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Abstract 
 

Flood is an overflowing of water over land surface when the volume of water raises higher 

than the banks of the water body. Ethiopia is one of the east African countries that is 

severely affected by it due to the countries rainfall characteristics in which, more than 80% 

of its annual precipitation falls in four wet month. The objective of this research was to 

model the flow characteristics of Gilgel-Abay River and to develop flood map for the area. 

Integration of HEC-HMS and HEC-RAS with ARC-GIS was used to create a regional 

model for floodplain determination, modeling analysis representation. HEC-HMS was 

used for hydrologic model calibration with the use of daily time series data for return 

periods of 2, 10, 25, 50 and 100 years and the model was compared with different frequency 

analysis methods. HEC-RAS with HEC-GEORAS interface in coordination with ARC-GIS 

was used to carry out the two dimensional hydraulic modeling and generation of flood 

maps. Daily discharge and rainfall data were used for HEC-HMS Calibration and 

Validation with both results showing good match between measured and simulated 

precipitation data, with acceptable range of coefficient of determination R2 (between 0.7 

and 1, Calibration value being 0.72 and Validation 0.73) and Nash-Sutcliffe (NSE) 

(between 0.5 and 0.75, Calibration value being 0.51 and Validation 0.54). The result of 

hydrologic model demonstrated peak discharges of 223.9 m3/s, 367.5 m3/s, 438.4 m3/s, 

440.5 m3/s and 501.6m3/s for return periods of 2, 10, 25, 50 and 100 years respectively. 

According to the flood map generated, flooded area for the return periods 2, 10, 25, 50 

and 100 years were 6.2 km2, 7.3 km2, 7.8 km2, 7.9km2 and 8.3 km2 respectively. Flood 

damage of the area was assessed using depth damage function method and the estimated 

damage to the agricultural land use with water depth greater than 1m was 32.18 km2.     

Therefore, non-structural measures like afforestation as well as structural flood protection 

measures like dikes and levees were recommended to be constructed around the 

agricultural area. 

Key words: HEC-HMS, HEC-RAS, Floodplain map, Gilgel Abay and 2D Modeling 
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1. Introduction 

1.1 Background  

A natural or a manmade phenomenon that is caused due to an overflowing of water over a 

land surface or river banks, when the volume of water is more than the carrying capacity 

of the drainage system is called flooding. It is caused naturally when there is high or long 

lasting precipitation or other natural hazards such as earthquake and tsunamis. Whereas 

when hydraulic structures such as dams, levees and spillways are damaged or breached 

floods are caused and this is known as man induced flooding (Ohimain, 2014). 

Floods are further classified into two. Flash floods which occur suddenly or unexpectedly 

are generated from high precipitation that creates excess runoff. It is mostly caused 

naturally but it may also occur when a reservoir is breached. The other is river flood which 

occurs naturally when the volume of water in water bodies like rivers is increased due to 

heavy rainfall (Aris, 2003). 

Serious environmental and economic losses are caused by floods. One third of all natural 

disasters that result in different kinds of losses are due to floods. This hazardous 

phenomena is among the world’s costliest natural disasters which annually bring global 

damages that are worth $6-$8 billion affecting more people than any other form of natural 

disaster. Loss of human life, damage to property, destruction of crops, loss of health 

conditions owning to water borne diseases are major impacts of the phenomena. Due to 

damage of different infrastructures like roads, bridges, and power plants economic 

activities will be forced to seize and people will also be displaced from their homes leading 

to disruption of life. Psychological impacts are also the results of flood causing trauma on 

people who lost their loved ones (especially children) due to the phenomena (Lampros, 

2009). 

Ethiopia is one of the east African countries which is severely affected by flooding due to 

its rainfall characteristics where more than 80% of its annual precipitation falls in four wet 

month. There are three distinct seasons of the country called Bega, Belg and keremt. Bega 

starts from October and extends to January. This season is mostly dry. Belg starts from the 

month February and extends to May. This season is the main rainy season for pastoral areas 

and short rainy season for crop growing areas. The third season, Keremt, which the amount 
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of rainfall becomes high and flooding mostly occur starts from the month of June and 

extends to mid September (NDRM, 2020). 

Flood has affected many parts of the country mainly Dire dawa, SNNPR, Amhara, 

Oromiya, Gambella, Tigray, Somali and Afar regions. The results of flooding in Ethiopia 

are due to flash floods, river floods and heavy rains causing overflow. According to the 

2020 year data of NMA, Average of 336,810 people in Somali regions, 539,761 people in 

Oromia region, 398,491 people in SNNPR, 44,340 people in Gambela, 63,410 people in 

Afar, 14,550 people in Tigray, 15,000 people in Dire-Dawa, 2000 people in Harari, 10,000 

people in Addis Ababa and 586,342 people in Amhara regions were affected by flood. 

Flooding in the Country at times results in displacement, loss of property, depletion of 

natural resources, disruption of social services and damage to infrastructure. Therefore 

from this information it is seen that flood modeling is necessary (NDRM, 2020). 

The aim of this study is to develop a reliable flood model and to simulate flood events of 

Gilgel Abay River. On August 19, 2006 NASA’s tera satellite (MODIS) captured the top 

image of the area and the image showed that the river was flooded. The satellite image 

does not normally show the river. But on the beginning of July where heavy rain began to 

occur, the river was visible and it observed to be larger than the Blue Nile. Since the 

catchment is a densely populated part of the Amhara region, it was found necessary to 

develop a flood map for the area in case any hazardous phenomena occurs in the future 

(Nasa, 2006). 

 In the past only mitigation of effects of flooding was adopted but its cause and effect was 

not considered. This day’s flood effects can be modeled and simulated using different soft 

wares. Developing flood maps for different areas is advantageous because it allows people 

to see whether a flood will occur or not and help them to use different mitigation measures 

which will allow them to avoid different kinds of disasters that could happen to them and 

their properties (Ohimain, 2014). 

1.2 Statement of the Problem 

Gilgel Abay is the largest contributors to Lake Tana which is located south of the lake. 

