard normal variate u,, corresponding to a probability of
exceedance a/,.

U= RZR TP PRTRRPRRTI < % |

JVar(R) )

3.4.1.2.Tests of homogeneity and stationarity

The Mann- (Whitney, 1947) test considers the quantities VV and W by testing two samples
of size p and g, where p is less than or equal to g are compared. The combined data set of

size N = p + g was ranked in increasing order.

_(pP+ D)

V=R
2

oo (3.5)

R is the sum of the ranks of the elements of the first sample (size p) in the combined
series (size N), V and W are calculated from R, p, and g. V represents the number of
times an item in sample 1 follows an item in sample 2 in the ranking. Similarly, W can be
computed for sample 2 following sample 1. The M-W statistic U will be defined by the
smaller of V and W. When N > 20 and p, g > 3, and under the null hypothesis that the two
samples came from the same population, U is approximately normally distributed with

mean and variance var (U),
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Where T and J is the number of observations tied at a given rank. T is summed over all
groups of tied observations in both samples of size p and g. Therefore, in this thesis the
statistic u is used to test the hypothesis of homogeneity at 5 % significance level a by
comparing it with the standard normal variety for that significance level.

u-u

TR

3.4.1.3.Testing of outliers

u= e (3.10)

Outliers are data points that depart significantly from the tread of the remaining data. The
retention or deletion of this outlier can significantly affect the magnitude of statistical
parameters computed from the data; especially for small samples procedures for trending
outliers require judgment involving both mathematical and hydrological considerations.
According to the (Jekel et al., 2014) if the station skew is bigger than +0.4 tests for high
outliers are considered first; if station skew is less than -0.4, test for low outlier are
considered first. Where the station skew is between -0.4 and +0.4, tests for both high and
low outlier should be applied before eliminating any outliers from the data set. The

following frequency equation can be used to detect high outliers.
Where: Yh = High outlier threshold in log units,
Kn = Value read from table for sample size n

Sy = Standard deviation

Yi_? 2
Sy — ;Z(n_l) ) QH — (10) Yh

A similar equation can be used to detect low outliers
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If the logarithms of the values in a sample are bigger than Yh in the above equation, then
it is considered high outlier. Flood peaks considered high outliers should be compared
with historic flood data and flood information at nearby sites. Historic flood data
comprise information on unusually extreme events outside of the systematic record.
According to the (Jekel et al., 2014) if information is available that indicates a high
outlier is the maximum over an extended period of time, the outlier is treated as historic
flood data and excluded from analysis. If useful historic information is not available to
compare to high outliers, then the outliers should be retained as part of the systematic

record.

3.4.2. Consistency checks and Adjustment of Rainfall Data

When dealing with inconsistent catchment rainfall data over time, it becomes necessary
for hydrologists to correct or adjust the measured data to ensure a consistent record.
Inconsistency in the data can arise from various factors such as changes in gauge location,
exposure, instrumentation, or issues with the observational procedure. To address this
problem, one widely applied technique is the Double-Mass Curve (DMC) analysis. The
DMC analysis is a graphical method that compares the time trends of a particular station's
record with those of nearby stations. It helps identify and adjust inconsistencies in the
data. The DMC analysis involves plotting cumulative rainfall data for the station of
interest against cumulative rainfall data from a reference station or a group of nearby
stations. The cumulative rainfall is calculated by summing up the rainfall values over a
specific period, such as yearly or monthly totals. By comparing the slopes and patterns of
the two curves on the graph, inconsistencies or shifts in the time trends can be detected. If
the curves of the station of interest and the reference station(s) exhibit similar patterns and
slopes, it suggests a consistent record. However, if there are significant deviations or

shifts between the curves, it indicates inconsistencies that need to be addressed.

The DMC analysis helps in identifying potential causes of inconsistency, such as changes
in gauge location or exposure. Based on the analysis, adjustments can be made to the data
by applying scaling factors or shifting the data to align the time trends with the reference
station(s). This process helps create a more consistent record for further hydrological
analysis and modeling. After the data of each station are arranged in descending order,
the accumulative sums, station to be investigated and base station; are plotted against
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each other and line of best fit were sketched as shown on figure 3.6 below. The data

series, which is inconsistent, adjusted to consistent values by proportionality.

Py = P % L, (3.13)

X/
°

Where Pcx is corrected precipitation at any time period and Py is original recoded
precipitation at time period

X/
°e

M. is corrected slope of double mass curve and M, is original slope of the double

mass curve
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Figure 3.6: Double mass curve

3.4.3. Goodness of fit test
This test helps to determine how well a specific distribution fits hydrological data and

provide insights into the appropriateness of the chosen distribution. The D-index is a

criterion used to select a suitable probability distribution for rainfall estimation.

It is calculated using Equation 3.14,
. 1 *
D-index = (E) 6 TRy = Ri™ T, (3.14)

Here, R is the average value of the series of the recorded rainfall, R; (for i=1 to 6) are the

six highest values in the series of recorded rainfall and R;* is the estimated rainfall by
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probability distribution. The distribution having the least D-index is considered as the
better suited distribution for rainfall estimation (USWRC 1981). To determine the most
suitable distribution, the D-index values are computed for different distributions, and the
distribution with the lowest D-index is considered the best fit for rainfall estimation. In
this case, the D-index values for various distributions were calculated and presented in
Table 3.3. Upon analyzing the table, it can be observed that the D-index value obtained
from the normal distribution is the lowest among the compared distributions, including
Log-normal, Log-Pearson Type Ill, Gumbel EVI, Pearson type Ill, and Gumbel
distributions. This implies that the normal distribution is the best suited distribution for
rainfall estimation based on the D-index criterion. The D-index provides a quantitative
measure to assess the goodness-of-fit of different probability distributions for rainfall
data. By comparing the D-index values, hydrologists can determine the distribution that
closely matches the characteristics of the recorded rainfall data. In this case, the normal
distribution exhibited the lowest D-index, indicating its superior fit for the rainfall data

under consideration.

Table 3.3: D-index values of different distributions

Log
Gumbel
Pearson Log Pearson £V Gumbel
Distributions Normal | Type IlI Normal | Type IlI
D-Index value 0.236 0.259 0.505 0.258 0.450 2.688

3.4.4. Determination of Areal Rainfall
To determine the areal rainfall over a catchment, various methods can be employed. One
commonly used method is the Thiessen polygon method, which is also utilized in this
particular study. The Thiessen polygon method assigns weights to different rain gauges
based on their areal coverage of the watershed. This approach eliminates discrepancies

caused by variations in gauge spacing throughout the basin.

The method considers all the stations within and around the basins, assuming a linear
variation in precipitation between adjacent gauge stations. To implement the Thiessen
polygon method, areas and lines are drawn on a map of the area using ArcGIS 10.3
software with the Arc toolbox extension. The lines connect adjacent gauge stations, and
the perpendicular bisectors of these lines form a pattern of polygons, with each polygon
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containing one gauge station. The area of each polygon represents the area associated
with that station and is used as a weighting factor for the station's precipitation. By
applying this method, the contribution of rainfall from each gauge station is limited by its
weighting factor. This allows for the estimation of average precipitation over the

catchment, considering the spatial distribution of the rain gauges.
According to Thiessen, the average rainfall, Ryeq, Over the area can be computed from
equation

Rix Aj
Rprear = Z?=1 A CTTTTTITTIITINeeee (3.15)

Where R; is the rainfall at station iy, A is the polygon area of station iy, A is the total
catchment area, and n is the number of stations. The area functions Aj/A; are known as the
Thiessen coefficients and once they are determined for a given stable station network, the
areal rainfall can be computed for the set of rainfall measurements. The three nearby

location of the rainfall stations are as shown below.
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3.5.Hydrological modeling using HEC-HMS model

HEC-HMS is a semi distributed model, in which data can be heterogeneous within basin
but it is homogenous within sub-basins. The hydrological characteristics of the basin have
been computed using the physical properties of all the sub basins for simulation. The
Hydro-meteorological data and curve number for each sub basins has been required for
simulation of the model. To perform rainfall-runoff modeling with HEC-HMS, several

input files are required:

4+ Background Map File: This file provides the spatial information and
characteristics of the study area. It includes data such as the boundaries of the
catchment, topography, land use, and other relevant features.

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

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

4+ Met File: The met file contains meteorological data required for the rainfall-runoff
simulation. It includes information such as precipitation, temperature, humidity,
wind speed, and solar radiation. These data are used to estimate actual
evapotranspiration and calculate potential evapotranspiration using different

methods.
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Figure 3.8: Waja river watershed in HEC HMS model
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HEC-HMS consists of different methods for precipitation loss modeling; The SCS Curve
Number (SCS-CN) model is a commonly used method within the HEC-HMS software for
estimating excess precipitation or direct runoff from a storm event. It was developed by
the Soil Conservation Service (SCS), now known as the Natural Resources Conservation
Service (NRCS), in 1972. The SCS-CN model takes into account various factors such as
cumulative precipitation, soil type, vegetation, and antecedent moisture condition of the

watershed to estimate the depth of excess rainfall or direct runoff.

The computation of excess precipitation or direct runoff using the SCS-CN model is

based on the following equation:

Q= (P-0.25)?
- P+O_8S -------------------------------------------------------------------------------

Where:

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

P = Cumulative precipitation (in inches)

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

In the SCS Curve Number (SCS-CN) model, the potential maximum retention (S) is

related to the Curve Number (CN) and can be calculated using the following equation:

_ 25400-254 CN

S = O e (3.17)

CN

Where:
S = Potential maximum retention after runoff begins (in inches)
CN = Curve Number

In a watershed with different land uses and soil types, a composite Curve Number (CN)
can be calculated to estimate the runoff volume. The composite CN represents an average
value that considers the contributions of individual watershed subdivisions with
homogeneous land use and soil type. The equation to calculate the composite CN is as

follows:

CNcomposite = z. A D (3.18)

39



Where:
CN composite = Composite Curve Number used for runoff volume estimation

i = Index of each watershed subdivision with homogeneous land use and soil type
CN;j = Curve Number of the watershed subdivision i

Ai = Drainage area of the subdivision i

The resulting value, CN composite, represents the average Curve Number for the entire
watershed, taking into account the variations in land use and soil type. This composite CN
can be used in the SCS-CN model or other runoff volume estimation methods to simulate
the runoff process and estimate the total runoff volume more accurately. The model
allows the transformation of excess precipitation into direct runoff. The SCS (Soil
Conservation Service) unit hydrograph model is commonly used as a transform model in
the Hydrologic Engineering Center's Hydrologic Modeling System (HEC-HMS) for
certain watersheds due to its simplicity, wide applicability, and historical significance.

In SCS unit hydrograph model, which is used as a transform model to convert excess

precipitation into point runoff, the following relationships and equations are used:

Relationship between UH peak (Up) and time to UH peak (Tp):

Where:
Up = Peak discharge of the unit hydrograph (in cubic feet per second)
A = Watershed area (in acres)

C = Conversion constant (2.08) - This constant is used to convert the Up to the desired

units based on the unit of A (acres) and Tp (hours)
Tp = Time to the UH peak (in hours)

This relationship allows for the estimation of the peak discharge of the unit hydrograph
based on the watershed area and the time to the peak. Relationship between the time to

UH peak (Tp) and the duration of the unit of excess precipitation (At) and basin lag (tjag):
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At = Duration of the unit of excess precipitation (in hours)
Tiag = Basin lag (in hours)

Basin Lag time in hours for each sub-basin was computed using equation (3.11) (Arlen,

2000) and then converted to minutes.

LO.S (S+ 1)0.7
1900%Y0-5

Lag =
Where S = Maximum retention

Lag = basin lag time (hours)

L= hydraulic length of the watershed (longest flow path)
Y = Basin slope (%).

The model includes several methods for channel flow routing. Among those models, the
Muskingum model for flood routing was selected for this study due to the availability of
required data. The Muskingum method uses a simple finite difference approximation of

the continuity equation:

(A=) — (OH; Ot) = () (3.22)

Storage in the reach is modeled as the sum of prism storage and wedge storage. The

storage is defined by the model as:
St :K0t+ KX(It_Ot) == K[Xlt‘l'(]._X)Ot] ....................................... (3.23)

Where K = travel time of the flood wave through routing reach, and X = dimensionless
weight ranging from 0 to 0.5. The quantity XIt + (1 — X) Ot is a weighted discharge.
When the storage in the channel is controlled by downstream conditions, such that storage
and outflow are highly correlated, X=0.0. Thus, S = KO and it is the linear reservoir

model. If X=0.5, the inflow, and outflow have the same weight which means that the
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wave does not attenuate when moving through the reach. By substituting equation (2.9) in
(2.8) and rearranging to isolate the unknown values at time t, we have:

0c= (o) I + (o) I + (w) ............. (3.24)

2K(1-X)+At 2K(1-X)+At 2K(1-X)+At

3.5.1. Basin characteristics
Basin characteristics refer to the physical and hydrological properties of a watershed or
catchment area. These characteristics play a crucial role in understanding and modeling
the behavior of the basin's hydrological processes. Some important basin characteristics
include Curve Number (CN), Basin Lag Time, basin area, Basin Slope, Potential

Maximum Retention (S).