Other main tributaries to the lake are Megech, Gumera and Rib rivers. In 2006 there was 
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an overflow of Rib and Gumera rivers causing floods and displacing people from their 

residential places, forcing them to stay under temporary shelters. In that same year the 

NASA tera satellite (MODIS) captured the top image of Gilgel Abay River and reported 

the river was flooded. The satellite image before the incident showed only the slightest of 

hint that the river ever exists. But on August 19, the river was larger than the Blue Nile to 

its east. Due to the flood, the land adjacent to the river was degraded causing destruction 

of habitat and biodiversity, erosion and damage on agricultural areas. Since 62% of the 

catchment area is agricultural and many small scale agricultural systems are being adopted 

around the river, it was found necessary that the flood potential of the river is assessed and 

reliable flood map is prepared for the catchment in case any significant damage in this areas 

happen in the future due to flooding of the river. 

1.3 Objective of the study 

1.3.1 General objective 

The general objective of this study is to model the flow characteristics of Gilgel Abay River 

and to develop flood map for the area. 

1.3.2 Specific Objectives 

 To determine probability distributions that best fit the flow data. 

 To estimate peak flood discharge for different design precipitations.  

 To develop 2D flood modeling and create a flood map for the river. 

1.3.3 Research Questions 

 Which type of fitting distribution is the best fit probability distribution for Gilgel 

Abay catchment? 

 How much is the peak flood discharge for different design precipitations? 

 What does the flood map indicate? 

 What is the area of coverage and extent of the likely damage? 
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1.4 Significance of the Study 

Flood models are mainly used to simulate flood inundation extent and depth at different 

sections of the studied flood rivers. Hydraulic and hydrologic engineers use them to better 

study and analyze the hydrologic system of floods. Models that are physically based have 

the capability of defining spatial and temporal variables in terms of discharge, water level, 

velocity flow duration, and inundation extent on the processive flood events.  

These models are now a days basic solutions to flood hazards which is defined as floods 

that cause sudden threats to the lives and properties of human beings at flood prone areas. 

The aim of these studies is to decrease the susceptibility and vulnerability of both economic 

and human lives aspects. They are also a major help in supporting the hydro-system 

operation, flood warning, risk quantification and decision making for the design and 

planning of flood mitigation measures. Governments and Insurance companies can use 

these studies to separate areas of land at high risk and guide the investment and emergency 

response strategies (Ukessays.com, 2018). 

The study is significant for developing a reliable flood map for Gilgel Abay watershed 

ensuring safety for the farmers of the Gojam living around the area of the river. It will also 

be useful to flood management bodies for any decision making for flood management 

strategies. In general the research would be significant for the society as well as for 

different authorities related to flood management. 
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2. Literature Review 

2.1 Flood Inundation Mapping and Modeling  

2.1.1 Rainfall-Runoff modeling 

Different tasks like modeling of flood events, monitoring of water levels during different 

water conditions or prediction of floods are done by rainfall-runoff models (Jia Y. et al , 

2009). Hydrologic models are further classified into two: stochastic and deterministic. 

Models that produce outputs with partial randomness are called stochastic whereas models 

that don’t have randomness are called deterministic. Deterministic models are further 

classified in to three (Cunderlik, 2003).  

Firstly, the lumped model, which assesses the catchment response simply at the outlet 

without obviously counting for an individual sub-basins response. Secondly, the semi-

distributed model, which is partly permitted to change in space with a division of the 

catchment into a number of sub-basins. The third type of model is the distributed model, 

which permits its parameters to change in place at a resolution normally chosen by the 

client (Cunderlik, 2003).  

Distributed hydrological models such as the European Hydrological System Model 

(MIKE-SHE) and Modular Modeling System (MMS), and semi-distributed models like the 

Hydrological Engineering Center Hydrological Modelling System, Soil and Water 

Assessment Tool (SWAT),Topography Based Hydrological Model (TOPMODEL), 

Hydrologiska Byråns Vattenbalansavdelning (HBV) and Hydrological Simulation 

Program-Fortran (HSPF) are developed for a runoff estimation based on the data 

availability and complexity of the hydrological systems. 

2.1.1.1 Hydrologic Modeling Software (HEC-HMS) 

Flash flood occurrence and relationship between rainfall and runoff data’s is resolved using 

hydrological modeling. Hydrological modeling takes the hydrological process to calculate 

stream flow over river basin and helps forecasters in making a comparison between 

simulated stream flow and observed flooding to predict and understand the hydrologic 

process (Derdour, 2018). 
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The Hydrologic Engineering Center’s Hydrologic Modeling System (HEC-HMS) is 

designed to simulate the precipitation-runoff processes of dendritic watershed systems. It 

is designed to be applicable in a wide range of geographic areas for solving the widest 

possible range of problems. Hydrographs produced by the program are used directly or in 

conjunction with other software for studies of water availability, urban drainage, flow 

forecasting, future urbanization impact, reservoir spillway design, flood damage reduction, 

floodplain regulation, and system operation (SCHAFFENBERG, 2016).  

The model is physically based and conceptually semi-distributed model designed to 

simulate rainfall-runoff processes in a wide range of geographic areas, from large river 

basin water supplies and flood hydrology to small urban and natural watershed runoffs. It 

easily operates huge tasks in relation to hydrological studies, including losses, runoff 

transform, open channel routing, analysis of meteorological data, rainfall-runoff simulation 

and parameter estimation (Feldman, 2000). 

HEC-HMS model setup consists of four main model components: basin model, 

meteorological model, control specifications, and input data (time series, paired data, and 

gridded data). An assortment of different methods is available to simulate infiltration losses 

(deficit and constant, exponential, Green and Ampt, initial and constant, SCS curve 

number, Smith Parlange and Soil Moisture Accounting – SMA). Seven methods are 

included for transforming excess precipitation into surface runoff (Clark unit hydrograph, 

kinematic wave, ModClark, SCS unit hydrograph, Snyder unit hydrograph, user specified 

graph and user specified unit hydrograph). Six methods are included for routing model 

(kinematic wave routing, lag routing, modified puls routing, Muskingum routing, 

Muskingum–Cunge routing and Straddle Stagger routing). For the meteorological model 

eight methods are included (frequency storm, gage weights, gridded precipitation, inverse 

distance, HMR52, SCS storm, specified hyetograph, standard project storm) (Derdour, 

2018). 

Reshma showed that the software has a good performance by applying HEC-HMS for well 

monitored experimental watershed having a good database of hydrological parameters. The 

model has been used to calibrate and validate seven rainfall events. The simulation results 

of the calibration events showed that volume of runoff and time to peak has simulated more 
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variation when compared to the observed hydrographs and the peak runoff showed less 

variation (Reshma, 2013). 