Table 3.4: Basin parameters of Waja watershed

Sub basins  L(Km) Basin slope Basin Area(Km?) CCN Tlag(Min) la(mm)

Subbasin-1 53.13 0.17639 293.59 75.1 326.76 16.88
Subbasin-2  37.91 0.15827 207.38 75.1 262.76 16.80
Subbasin-3  46.31 0.09178 282.33 75.6 399.89 16.42
Subbasin-4  27.02 0.03925 81.623 78.6 362.88 13.80

3.5.2. Calibration and Validation of the Model Parameters

After the model setup is completed for HEC-HMS model, the next step is to run the
model and analysis the simulated result. The applicability of the model for intended
purpose should be evaluated through the process of sensitivity analysis, calibration and
validation (White and Choubey, 2005). For further analysis of the result, model
calibration involves modification of input parameters and comparison of predicted output
with observed values until the defined objective function is achieved (James and Burges,
1982). And the calibration was carried out by trial and error where model parameters are
manually or automatic calibration. In order to utilize the calibrated model for
estimating the effectiveness of future potential management practices, the model
tested against an independent set of measured data. This testing of a model on an
independent set of data set is commonly referred to as model validation. As the
model predictive capability was demonstrated as being reasonable in both the
calibration and validation phases, the model is used for future predictions under
different management scenarios (Ashenafi, 2013). Daily rainfall and stream flow data
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from 1996 to 2010 were used for calibration and validation of the model. The data from
1996 to 2005 were used during calibration and from 2006 to 2010 was used during

validation.

3.5.3. Model Performance Evaluation Criteria
Performance measurement allows for visual comparison of data from simulated and
measured output responses, helps to identify model bias, identify variations in peak
timing and magnitude (e.g. peak flows) and recession curve shape, etc. (Moriasi, 2015).
The performance of the HEC-HMS model was evaluated on four performance
assessment parameters. These are Nash Sutcliff Efficiency (NSE), determination

coefficient (R?), root mean square error (RMSE) and percent bias (PBIAS).

Nash—Sutcliffe model efficiency coefficient (NSE): used to analyze the correlation
between simulated and observed hydrological data. It can range from - to 1. An
efficiency of 1 indicates a correct match of simulated (modeled) discharge to the
measured (observed) data. The efficiency of 0 shows the model prediction is as perfect as
of the average of the observed data, whereas the efficiency less than zero occur when the
observed average is a better predictor than the modeled or, in another word, when the
residual variances (expressed by a nominator) is greater than the data variances
(expressed by a denominator). Essentially, the closer the model efficiency is to 1, the
more accurate it is. The disadvantage of this efficiency criterion is an overestimation of
the model performance during peak-flows and an underestimation during the low-flow
condition. It can be expressed as follow:

_ 1 — Ziti (Qsi=Qoi)?
NSE = 1 — Sl (3.25)

Where, Qsi - Simulated flow value at the ith time interval, Qo; - Observed flow value at

the ith time interval, Q, - Mean observed flow value

Coefficient of Determination (R?): The coefficient of determination is a measure of the
proportion of variances of the forecasted outcomes. It estimates how well the dispersion
of the measured data is predicted by the model. With a value of 0-1, the coefficient of
determination is computed as the square of the correlation coefficients (R) between the
sample and forecasted (predicted) data. The coefficient of determination indicates how

well a regression model fits the data. A value of 1 shows every point on the regression
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lines fit the data; a value of 0.5 shows only half of the variations are discussed by the
regression. A zero coefficient of determination (R?) indicates that the dependent variable
cannot be forecasted from the independent variable. The equation of coefficient of
determination can be expressed as follow:

an (Qsi_ds)(Qoi_Qo)z
R? = =1 o8 e it eterenterernnererantereratareraraeraranararaneararans 3.26
2{1=1(Qsi_Qs)2 2?:1(Q0i_Q0)2 ( )

Where Qsi - Simulated flow value at the ith time interval, Qo - Observed flow value at

the ith time interval, Q, - Mean observed flow value, Q - Mean Simulated flow value.

3.5.4. Flood Frequency Analysis
Flood Frequency Analysis (FFA) is a critical statistical method used to understand the
characteristics and magnitude of peak flows in rivers or floodplains. It provides a
probability model curve that relates the frequency of occurrence of a flood peak to its
magnitude. This analysis is based on historical flood data and observations collected over
a specific period. After calibrating and validating the hydrological model using observed
flow data, the next step was to estimate the maximum annual rainfall for durations other
than the available 24-hour data. Thus, by analyzing the peak annual rainfall data recorded
over a period of 30 years (1992-2021), FFA allows for the estimation of return periods.
The ERA Drainage Manual 2013 introduced an equation that was utilized to estimate the
maximum annual rainfall for various durations based on the available 24-hour maximum
rainfall data. This equation assumes a relationship between the 24-hour maximum rainfall
and the maximum rainfall for different durations. By applying this equation, the
maximum annual rainfall values for selected durations, such as 1-hour, 2-hour, 6-hour, or
any other desired duration, were calculated. These estimates were derived from the
observed 24-hour maximum rainfall data. Using the provided equation from the ERA
Drainage Manual 2013, the annual maximum rainfall depths were computed for each
selected duration. This allowed for the estimation of rainfall intensities for different
durations, which is crucial for understanding the potential for intense rainfall events and
their impact on hydrological processes. It is important to note that the specific equation
from the ERA Drainage Manual 2013 is likely based on extensive analysis of rainfall data
and regional characteristics. The coefficients or formulas within the equation take into
account factors such as climate patterns, geographical location, and statistical analysis of
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rainfall data. By utilizing this equation, it becomes possible to estimate the maximum

annual rainfall depths for various durations,

_ t (b+24)"
RRE = g Tagy o (3.27)

Where:
Rr: = Rainfall depth Ratio Ri: R4
Rt = Rainfall depth in a given duration’s t.