Derdour studied rainfall runoff modeling using HEC-HMS program integrated with DEM 

data as an input for basin model in semi-arid environment to simulate peak discharges for 

four different return periods. Data’s used were time series data, stream flow data and spatial 

data. There was a selected historical event for the control and the simulated results for this 

events showed that the peak discharge is lower than the observed. But after calibration the 

difference between the simulated and observed hydrographs were found to be very close 

(Derdour, 2018). 

Sok applied the model for simulating stream flow and assessed water availability. The 

model performance was evaluated for daily and monthly time steps using different 

performance measures and the results obtained were satisfactory (Sok, 2016). 

Bosamiya simulated the rainfall runoff characteristics of Khari catchment of Sabarmati 

basin using HEC-HMS model. Data’s needed were Shuttle Radar Topography (SRTM), 

digital elevation model (DEM), rainfall data, discharge data and land use land cover map 

of the region. The digital elevation model was processed and different watershed 

characteristics were estimated using the ARC-HYDRO tool in ARC-Map. Soil 

characteristics of the watershed were also defined to estimate the runoff curve number. 

Then the catchment’s physical characteristic data was exported to HEC-HMS to run the 

simulation and compare the simulation flow with observed flow (Bosamiya, 2018). 

The catchment was subdivided into eight sub basins. Methods used to determine infiltration 

loss, transform method and metrological model were SCS-CN loss method, SCS unit 

hydrograph and Inverse distance method respectively. Finally the simulated result of the 

calibrated event gave 13.45% deviation in volume of runoff and 10.65 % deviation in peak 

runoff. The simulation result of the validation event gave 15.04% of deviation in volume 

of runoff and 8.64% deviation in peak runoff. Therefore, it was concluded, the volume of 

runoff and peak runoff were simulated with more variations (Bosamiya, 2018). 

Darji modeled the rainfall runoff relationship of Machhu river basin. Data’s needed were 

metrological data, thematic maps such as land use, geology, topography and soil, land sat 
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images and digital elevation model (DEM). River basin was created from the DEM and 

metrological model of rain gauges were created from rainfall data using HEC-GEOHMS. 

Then, data was exported to HEC-HMS (Darji, 2019).  

Time series data was inputted in the model and simulation was done by integrating basin 

model, metrological model and control model. The loss rate was estimated using initial and 

constant rate method and gauge weight method was used to estimate the metrological 

model. Using regression analysis, the coefficient of determination value was equal to 0.89 

and result of evaluation of rainfall runoff relation was equal to 0.85 which indicates the 

model performance and rainfall runoff relationship are both good (Darji, 2019). 

Wang and Zhang used HEC-HMS to simulate runoff in a semi-arid region of north western 

China. Their objective was to evaluate the use of the model’s capability to investigate the 

rainfall runoff interactions. Data’s required were rainfall data, runoff data and digital 

elevation model. ARC-GIS with its extension tools ARC HYDRO and HEC-GEOHMS 

was used for DEM processing, defining streams and watershed characteristics, terrain and 

basin processing. Finally, the processed data was imported to HEC-HMS for simulation 

(Wang, 2016).  

The result of the simulation demonstrated that the model unsatisfactorily simulated runoff 

volume and peak runoff including the peak volume and time of peak. This was due to the 

model’s poor base flow simulation, presence of hydraulic engineering works and inability 

of the continuous model to capture sub basin specific features due to its semi-distributed 

structure (Wang, 2016). 

From the studies, it is noticed that HEC-HMS model significantly simulates the 

relationship between rainfall and runoff processes in different geographic areas. Stream 

flow data, rainfall data and digital elevation model (DEM) are the necessary data’s needed 

for the model to give good results. ARC-GIS tools ARC HYDRO and HEC-GEOHMS are 

useful for processing, interfacing purpose and overall preparation of data’s compatible with 

the model.  
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2.1.1.2 Model Calibration and Validation 

Model calibration is a systematic process of adjusting model parameter values until model 

results match acceptably the observed data. The purpose of calibration is to identify the 

parameters whose variation causes significant changes in the outputs of the model. The 

calibration procedure involves a combination of both manual and automated calibrations. 

The manual calibration proceeds the automate optimization to ensure a physically 

meaningful set of initial parameters generated from HEC-GeoHMS and Arc Hydro for the 

catchment.  Historic hydrologic data of the catchment is used for calibration.  

Model Validation is the process of testing the model ability to simulate observed data, 

Other than those used for the calibration, within acceptable accuracy. During this process, 

calibrated model parameter values are kept constant. The quantitative measure of the match 

is the degree of variation between computed and observed hydrographs. 

2.1.2 River Analyzing Software (HEC-RAS) 

Different research had been undertaken dealing with Hec-Ras software in flood hazard and 

risk assessment. Awal integrated the hydraulic model with GIS and presented a systematic 

approach of this application with a case study of Lakhhandei River in Nepal. The objectives 

of the study were to analyze the flood plain by using one dimensional steady and unsteady 

flow model and to make a flood risk map of the study area. The data collected were 

documents from previous studies, stream flow and precipitation data, population data, 

topographical map and survey data of previous studies, GIS/Remote sensing data (Awal R. 

et al, 2007).  

Preparation of TIN in ARC-view GIS, pre-processing by HEC-GEORAS to generate 

import file for HEC-RAS, Calculation of water surface profiles by HEC-RAS, post 

processing of HEC-RAS results and finally flood plain mapping and risk assessment of 

flood plain were the procedures used to complete the study. GPS was used to collect 

information about the extent and depth of flood in certain location of the study area and to 

identify some points of river course shifting. Probable maximum flood was estimated using 

different empirical methods for different return periods at various sites. The flood risk was 

then assessed by separating hazard and vulnerability components (Awal R. et al, 2007).  
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The assessment of vulnerability to flooding indicated that about 75% of the vulnerable area 

consisted of cultivated land. And the assessment of flood hazard indicated that most of the 

flooded areas had water depth of less than two meters. Combining this two results the risk 

assessment indicated that agricultural areas were greatly impacted by flooding, having a 

flood water depth of more than one meter. Finally the number of people that would be 

affected by two year and hundred year flood were estimated (Awal R. et al, 2007). 