R24= 24 hr. rainfall depth b and n = coefficients b=0.3 and n= (0.78-1.09).
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Figure 3.9: Frequency storm depth
3.6.Hydraulic Modeling Using HEC RAS model

The full unsteady flow equations have the capability to simulate the widest range of flow
situations and channel characteristics. The basic data requirements for hydraulic routing
techniques include: flow data, channel geometry, roughness coefficients, and the
boundary conditions. Unsteady flow analysis was used to evaluate the downstream
attenuation of the flood wave, providing a more accurate estimate of flood magnitude and

velocity at critical locations.
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3.6.1. Mesh Generation
The accuracy of the HEC RAS result is dependent on the terrain of the study area. Mesh
of narrow size for good accuracy was developed for simulation used in geometric data
editor. In the current study area, mesh size of 15m * 15 m was used for simulation. Figure

below shows the mesh generated in geometric data window of HEC-RAS model.
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Figure 3.10: Mesh generation within 2D Area

3.6.2. Manning's roughness coefficient
The manning’s roughness coefficient is used to reflect the resistance to flow from bed
material. The roughness of a surface affects the characteristics of runoff, whether the
water is on the surface of the watershed or in the channel. With respect to the hydrologic
cycle, the roughness of the surface retards the flow. For overland flow, increased
roughness delays the runoff and increase the potential for infiltration. Reduced velocities
associated with increased roughness should also decrease the amount of erosion (Gilley et
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al., 1991). All hydraulic computations involving flow in open channels require an
evaluation of the roughness characteristics of the channel. The ability to evaluate
roughness coefficients must be developed through experience. One means of gaining this
experience is by examining and becoming familiar with the appearance of some typical
channels whose roughness coefficients are known (Bahramifar et al., 2013). Common
methods of estimating Manning's roughness coefficients for stream channels, includes use
of published n- value data, comparison with photographs of channels for which n values
have been computed, and n - value equations (Coon, 1997). A Manning n will be assigned
in accordance with a simple land cover classification that will be manually created from
parcel outlines and digital orthophotos, using Chow’s (1959) tabular n values for similar
land characteristics (Gallegos et al., 2009). The roughness Manning n values for different
land uses are provided on Chow’s (1959). It could also be selected based on reviewing the
site visit, photographs and aerial imagery of channel and flood plain areas (Asnaashari et
al., 2014). The Manning’s coefficients for the channel and overbank areas have been

estimated based on the field investigation (Changzhi et al., 2014).

3.6.3. External 2D Flow Area Boundary conditions unsteady simulation
Boundary conditions both at the upstream and downstream ends of study area are needed
for the model in flood routing. There are five types of external boundary conditions that
can be linked directly to the 2D flow areas. These are Flow Hydrograph, Stage
hydrograph, Normal depth, Rating curve and Precipitation boundary condition. The
Normal depth and rating curve boundary condition can only be used at locations where
flow will leave a 2D flow area. The flow and stage Hydrograph boundary condition can
be used for putting flow into or taking flow out of a 2D flow area.

Unsteady flow data used as a boundary condition in this study are: 10years inflow
hydrograph, 25 years inflow hydrograph, 50 years inflow hydrograph, 100 years inflow
hydrograph and Normal depth. Normal depth is used as a downstream boundary
condition. Normal depth can only be used as a downstream boundary condition for an
open-ended. To use normal depth, it is required to enter a friction slope for the reach in
the vicinity of the boundary condition. The slope of the water surface is often a good
estimate of the friction slope. In addition to the boundary condition, initial condition
should be established at the beginning of the unsteady flow simulation. Initial condition
consists of flow and stage information at each of the cross sections, as well as elevations

for any storage areas defined in the system. Once the terrain development steps are
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complete, the 2D simulation is executed in HEC-RAS. The software solves the 2D Saint-
Venant equations using the selected computational method (e.g., Full Momentum or
Diffusion Wave) to simulate the flow behavior and water surface elevations within the
defined area.

3.6.4. Post Processor
The post processor is used to compute detailed hydraulic information for a set of user
specified time lines during the unsteady flow simulation period. The Post processor
compute detail output for a maximum stage water surface profile. The computation
setting area of the unsteady flow analysis window contain the computation interval,
hydrograph output interval, mapping output interval and detailed output interval (Eichert,
1964). The computation interval is used in the unsteady flow calculation. This is one of
the most important parameters entered into the model and selected with care due to it
affects the simulation. Firstly, the interval should be small enough too accurately to
describe the rise and fall of the hydrograph being routed. In this study it is taken with 20
seconds. In my study 30 minutes is used as hydrograph output interval. The detailed
output interval field allows the user to write out profiles of water surface elevation and
flow at a user specified interval during the simulation. One hour is used for detailed
output interval. For medium to large rivers, the courant condition may vyield time steps
that are too restrictive (a larger time step could be used and still maintain accuracy and
stability). The smaller time step is needed when there is lateral weirs/spillways and
hydraulic connections between storage areas and the river system. Computational time
step stability and accuracy can be achieved by selecting a time step that satisfies the
courant condition. Remember that for Hydraulic models, typical time steps are in the

range of 1- 60 seconds due to the very fast flood wave velocities (Eichert, 1964).

VAT 20X
C = va <2 (withamaxC = 5)0r AT < T (withC = 2) ... .. ... ... (3.28)

Where: C=Courant Number;

V= Flood wave velocity (wave celerity)
(m/s);

AT =Computation time step(s);
AX=Average cell size (ft)
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3.6.5. 2D energy equation (Mass Conservation)
The continuity equation and momentum equation are the main scientific basis for unsteady flow

analysis. The continuity equation is as follow: (Eichert, 1964)

S ST = 0 2 (3.29)

Where, A = flow area, m2;

Q = volume of flow, m3/s;

q = the lateral inflow per unit length, m2/s;
t = time variable, s;

s = spatial distance along the direction of flow, m.

3.6.5.1. Diffusion-Wave equation

And one form of the Diffusion-Wave momentum equation is as follow (Eichert, 1964). ?3_1:"'

aQVv
ds

FEA(ZHSE) =0 2 (3.30)
Where, V = flow velocity, m/s;
z = elevation of water surface, m;

g = gravitational acceleration, m/s2;

Sf = friction slope.