Amia integrated GIS with HEC-RAS software in flood modeling of Martil River (Northern 

Morocco). The river has a unidirectional flow with low slopes varying between 10-4 and 

10-6, depth not exceeding 4 meters. Data needed were DEM and hydro-metrological data. 

Three steps were taken for this investigation. First, geometrical data of the river with minor, 

major river beds and cross-section were created using the ARC-GIS tool, the HEC-

GEORAS extension (Amia, 2018).  

Then application of flow modelling with HEC-RAS model was executed. Finally the 

results of the water stain: flood surfaces and depth grids were generated. The modeling 

executed was of one dimensional type. Results obtained from HEC-RAS were then 

exported to the tool HEC-GEORAS to create three different flood zones for each profile 

that is applied to flow for each return period with velocities and heights of water in each 

zone being determined (Amia, 2018).  

Kute studied the flood modeling of river Godevardi using HEC-RAS at the Rakund site, 

India. There is a dam located at 14km distance from the river. Input parameters that were 

used as data’s for modeling include catchment area, cross section of the site, alignment 

details of river and dam, maximum flood intensity and contour details of river cross section. 

Then storage area data, inline structure data entering flow data and the boundary 

conditions, maximum flood intensity and geometric data were performed using HEC-RAS. 

And the results obtained were cross section out puts, flood levels for given discharge and 

rating curve (Kute S. et al, 2014). 

Sahiriparsa integrated one dimensional steady model and two dimensional model using 

HEC-RAS and CCHE2D to simulate flood zoning in the Sungai Maka district in Kelantan 

State, Malysia. Data’s required for HEC-RAS model were plan data, geometric data, flow 

data and hydraulic design data. Change in depth, velocity flow area and Froude’s number 
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were calculated for different return periods. The results showed that the difference in 

expanding flood retention zone was primarily stemmed from the route topographical 

features (Shahiriparsa et al., 2016). 

Patel performed hydrodynamic flood modeling for Ambica River. The objective of the 

study was to implement one dimensional hydrodynamic model using HEC-RAS. The 

data’s used were geometric data, cross sectional data and steady flow data. Geometric and 

cross sectional data were geo-referenced using HEC-GEORAS tool in ARC-GIS. 

Geometric cross sections defined were then exported to HEC-RAS. Steady flow data for 

different peak discharge was entered in the model and boundary conditions were defined. 

Finally, simulation was carried out and water surface profiles were extracted (Patel S.B et 

al, 2018). 

Ahmed applied the model for flood studies in the river Jhelum Kashmir valley. Data’s 

required were geometric and flow data. The model was run for one dimensional steady 

flow water surface profile computations. By getting satisfactory results, it was concluded 

that HEC-RAS model is appropriate in simulating water surface profiles (Ahmad H.F et al, 

2016). 

Vozianaki compared one dimensional and combine one dimensional two dimensional 

hydraulic simulations using high resolution topographic data in Koilioris basin, Greece. 

The research focused on the effect of high resolution DEMs on hydraulic modeling. The 

floodplain and channel friction were used as main calibration parameters. The study 

indicated that combined one dimensional two dimensional model performed better than the 

one dimensional HEC-RAS model when using a high spatial resolution topographical data 

(Vozinaki et al, 2017).  

The flood plains of the above studies were all analyzed using one dimensional flow model. 

The data’s collected were mostly similar except Kute et al (2014). This is because the flood 

being modeled is released from a reservoir upstream of the river. Therefore, the 

characteristics of the reservoir were also considered. The flood modeling software used in 

all the studies was also the same. With the advantage of being compatible with soft wares 

such as ARC-GIS and Google earth, HEC-RAS offers a wide variety of options for 

modeling hydraulic systems.  
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It has also been used in comparable areas of medium mountains and has been subject of 

several international publications and thesis work. The HEC-RAS model is a simplified 

way to model a river flow. It evaluates the velocity and heights of water on all parts of a 

river under different regimes (permanent and non-permanent, subcritical and supercritical). 

It also includes hydraulic structures such as dams, bridges, pumping systems etc. (Gary W. 

, 2014). 

2.2 Types of flood modeling  

2.3.1 One dimensional Steady and Unsteady Modeling 

Older versions of HEC-RAS were limited to computing water surface profiles for steady 

state gradually varied flow in channels. Conservation of Energy from one cross- section to 

the next cross-section along the length of the channel is applied to determine the water 

surface profiles in 1D steady state modeling. 

But in reality, it is uncommon for natural channel flows to be steady. Instead, natural 

channel flows are unsteady meaning that the flow rates in the channels actually differ with 

time. In an unsteady flow routing, velocity, discharge and depth are functions of location 

and time. Depth and discharges are determined at different locations and points in time.          

 

Figure 2- 1 An Unsteady Flow Routing Concept (Chase, Donald V., 2016) 
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Saint-Venant Equation 

1D unsteady flow routing solves the Saint-Venant equations. These equations were 

developed from Conservation of Mass (equation 1) and Conservation of Momentum 

(equation 2) applied to a small control volume of fluid (Gary, 2016). 

𝑑𝐴𝑡

𝑑𝑡
+

𝑑𝑄

𝑑𝑥
− 𝑞 = 0…………………………….....................................2.1 

𝑑𝑄

𝑑𝑡
+

𝑑𝑄𝑣

𝑑𝑥
+ 𝑔𝐴 (

𝑑𝑧

𝑑𝑥
+ 𝑆𝑓) = 0……………………………………….2.2 

Where A is the area of cross-section, 𝑡 is a time, Q is the flow, X is the distance along 

channel, q is a source or sink term, 𝑉 is a velocity of flow, g is the gravity acceleration, 𝑆f 

is the friction slope and 𝑑𝑧/𝑑𝑥 is the water surface slope. 

2.3 Two-Dimensional Unsteady Modeling 

2D modeling discretizes the river and adjacent flood plain areas into a collection of 

individual cells called grid cells. Each grid cell is composed of multiple GIS cells that make 

up the terrain model, which describes the continuous ground geometry that is so important 

in analyzing the two-dimensional behavior of floodplains. A water surface elevation is 

computed at each grid cell for each point in time. The size of the grid cells defines the 

resolution of the model and model results. 

HEC-RAS will combine continuity and the Diffusion-Wave form of the momentum 

equation to compute the water surface elevation at a point in time (Gary, 2016). 