Q2n2
m et ree e eer tee ees e see tee ees s ses tee ees e see eee eee s s see vee ees s e an
R3 x A?

sf = e (3.31)

Where, n = manning’s roughness coefficient; R = hydraulic radius, m

3.7.Flood Hazard map
Flood hazards are multifaceted and encompass various dimensions that need to be considered by
flood managers. These dimensions include the where, when, how long-lived, and how much
adjustment occurs in relation to flood events. To identify and communicate the potential dangers

associated with floods, flood hazard maps are created. These maps take into account the depth
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and velocity of floodwaters, as the combined effect of these factors determines the severity of the
hazard. Geographic Information System (GIS) software is commonly used to map flood hazards
and provide visual representations of the areas at risk. These maps assist in decision-making
processes regarding land use, emergency planning, and the allocation of resources for flood

management and mitigation efforts.

3.8.Flood vulnerability map

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

» Exposure indicators (Xi) represent the elements or factors present in an area that are at
risk of being affected by floods. These can include human settlements, infrastructure,
cultural heritage sites, agricultural fields, and other relevant components. The exposure
index (1) is obtained based on the functional relationship of these indicators, which can be
determined using a specific formula.

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

> Resilience indicators are important in understanding the system's ability to withstand and

recover from flood impacts.

The vulnerability of a system to flood events can be expressed with the following general
equation (Balica, 2007, p 37). This equation is used in the present study to compute Flood
Vulnerability Index (FVI).
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FVI = Exposure Index*Susceptibility Index- Resilience Index........................ (3.32)

. Based on the literatures reviewed, field visit and focused group discussion (FGD) with key
informants in the study area, the socio-economic indicators such as, Flood depth, Flood velocity,
flood duration, slope, DEM and land-use, are selected in this study as they so much influence the

vulnerable nature of the study area.

3.9.Flood Risk Analysis
Flood risk analysis is a process of assessing and evaluating the potential risks associated with
flooding in a particular area. For this study, flood hazard and flood vulnerability have been
developed, flood risk then developed by overlaying flood hazard map and food vulnerability

map. According to Zimmermann, 2005) the conventional expression of risk is,

Risk=Hazard * Vulnerability ..............cccoiiiiiiiiiiiiii e (3.33)
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4. RESULTS AND DISCUSSION

4.1. HEC-HMS Hydrologic model simulation
The hydrologic simulation of the Waja watershed was conducted using the Hydrologic
Engineering Center's Hydrologic Modeling System (HEC-HMS), which is designed to simulate
the precipitation-runoff processes within a watershed. This process involved a comprehensive
calibration and validation phase to ensure the model's accuracy and reliability. The calibration
period spanned from 1996 to 2005, during which various model parameters were precisely
adjusted to align the simulated outputs with observed hydrologic data. Following calibration, the
validation period from 2006 to 2010 provided an independent assessment of the model's
performance. During this phase, the model was tested against a different set of observed data that
had not been utilized during calibration. This approach ensured that the model's predictive
capabilities were robust and could accurately simulate runoff generation under varying
meteorological conditions. The validation results were crucial for confirming the model's
reliability, as they indicated how well it could forecast hydrologic responses in the watershed

based on new rainfall and land use scenarios.

4.1.1. Model Calibration
The analysis of simulated and observed flow values at the outlet of the Waja watershed during
the calibration period of 1996 to 2005 demonstrates a high degree of accuracy and alignment
between the two datasets, as illustrated in Figure 4.1. The results indicate that the calibrated
model effectively captures the hydrologic behavior of the watershed, with the simulated flows
closely matching the observed data. A key aspect of this comparison is the synchronization of
peak flows within the simulated hydrographs and the observed hydrographs, which further
validates the model's capacity to replicate the dynamics of the watershed accurately. To
quantitatively evaluate the model's performance, various statistical metrics were computed. As
presented in Table 4.1, the Nash-Sutcliffe Efficiency (NSE) gives a value of 0.75, reflecting a
relatively good fit between the simulated and observed flow data. This suggests that the model is

adept at reproducing stream flow patterns, providing confidence in its predictive capabilities.

52



Table 4.1: model performance measures during the calibration

Measure Value Performance
rating
Coefficients of determination (R 0.78 Very good
Nash Sutcliffe coefficients (NSE) 0.75 Very good
Root Mean Square Error (RMSE) 2.03 Very good
Percent Biass 2.02 Very good

Additionally, the Percent Bias (PBIAS) was calculated at 2.02, indicating a slight overall bias in
the simulated flows. This suggests that the model may either slightly overestimate or
underestimate flows, yet remains within an acceptable range. The coefficient of determination
(R?) was determined to be 0.78, which signifies a reasonably strong correlation between the
simulated and observed discharges. This correlation indicates that the model successfully
captures a significant portion of the variability present in the observed flow data. Moreover, the
Relative Mean Square Error (RMSE), calculated at 2.03, reflects a relatively low level of error in
the simulated hydrographs when compared to the observed data. This low error rate reinforces
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the reliability of the model in accurately depicting hydrologic conditions within the watershed.

Figure 4.1: Simulated and observed flows during calibration
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4.1.2. Model Validation
The validation of the model for the Waja watershed shows its capability to simulate stream flows
effectively beyond the calibration period. The validation period, spanning from 2006 to 2010, is
illustrated in Figure 4.2, which shows that the simulated and observed stream flow hydrographs

exhibit a strong correlation.

Particularly, the peak flows in the simulated hydrographs align closely with those recorded,
indicating that the model successfully captures the watershed's dynamics. To quantitatively
assess the model's performance during this validation period, several statistical metrics were
calculated, as shown in Table 4.2.

The coefficient of determination (R?2) is 0.77, signifying a reasonably strong correlation between
simulated and observed discharges. This indicates that the model accounts for a significant
portion of the variability in the flow data. Additionally, the Nash-Sutcliffe Efficiency (NSE)
value of 0.76 reflects a good fit between the simulated and observed data. The Percent Bias

(PBIAS) value of 1.3 suggests a minimal overall bias in the simulated flows.

Furthermore, the Relative Mean Square Error (RMSE) of 1.64 indicates a moderate level of error
when comparing the simulated hydrographs to the observed data.