The unsteady differential form of the Mass Conservation (Continuity) equation is: 

𝜕𝐻

𝜕𝑡
+

𝜕(𝑈ℎ)

𝜕𝑋
+

𝜕(𝑣ℎ)

𝜕𝑌
+ 𝑞 = 0………………………………………..2.3 

Where t is time, H is a water surface elevation, h is the water depth, q is a source or sink 

term, and u and v are the velocity components in the X and Y direction. In vector form, the 

Continuity equation takes the form:  

𝜕𝐻

𝜕𝑡
+ ∇ ∙ ℎ𝑣 + 𝑞 = 0……………………………………………….2.4 
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Where V= (u,v) is the velocity and (∇) is the vector of the partial derivative given by ∇=( 

∂/∂x,𝜕/𝜕𝑦).  

The Diffusion-Wave form of the Momentum Equation can jest regarded the barotropic 

pressure gradient and bottom friction.  

−𝑔∇𝐻 = 𝐶𝑓𝑉……………………………………………………………………2.5 

Where g is gravity acceleration and Cf is the bottom friction. HEC-RAS use Manning’s 

formula, the Diffusion-Wave Equation results:  

−𝑔∇𝐻 = (
𝑛2𝑔𝑣

𝑅
4
3

) 𝑉………………………………………………….2.6 

Where n is the Manning’s Roughness Coefficient and R is Hydraulic Radius.  

The velocity will be determined by a balance between barotropic pressure gradient and 

bottom friction.  

𝑉 =  
−(𝑅(𝐻))

2/3

𝑛

(∇𝐻)

(∇𝐻)1/2………………………………………………..2.7 

Now, the Diffusion Wave can be directly substituted in the Mass Conservation. 

𝜕𝐻

𝜕𝑡
+ ∇ ∙

−(𝑅(𝐻))
2/3

𝑛(𝛻𝐻)1/2 ∇𝐻 + 𝑞 = 0………………………………………2.8                                                             

 Generally both types of modeling can be used to simulate flood flows in HEC-RAS. But 

each has its own advantages and limitations. The 1D model only computes the depth of the 

water in the channel and flood plain. Whereas, 2D modeling additionally determines in 

which direction the water is going to go (Brunner, 2016). 

Finite volume Equation 

Is a widely used method in computational fluid dynamics (MouKalled, , 2016). There are 

two methods in finite volume: cell vertex and cell centered. 
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Cell Vertex 

This method uses a secondary mesh made up of a cell for every vertex. It has an advantage 

of simplifying the application of boundary condition because the cell centroids lie on the 

boundaries. 

Finite volume equation is given as: 

𝐴
𝜕𝑚′

𝑡
+ ∑ (𝑓𝑛,𝑥 + 𝑔𝑛,𝑦)∆𝐿 = 𝑆′𝐴𝑓𝑎𝑐𝑒𝑠 ……………………………………..2.9 

Where A is the area of a cell, m’ and S’ are averaged scalars or vectors, n,x ans n,y are unit 

normal components of x and y. 

Alzahrani applied two-dimensional hydraulic modeling in riverine systems using HEC-

RAS. In the study, both one dimensional and two dimensional simulations were performed 

on a reach of the Great Miami river and Bear Creek in Montgomery county, Ohio and the 

results were compared. Topographic data that were in raster form, geometric and cross-

sectional data, land use classifications in terms of Manning’s n value and flow data were 

data’s needed to execute the research (Alzahrani, 2017).  

The final results showed that building 2D flow areas by using HEC-RAS provides accurate 

flood plain mapping and also reduces time and effort required by modelers for building a 

1D hydrodynamic model (Alzahrani, 2017). 
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3. Materials and Methods 

3.1 Description of the Study Area 

3.1.1 Geographic Location 

The Gilgel Abay basin is located in north western Ethiopia. Geographical coordinates of 

the area are 10056’ to 11051’N latitude and 36044’ to 37023’E longtudes. It is one of the 

main sub-basins of the Lake Tana basin. Runoff from the Gilgel Abay contributes about 

60% of the flow to the Lake (Wale et al, 2009). The river originates from a small spring at 

Gish Abay Mountains near Sekela town at elevation of 2900m. 

 

Figure 3- 1 Location map of the Gilgel Abay Catchmnet (ASF, 2020) 

3.1.2 Topography 

Rugged mountains topography characterizes most part of the catchment especially in the 

southern part but there is some low land within the basin as well. Elevation ranges from 

1805m above the mean sea level (a.m.s.l) to 2900m amsl. Around 80% of the catchment 



  

17 
 

area falls in the slope of (0-6%), 15% of the area falls in the slope range of (7-14%) and 

the remaining 5% is steeper than (14%) (Ashenafi, 2007). 

3.1.3 Climate  

Ethiopia’s climate is generally affected by the inter-tropical convergence zone (ITCZ). The 

ITCZ passes over Ethiopia twice a year and this migration alternatively causes the onset 

and withdrawals of winds from north and south (SMEC, 2007). The Gilgel Abay basin falls 

within the cool semi-humid zone with mean annual temperature of 17-200C. The dry season 

occurs between October and May while the wet season occurs mostly between June and 

September when the ITCZ is to the north of the country. The climate is generally temperate 

at higher elevations and tropical at the lower elevation. The long term mean annual rainfall 

(1992-2003) at Bahir Dar station (1828m a.m.s.l.) south of Lake Tana is estimated to be 

1416mm. According to Wale et al (2009) the mean annual humidity (1994-2004) at the 

station is estimated to be 58%. 