Table 4.2: model performance measures during the validation

Measure Value Performance
rating
Coefficients of determination (R?) 0.77 Very good
Nash Sutcliffe coefficients (NSE) 0.76 Very good
Root Mean Square Error (RMSE) 1.3 Very good
Percent Biass 1.64 Very good
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Generally, the results of the model validation in the Waja watershed demonstrate a good

agreement between the simulated and observed hydrographs during the validation period.
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Figure 4.2: Simulated and observed flows during Validation

4.1.3. Peak flood hydrographs
To visualize the variation in flow over time for different storm events of varying frequencies,
Figure 4.3 displays the flood hydrographs estimated using the HEC HMS model. These
hydrographs represent the simulated flow patterns during different flood events with specific
return periods. The figure provides a graphical representation of how the flow changes over time
during these events, allowing for a better understanding of the flood behavior in the Waja River.
To further analyze and simulate the flood behavior, the flood hydrographs obtained from the
HEC HMS model were utilized as upstream boundary conditions in the HECRAS model.
HECRAS is widely used hydraulic modeling software that allows for the unsteady simulation of
floods and the evaluation of their impacts on river channels and floodplains. By incorporating the
HEC HMS-derived flood hydrographs as input, the HECRAS model enables a more detailed
examination of flood propagation, channel capacity, and floodplain inundation within the Waja
River system. This integrated approach, combining the HEC HMS and HECRAS models,
provides a comprehensive analysis of flood behavior in the Waja River. It allows for a better
understanding of the flood risk, the potential extent of inundation, and the corresponding impacts

on infrastructure, communities, and the environment. Such analyses are crucial for effective
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flood management, emergency preparedness, and the development of mitigation strategies in the

Waja watershed.
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Figure 4.3: Flood hydrograph for different return period

4.2.Flood inundation boundaries
The study aimed to assess the extent of flooding in the Waja River watershed and develop flood

inundation maps for different return periods. These maps are essential for emergency response
planning and implementing measures during or after flood events. The flood inundation maps
indicate the areas that are likely to be affected by floodwaters based on the specified return
periods. This information helps stakeholders, such as emergency responders and local
communities, understand the potential extent of flooding and take appropriate actions to mitigate
its impact. This year, the Waja River floods affected six Kebeles across two districts, displacing
over 1,000 households and leaving more than 5,000 residents homeless. The floods also severely
impacted local agriculture, submerging more than 1,400 crop fields and displacing over 5,000
livestock. By mapping flood coverage for different flood frequencies, this study offers valuable

insights for land use planning, infrastructure development, and emergency preparedness. It
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enables authorities to prioritize resources and interventions in the most vulnerable areas,

including the implementation of early warning systems, the construction of flood protection

structures, and the development of evacuation plans. Table 4.2 below illustrates the flood areal

coverage within the study area.

Table 4.3: Flood areal coverage’s with corresponding flood frequency

Flood frequency Areal coverage(ha)
10 years’ flood 3030
25 years’ flood 3364
50 years’ flood 3520
100 years’ flood 3683
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4.3.Flood depth
Flood depth information is crucial for assessing flood risk and developing flood hazard maps.

These maps provide visual representations of the potential extent of flooding at different water
depths, enabling communities and decision-makers to understand the areas prone to flooding and
plan accordingly. Flood depth maps are used to identify flood-prone areas, establish floodplain
management strategies, and guide land use policies to minimize exposure to flood hazards.
Furthermore, flood depth data is essential for infrastructure planning and design. It helps
engineers and designers determine the appropriate elevation and flood proofing measures for
infrastructure such as buildings, roads, bridges, and drainage systems. In the case of the Waja
River flood, the maximum flood depths were found to be 14.45m, 12.6m, 9.2, and 6.3m for
return periods of 100, 50, 25, and 10 years, respectively. These depth values indicate the level of

floodwater that can be expected at various locations along the river.
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Figure 4.5: Waja river flood depths
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By analyzing the flood depth maps, it becomes clear that the maximum flood depth is
concentrated in the upstream section of the river channel. This phenomenon can be attributed to
the topographical characteristics of the inundated area, which typically features a nearly flat to
gently sloping landscape. In these upstream regions, the gradual slope allows for a larger volume
of water to accumulate, as the slower gradient reduces the velocity of water flow. Consequently,
when heavy rainfall or storm events occur, the water tends to pool more readily in these flatter
areas, resulting in increased flood depths. This accumulation is exacerbated by the limited
drainage capacity of the surrounding terrain, which can hinder the efficient movement of water

downstream

4.4.Flood Velocity
Understanding flood velocity is important for several reasons. First, it helps in assessing the

potential risks and hazards associated with flooding. Higher velocities can increase the erosive
power of the water, leading to more significant damage to structures, infrastructure, and natural
habitats.

Flood velocity also plays a crucial role in determining the effectiveness and design of flood
control and mitigation measures. For example, when constructing flood defense structures such
as levees or floodwalls, engineers need to consider the anticipated flood velocity to ensure that

the structures are designed to withstand the forces exerted by fast-flowing water.

The flood velocity of Waja River was shown on the figure 4.6 below. The result shows that, the
maximum flood velocities for 100, 50, 25, 10 years flood frequency are, 6.8, 5.5, 4.7, and 3.8 m/s
respectively. The simulation produced variable flow velocities in the main channel and the
inundated floodplain. Generally, high velocities were recorded in the main channel than the

floodplains.

The spatial distribution of inundation flow velocity demonstrates a clear correlation with the
elevation profile of the area. Higher flow velocities are observed at the center of the channel,
where the water is deeper and more confined. In contrast, lower velocities are found in the

adjacent floodplains, where the terrain is flatter and the water spreads out, reducing its speed.
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Figure 4.6: Flood velocity of Waja River for different storm frequency

4.5.Flood hazard map
Flood hazard maps incorporate various parameters, including flood extent, flood depth, flood

velocity, and duration. Among these factors, flood depth and velocity have the most significant
impact on human safety. Flood depth indicates the type of failure that may occur, such as sliding
or tumbling failures, while high-velocity floodwaters can directly damage structures or their
foundations. As water depth increases, the potential for damage also increases. Higher flood
velocities pose a greater risk of loss of life. Even small depths of water moving at high velocities
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can cause damage to structures and foundations. Although low-depth, high-velocity flows can
cause instability, the chances of drowning are lower compared to deeper water situations, which
are more dangerous. Velocities exceeding 2 m/s can result in scouring, affecting the stability of
foundations and poles. Erosion of grass and earth surfaces can create scour holes. Depths
exceeding 2 m can damage lightly framed buildings through water pressure, floatation, and
debris impact, even at low velocities. Therefore, it is essential to consider a comprehensive set of

hazard vulnerabilities for classifying flood hazards on a floodplain.

The relative vulnerability of the community and its built assets to flood hazard can be assessed
by using flood velocity and depth thresholds. The thresholds are related to the stability of both

people and vehicles in flood waters, and to buildings affected by flooding.

For analyzing Waja river flood hazard classification, the combined effect of flood depth and
velocity has been considered. These hazard criteria are assigned hazard index on 1 — 5 scale, 1
being low hazard category while 5 being extreme hazard category. The hazard classification
scheme developed by FEMA (2018) is shown in table 4.4 below.

Table 4.4:Flood Depth and Velocity Severity Grid Categories source: FEMA (2018)

Flood Flood severity ~ Depth *velocity Description
index category range (m?/sec)
1 Low hazard <0.2 Generally safe for vehicles, people and
buildings.
2 Medium hazard 0.2-05 Unsafe for small vehicles.
3 High hazard 05-15 Unsafe for vehicles, children and elderly.
4 Very high 15-25 Unsafe for vehicles and peoples
hazard
5 Extreme hazard >25 Unsafe for all vehicles, peoples, and buildings

The flood hazard map created for the Waja River floodplain, considering a 100-year return
period, has provided valuable insights. The results indicate that a significant portion,
approximately 35%, of the flooded area falls under the categories of Extreme, very high and high
hazard. These hazardous zones predominantly encompass the rural settlements of six Kebeles

across two districts of Silte zone and the agricultural lands located within the floodplain.
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Furthermore, the flood hazard map reveals that approximately 65% (Table 4.5) of the flooded
area is classified as medium and low hazard. These areas are characterized by relatively flat
slopes, which may contribute to reduced flood risks compared to the higher hazard zones.
However, it is important to note that even within the medium and low hazard areas,
precautionary measures and flood preparedness should still be implemented, as flooding can still
pose significant challenges and potential damage. The findings of the flood hazard map
emphasize the critical importance of understanding and addressing the specific risks and
vulnerabilities posed by flooding in the Waja River floodplain. This information can guide
decision-makers, urban planners, and emergency management authorities in developing
appropriate flood mitigation strategies, land-use planning regulations, and emergency response
plans to safeguard the affected communities and minimize the potential impacts of future flood

events.
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Figure 4.7: Flood hazard classes of 100 year flood
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Table 4.5: Flood hazard coverage of Waja River

Hazard class Area(ha) Inundation coverage (%)
Low 1243 349
Medium 1157 31%
Al 675 18%
Very high 498 14%
Extreme 110 3%

4.6.Flood Vulnerability Map

When developing a flood vulnerability map, several parameters are typically considered. By
integrating and analyzing those factors, a flood vulnerability map assigns varying levels of
vulnerability to different areas or communities. The flood vulnerability map specifically
designed for the Waja River floodplain, with a focus on the 100-year return period, has yielded
significant insights into the area's vulnerability to flooding. The map has effectively identified
and classified different vulnerability levels across the region, providing valuable information for
decision-making and flood risk management.

According to the flood vulnerability map shown on figure 4.8 above and table 4.6 below,
approximately 17% of the flooded area is categorized as having high and very high vulnerability.
These areas primarily consist of the rural Kebeles’ of Silte Kebeles. The concentration of high
vulnerability in this region indicates an increased risk of flooding and highlights the urgent need
for proactive measures to mitigate the impacts on the population and infrastructure. Around 18%
of the flooded area falls under the moderate vulnerability class. The majority of the flooded area,
covering approximately 65%, is classified as having low and very low vulnerability. These areas
predominantly consist of vegetation, and grasslands. While these regions are considered less
vulnerable to flooding, it is crucial to maintain awareness and preparedness, as even low

vulnerability areas can be affected by extreme flooding events.
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Figure 4.8: Flood vulnerability map of Waja River floodplain
Table 4.6: Flood Vulnerability coverage of Waja River

Vulnerability Area(ha) Coverage (%)
Level
Very low 1243 34%
Low 1157 31%
Moderate 675 18%
High 498 14%
Very high 110 3%
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4.7.Flood Risk Map

A flood risk map is a geographical representation that assesses and illustrates the potential risks
associated with flooding in a particular area. It combines various factors, such as flood hazards
and vulnerability to provide a comprehensive understanding of the overall flood risk in a region.
By integrating these factors, a flood risk map assigns varying levels of risk to different areas
within a region. Typically, risk levels are categorized as high, moderate, or low, based on the
combined assessment of hazards and vulnerability. The map provides a visual representation of
the areas that are most at risk, allowing stakeholders to make informed decisions regarding land
use planning, emergency response, and long-term flood risk management strategies. A
comprehensive flood risk map serves as a valuable tool for policymakers, urban planners,
emergency management agencies, and communities. It helps identify areas that require
immediate attention and investment in flood mitigation measures. By understanding the specific
risks and vulnerabilities associated with flooding, stakeholders can develop appropriate strategies

to reduce the impact of flood events, enhance community resilience, and protect lives and
property.

The flood risk map of the Waja River floodplain provides a comprehensive understanding of the
flood risk levels across the region. The map classifies the flood risk into five levels, ranging from
very low to very high risk, based on an analysis of various factors including hazards and
vulnerability. According to table 4.7 below, the flood risk map, approximately 24% of the
flooded area falls under the category of very high and high risk. These areas are predominantly
characterized by the six rural Kebeles particularly Goflala kebele was the most risky area. The
concentration of very high and high-risk zones in those Kebeles underscores the significant
vulnerability of these areas to flooding. It highlights the urgent need for effective flood
mitigation measures, emergency response plans, and infrastructure improvements to protect the
lives and properties of the residents. Approximately 45% of the flooded area is classified as low
and very low risk. These regions are primarily located downstream which are sparse rural
populations and natural vegetation. Around 20% of the flooded area is categorized as moderate
risk. In general the flood risk map provides valuable information for policymakers, urban
planners, and emergency management authorities to prioritize resources and implement

appropriate measures. By understanding the specific areas and communities at different levels of

65



flood risk, stakeholders can develop tailored strategies for flood risk reduction, land-use

planning, and emergency response. This includes implementing protective infrastructure,

improving early warning systems, and promoting community engagement and education

initiatives.
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Figure 4.9: Flood risk map of Waja River floodplain
Table 4.7: Flood Risk coverage of Waja River