3.1.4 Soil 

There are five types of soils observed in this area: Lithosols, Luvisols, Nitisols, Vertisols 

and Cambisols (BCEOM, 1998) in combination with four diagnostic horizon modifiers: 

chromic, eutric, dystric and lithic. According to the work of BCEOM (1998), the whole 

Gilgel Abay catchment is mostly covered by Chromic Luvisols with an aerial coverage of 

around 2583 km2. The cultivated areas mostly lie on this type of soil throughout the study 

area. In low lying areas particularly north on the Gilgel Abay basin, soils have been 

developed on alluvial sediments (SMEC, 2007). 
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         Figure 3- 2 Major Soil Types of Gilgel Abay Catchment 

3.1.5 Land use and Land cover 

Most of the catchment area is characterized by cropland with scarce woodlands and 

forested highlands. Besides the cultivated lands, the main land cover types are grassland, 

marshland and forest. The land cover classification include 62% agriculture, 17% forest, 

11.6% shrub land, 9% grass land and 0.4% water and marshy lands. Land degradation is a 

major problem in the area (Tessema, 2006).  
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           Figure 3- 3 Land Use, Land Cover of Gilgel Abay Catchment 

3.2 Methodology 

3.2.1 Data Collection 
Metrological (rainfall and temperature) data, hydrological (stream flow) data and digital 

elevation model were collected from National metrological service agency (NMSA), 

Ministry of water irrigation and electricity and from Alaska Satellite Facility respectively.  

Table 3- 1 Data's needed and their source 

 

Data Source 

Metrological (rainfall and temperature) 

data 

National metrological agency (NMSA) 

(1992-2018) 

Hydrological (stream flow) data Ministry of water irrigation and electricity 

(MOWIE) (2002-2017) 
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3.2.2 Estimation of Missing data  

This procedure is important because there may be discontinuity of rainfall records due to 

different reasons like damage of rain gauge or lack of recording. Methods used to estimate 

missing data are many (WMO, 2008). Common methods are station average, normal ratio, 

quadrant and regression methods. The station average method is the simplest method but 

may not be accurate when the total annual rainfall at any of the m region gauges differs 

from the annual rainfall at the point of interest by more than 10%. In this case, the normal 

ratio method is preferred. Due to its simplicity, the normal ratio method was adopted for 

this study. 
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Where: Px is the current rainfall value for station X 

             Pa, Pb, and Pc are the current rainfall values for stations A, B, and C. 

             Na, Nb, Nc, and Nx are the annual values for stations A, B, C, and X 

Table 3- 2 List of selected gauging stations used for this study 

No. Station Name Latitude  Longitude  Elevation Database 

1 Adet 37.49 11.27 2179 1986-2019(33) 

2 Dangla  36.85 11.43 2116 1987-2019(32) 

3 Meshenti 37.28 11.47 1958 1987-2019(32) 

4 Merawi 37.16 11.41 2000 1991-2019(28) 

 

3.2.3 Adjustment of Rainfall records  

There may be lack of consistency of records therefore adjustments may be needed to be 

done. This may be due to unreported shifting of the rain gauge, significant construction 

work or change of observational procedure. The method used to check the inconsistency 

of records is double mass curve analysis. 

Digital elevation model (DEM) Alaska Satellite Facility 
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3.2.4 Determination of Areal Rainfall 

Rainfall point that is recorded at a single point must be converted to an aerial rainfall. 

Three methods are commonly used to determine the areal rainfall according to the 

characteristics of the rainfall. They are arithmetic average method, Thiesson polygon 

method and Isohytal method. In this paper, the Thiessen polygon method was used to 

determine the areal rainfall. 

Thiessen polygon method- is used when rainfall varies from place to place in intensity 

and duration.  
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  ……………………………………………………………3.2 

3.2.5 Fitting a flood probability distribution 

A probability density function (PDF) is a continuous mathematical expression that 

determines the probability of a particular event. If a prediction is to be based on a set of 

hydrologic data, then the distribution that best fits the set of data may be expected to give 

the best estimates usually an extrapolation of the probability of an event occurring 

(Research, 2013). 

Different probability distribution methods are considered to test the goodness of fit. These 

are General extreme value, Log- Pearson type three, Normal, Extreme value type 1, Log-

normal, Gamma, Weibull, and Inverse Gaussian distribution methods. 

3.2.5.1 Normal Probability distributions  

The Normal distribution is the most familiar probability distribution (Alem M. , 2018), Its 

PDF is given by:  

𝑓(𝑥) =  
1

𝜎√2𝜋
∗ 𝑒𝑥𝑝(− 

(𝑥−𝑥)̅̅ ̅̅ ̅̅ ̅̅ ̅2

2𝜎2 )……………………………………………3.5 

It is defined by two distribution parameters; the mean ( ̅µ), and standard deviation ( 

𝜎)evaluated by:  

1

𝑁
∑ 𝑋1

𝑁
𝑖=1 ………………………………………………………………….3.6 
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Where: xi is the magnitude of the ith event  

N is the total number of events  

The standard deviation (σ) which is a measure of the dispersion or spread of data set is 

given by:  

𝜎 =  
1

𝑁
∗ ∑ (𝑋𝑖 − µ)2𝑁

𝑖=1 …………………………………………………  3.7  

The normal distribution describes many random processes but it generally does not provide 

satisfactory fit for flood discharge and other hydrologic data (Ajumuka, 2013)  

A particular event x can be related to the probability of excedence P by the following 

equation:  

X =𝑥̅ +𝐾∗𝜎………………………………………………………………3.8  

Where k is the frequency factor. Though, the normal distribution is not well suited to 

hydrologic data, the related distribution; the lognormal distribution works reasonably well 

(Research, 2013) The Log- normal distribution assumes that the logarithms of the discharge 

are themselves normally distributed. The equation describing normal distribution is 

modified for use in the case of log normal distribution if the following substitution is made 

with: -  

𝑦𝑖 = log 𝑥𝑖 ………………………………………………………………3.9 

With x replaced by y, the mean of the logarithms and standard deviation becomes  

𝑥̅ =
1

𝑁
∑ log 𝑋𝑖

𝑁
𝑖=1 ………………………………………………………3.10 

𝜎 =   
1

𝑁
∑ (log 𝑋𝑖 − µ)^2 𝑁

𝑖=1 ……………………………………………3.11 
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Figure 3- 4 Histogram of observed flow for Normal distribution 

3.2.5.2 Lognormal Probability distributions 

If the random variable 𝑌 = log 𝑋 is normally distributed, then X is said to be lognormally 

distributed. Chow (1954) reasoned that this distribution is applicable to hydrologic 

variables formed as the products of other variables since if 𝑋 = 𝑋1,𝑋2𝑋3 ⋯ 𝑋𝑛 then, 𝑌 =

𝑙𝑜𝑔 𝑋 = ∑ 𝑋𝑖
𝑛
𝑖=1 = ∑ 𝑌𝑖

𝑛
𝑖=1 , which tends to the normal distribution for large Z provided that 

the X; are independent and identically distributed (Freeze R. A., 1975).  

𝒇(𝒙) =
𝟏

𝒙𝝈√𝟐𝝅
(−

(𝒚−𝝁𝒚)𝟐

𝟐𝝈𝒚
𝟐 )................................. 1 

Where, Y=log X, and the probability density function ranges between 𝑥 > 0, and the 

equations for parameters in terms of the sample moments are, 𝜇 = 𝑦̅, 𝜎 = 𝑠𝑦. 

The magnitude 𝑥𝑇 of a hydrologic event for the lognormal distribution, the same procedure 

applies except that it is applied to the logarithms of the variables, and their mean and 

standard deviation are used in the normal distribution equation. 
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Figure 3- 5 Histogram of observed flow for Log-normal distribution 

3.2.5.3 Log-Pearson type III  

The problem with most hydrologic data was that an equal spread does not occur above and 

below the mean. The lower side is limited to the range from mean to zero while there is 

theoretically no limitation on the upper range thereby contributing to what is called a 

skewed distribution. The coefficient of skew (G) is defined mathematically by:  

G = 
𝑁∗∑(𝑋−𝑋)3

(𝑁−1)(𝑁−2)∗𝑆3………………………………………………………...3.12  

In wich: X=Logarithm of annual peak flow 

N=number of items in data set  

𝑥 ̅ = mean logarithm  

S=Standard deviation of logarithms  

G=Skew coefficient of Logarithms  

It is to take account of the skew that may exist in data that the log Pearson type III 

distribution was developed to improve the fit (Ajumuka, 2013). The distribution uses three 
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parameters namely: mean, standard deviation and skew coefficient which are obtained 

using equations (3.10), (3.11) and (3.12) respectively. 

 

Figure 3- 6 Histogram of observed flow for Log-pearson 3 distribution 

3.2.5.4 Easy fit Software 

Sample data’s are simulated and fit with statistical distributions by using this software. 

After the best model is chosen, the analyzed result will be used to make decisions. The 

software can be used as an add-on on Excel spread sheet or can function as standalone 

windows application. 

Goodness of fit tests such as Kolmogorov-Smirnov, Anderson-Darling and Chi-square 

were conducted at significance level (α=0.05) for choosing the best probability distribution 

(Alem M. , 2018). The distribution with minimum statistics value will be the value that is 

best fit with the data. 

Kolmogorov-Smirnov Test  

This test was used to decide if a sample comes from a hypothesized continuous distribution. 

It is based on the empirical cumulative distribution function (ECDF). Assume that to have 

a random sample X1, ...,Xn from some distribution with CDF F(x). The empirical CDF is 

denoted by:  

Probability Density Function

Histogram Log-Pearson 3

x

460440420400380360340320300

f(
x
)

0.4

0.36

0.32

0.28

0.24

0.2

0.16

0.12

0.08

0.04

0



  

26 
 

Fn(x)=
1

𝑛
 *[Number of observations≤ x] ……………………............................3.15 

The Kolmogorov-Smirnov statistic (D) is based on the largest vertical difference between  

the theoretical and the empirical cumulative distribution function:  

D = max(F(xi) -
𝑖−1

𝑛
,

𝑖

𝑛
 -F(xi)……………………………………………………3.16 

Anderson-Darling Test  

The Anderson-Darling procedure is a general test to compare the fit of an observed 

cumulative distribution function to an expected cumulative distribution function. This test 

gives more weight to the tails than the Kolmogorov-Smirnov test. The Anderson-Darling 

statistic (A2) is defined as  

𝐴2= -n- 
1

𝑛
∑ (2𝑖 − 1)𝑛

𝑖=1 *[ln F (Xi) + ln (1-F (𝑋𝑛−𝑖+1))] ……………………….3.17 

Chi-Squared Test  

The Chi-square test assumes that the number of observations is large enough so that the 

chi-square distribution provides a good approximation as the distribution of test statistic. 

The Chi-squared statistic is defined as.  

𝑋2 = ∑
(𝑂𝑖−𝐸𝑖)2

𝐸𝑖

𝑘
𝑖=1 ……………………………………………………………..3.18 

Where: Oi =is the observed frequency  

Ei =Expected frequency Ei=F(X2) – F(X1)  

i= number of observations (1,2, 3……. k)  

F = the CDF of the probability distribution being tested.  

The observed number of observation (k) in interval ‘i’ is computed from equation given 

below  

K = 1+log2n…………………………………………………………………...3.19 

n = sample size  
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This equation is for continuous sample data only and is used to determine if a sample comes 

from a population with a specific distribution (Olofintoye, 2009). 

3.2.6 Terrain Pre-processing using ARC-GIS 
Terrain processing is processing of DEM to delineate watersheds. Basic watershed 

properties such as area, slope, flow length and stream network density are extracted from 

delineating streams and watersheds. ARC-HYDRO tool was used for such work. The 

following procedures: DEM reconditioning, fill sink, flow direction, flow accumulation, 

stream definition, stream segmentation, catchment grid delineation etc. were done. 

Then the other tool, HEC-GEOHMS uses DEM and undergoes sub-basin delineation and 

prepares a number of hydrologic units that are provided as an input for HEC-HMS. 

 

Figure 3- 7 Relation between GIS, HEC-GEOHMS, HEC-HMS (Davis, 2009) 

3.2.7 HEC-HMS Modeling 

After the hydrologic units were prepared by HEC-GEOHMS to be inputs for the software, 

infiltration loss, runoff transformation, flow routing and basin flow were determined. 

Infiltration loss was determined using SCS curve number method due to its simplicity and 

non- demanding of too much data. Runoff transformation was determined using, SCS-unit 

hydrograph method due to its good performance than the other methods. Base flow was 
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computed using constant monthly values. Musk Ingham routing was used to route the 

channel for continuous hydrological modeling. 

3.2.7.1 Basin Model 

A basin model consisting of three sub basins was generated with Arc-GIS and was setup 

in HEC-HMS. Depending on the available time and data requirement, simulation was done 

with SCS curve number method, SCS unit hydrograph and Monthly Constant base flow 

condition.  

                      

                         Figure 3- 8 Sub basins for Gilgel catchment 
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The components of basin model are classified into four. These are loss determination, 

transform method, base flow and routing method.  