Risk Level Area(ha) Coverage (%)
Very low 454.6 12%
Low 1233.6 33%
Moderate 725.6 20%
High 891.6 24%
Very high 377.6 10%
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5. CONCLUSION AND RECOMMENDATION

5.1.Conclusion
The study was conducted on the Waja River floodplain aimed to model and maps the flood
hazard, vulnerability, and risk associated with flooding in the area. To achieve this objective,
various data sources were utilized, including meteorological, hydrologic, and topographic data
collected from different organizations. Meteorological data was obtained from the National
Meteorological Agency (NMA), stream flow data from the Hydrology Department of the
Ministry of Water and Energy (MoWE), and topographic data from high-resolution Digital
Elevation Models (DEM) downloaded from the Alaska Satellite Facility. The study employed
several tools and materials, including the HEC HMS (Hydrologic Engineering Center
Hydrologic Modeling System) and HEC-RAS (Hydrologic Engineering Center's River Analysis
System) models, GIS software, GPS devices, and metering tape. The HEC HMS model was used
to analyze flood hazard and risk by developing inflow design floods for different return periods
based on daily rainfall and observed stream flow data. The model was calibrated and validated
using actual stream flow data, demonstrating a strong relationship between simulated and
observed data as indicated by the statistical metrics calculated during the calibration and
validation periods. Accordingly, during model calibration the NSE value was 0.75, Percent Bias
(PBIAS) was 2.02, coefficient of determination (R?) was 0.78, and Relative Mean Square Error
(RMSE) was 2.03, indicating a good fit, favorable bias, strong correlation, and low error between
the simulated and observed flow values. Similarly, during the validation, the model achieved a
solid performance with an R? of 0.77, NSE of 0.76, PBIAS of 1.64, and RMSE of 1.3, indicating
a reasonable fit, slight bias, significant correlation, and acceptable accuracy. These results
confirm the model's ability to accurately simulate stream flows and provide valuable insights for
hydrologic analysis in the Waja watershed. After calibration and validation, the annual maximum
precipitation was extracted from rainfall data to develop frequency storms for different return
periods. These storms were then used as input for the HEC HMS model to generate flood
hydrographs. The HEC-RAS model, combined with the flood hydrographs, was used to produce
flood inundation maps, which were visualized in ARC-GIS software for detailed analysis. The
results of the study indicated that for return periods of 10, 25, 50, and 100 years, the areas
inundated by floods were 3030 ha, 3364 ha, 3520 ha, and 3683 ha, respectively. Additionally, the

maximum flood depths were found to be 6.3m, 9.2m, 12.6m, and 14.45m for the respective
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return periods. The maximum flood velocities were 3.8 m/s, 4.7 m/s, 5.5 m/s, and 6.8 m/s for the

same return periods.

Flood hazard maps were developed from the depth, velocity, and duration of floodwaters,
revealing that 35% of the flooded area falls under the categories of Extreme, very high and high
hazard, while approximately 65% was classified as medium and low hazard. The flood
vulnerability map, which considered indicators such as flood depth, velocity, duration, slope,
land use/land cover, slope and DEM, classified approximately 17% of the flooded area as having
high and very high vulnerability. Around 18% of the flooded area falls under the moderate
vulnerability class and the majority of the flooded area, covering approximately 65%, is
classified as having low and very low vulnerability. By combining the flood hazard and
vulnerability information, the study developed a flood risk map, which categorized the risk into
five levels: very low, low, medium, high, and very high. The results showed that 24% of the area
fell into the high and very high-risk categories. About 20% of the area had a moderate risk and

the remaining 45% of the flooded area was classified as low and very low risk.

5.2.Recommendation
Based on the findings of this research, several recommendations can be made to address the risks
and wvulnerabilities associated with flooding in the Waja River floodplain. These
recommendations aim to enhance flood mitigation, improve emergency response, and ensure the

safety and resilience of the affected communities:

» Enhanced Data Collection and Monitoring: Establish a comprehensive network for
real-time meteorological and hydrological data collection. This should include additional
rainfall gauges and stream flow monitoring stations to improve data accuracy and model
calibration.

» Regular Model Updates: Periodically update the HEC HMS and HEC-RAS models with
new data to ensure their accuracy over time. Incorporating recent flood events and
changing land use patterns will help maintain the models' relevance.

» Community Engagement and Awareness: Implement community outreach programs to
educate local populations about flood risks and preparedness. Enhancing public
awareness can promote better risk management practices among residents in vulnerable

areas.
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Land Use Planning: Integrate flood risk assessments into land use planning and zoning
regulations. Limiting development in high-risk areas can reduce vulnerability and
improve community resilience against flooding.

Emergency Response Planning: Develop and regularly update emergency response
plans that incorporate flood risk maps. This will aid in efficient evacuation and resource
allocation during flood events.

Collaboration with Local Authorities: Foster partnerships with local governments and
relevant organizations to facilitate coordinated flood risk management strategies.
Collaborative efforts can enhance resource sharing and implementation of effective flood
mitigation measures.

Future Research: Encourage further research into climate change impacts on hydrology
and flooding patterns in the Waja River floodplain. Understanding these dynamics can

inform long-term adaptation strategies.
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7. ANNEXES

Appendix A: Maximum annual Rainfall

Year Max ARF Year Max ARF
1992 44,7499 2007 54.1417
1993  57.6769 2008  61.4984
1994  68.9417 2009  73.6291
1995  69.6686 2010  47.5581
1996 68.0127 2011 47.5314
1997  61.7061 2012  33.5894
1998  65.0723 2013  45.3557
1999  57.4682 2014  34.4052
2000 52.1898 2015 27.406
2001  54.6545 2016  28.5207
2002  55.3332 2017  23.4149
2003 459506 2018  31.2065
2004  51.8322 2019  24.4825
2005  39.5311 2020  44.6989
2006  64.0965 2021  33.9369



Appendix B: Flood inundation of Waja River floodplain

88000 890000 892000

884000

882000
882000

880000 882000 884000 886000

880000 882000 884000 886000 888000 890000 892000

‘433000‘ 436000 439000 442000 445000 448000 451000 433000 436000 439000 442000 445000 448000 451000

880000 882000 884000 886000 888000 890000 892000
882000

880000 882000

80



Appendix C: water surface elevation of Waja River floodplain
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Appendix D: Particle tracing for 100 years flood
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Appendix E: Field photos of flood inundated area at Goflala kebele
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