Loss determination which is defined as the amount of rainfall infiltrated into the soil, was 

estimated using SCS curve number method. This was due to the method’s capability of 

calculating precipitation excess as a function of cumulative precipitation, soil cover, land 

use and antecedent moisture. 

                                                        𝑄 =
(𝑷+𝑰𝒂)𝟐

𝑷−𝑰𝒂+𝑺
………………………………….3.20 

Where Q is accumulated direct runoff, mm, P accumulated rainfall (potential maximum 

runoff), mm, Ia initial abstraction including surface storage, interception, and infiltration 

prior to runoff, mm and S potential maximum retention, mm. 

The relationship between Ia and S was developed from experimental catchment area data. 

It removes the necessity for estimating Ia for common usage. The empirical relationship 

used in the SCS runoff equation is: 

                                𝑆 = 25.4 (
1000

𝐶𝑁
− 10)………………………………………3.21 

                                𝐼𝑎 = 0.2 ∗ 𝑆………………………………………………... 3.22 

By substituting the CN determined from HEC-GeoHMS in equation 3.21, the potential 

maximum retention was determined. Then the potential maximum retention was used to 

determine the initial abstraction using equation 3.22. 

Transform method converts excess precipitation on a sub basin to direct runoff at the sub 

basin outlet. The SCS unit hydrograph model for direct runoff was chosen due to its 

simplicity, minimum data requirement, and good performance than the other methods.  

Base flow which is an important parameter as it defines a minimum river depth over which 

additional runoff accumulates was estimated using the constant monthly flow method. This 

method was used for it is the simplest base flow model in the program and it represents the 

flow as a constant flow. The initial value before calibration was taken as the average of 

minimum flow. 
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The method that was used to route the channel for continuous hydrological modeling is the 

musk Ingham routing method. The objective function used for optimization was the peak 

weighted RMS error with uni-variate gradient search optimization algorism. 

3.2.7.2 Metrological Model 

The metrological modeling succeeded after completing the basin model and so, the 

specified hyetograph method was chosen for this paper. For evapotranspiration, specified 

evapotranspiration was used. 

The value of each parameter found in HEC-HMS must be specified to use the model for 

estimating run-off volume and routing hydrographs. Some of the model parameters cannot 

be estimated by observation or measurement of the watershed characteristics. For example, 

the parameter X and K in the Muskingum routing model cannot be measured but can be 

estimated approximately.  

Optimization begins from initial parameter estimates and adjusts them so that the simulated 

results match the observed stream flow as closely as possible. 

3.2.7.3 Muskingum Model  

The Muskingum method is often used in channel routing. The method is dependent 

primarily upon the following factors: the number of integer steps for the routing, 

Muskingum K coefficient in hours and Muskingum X coefficient. This model uses a simple 

finite difference approximation of the storage continuity equation. Storage is modeled as 

the sum of prism storage and wedge storage. The Muskingum defines the storage as: 

𝑆𝑡 = 𝐾𝑂𝑡 + 𝐾𝑋(𝐼𝑡 − 𝑂𝑡) = 𝐾(𝑋𝐼𝑡 + (1 − 𝑋)𝑂𝑡……………………………3.20 

Where K=travel time of the flood wave through routing reach; and X=dimensionless 

weight (0 ≤ X≤ 0.5). The quantity K(𝑋𝐼𝑡+(1-X)𝑂𝑡 is a weighted discharge.  

Following the computation of basin model, metrological model and control specifications 

calibration and validation of the model was executed. Then sensitivity analysis was done 

to determine which parameters of the model have the greatest impact on the results. Finally 

model performance was evaluated using coefficients of determination (R2) and Nash 

Sutcliff (ENS). 
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3.2.7.4 Modeling by frequency storm method 

With the input from HEC-GeoHMS and some edition from the main HEC-HMS, the model 

is simulated for rainfall intensity of 2, 10, 50, and 100 year return periods. The frequency 

intensity values are found from the Ethiopian Roads Authority drainage manual (Ethiopian 

Roads Authority, 2013). 

The study area’s meteorological station is found in A2 meteorological area, therefore, 

rainfall intensity is selected from the graph of A2, ERA drainage manual shown in the figure 

below. 

             

 

Figure 3- 9 Rainfall regions and Gilgel Abay Catchment 

Table 3- 3 IDF table for the study area (Ethiopian Road authorities, 2001) 

Duration 
(hr) 

RF depth for various return period 

2 10 25 50 100 

1 22.51 32.28 37.19 40.79 44.42 

2 28.53 40.91 47.14 51.69 56.29 
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3 32.05 45.96 53.13 58.07 63.24 

6 38.22 54.81 63.42 69.25 75.42 

12 44.76 64.18 73.7 81.1 88.32 

24 52 74 85.7 94 102 
 

     Figure 3- 10 IDF Curve for Rainfall Region A2 (Ethiopian Roads Authority, 2013) 

3.2.8 Calibration and Validation 

HEC-HMS modeling can be performed considering different time series values. A total of 

sixteen years historical data from 2002-2017 was used. Two years was used for startup and 

then calibration was performed for a period of nine years (2004-2012) and validation was 

executed for a period of five years (2013-2017) on the catchment area using daily flow 
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basis. By using the observed flow, calibration was done both manually and automatically 

at the outlet of the catchment. 

3.2.9 Sensitivity Analysis 

Sensitivity analysis is a method to determine which parameters of the model have the 

greatest impact on the model results. There are three parameters (curve number, initial 

abstraction and lag-time) of the event model that were subject to the sensitivity analysis. 

The SCS curve number method, which is used to handle the infiltration loss in the sub-

basins has three parameters such as curve number, initial abstraction and percent 

impervious area in the basin.  

3.2.10 Model efficiency/performance  

The performance of a model must be evaluated on the extent of its accuracy, consistency 

and adaptability (Abushandi, 2013). A forecast efficiency criterion was therefore necessary 

to judge the performance of the model. Assessing performance of a hydrologic model 

requires subjective and/or objective estimates of the closeness of the simulated behavior of 

the model to observations.  

For the Gilgel Abay catchment study, model simulation has been evaluated using efficiency 

criteria such as coefficient of determination (R2) and [Nash Sutcliff (ENS), 1970]. The R2 

coefficient and ENS simulation efficiency measure how well trends in the measured data 

are reproduced by the simulated results over a specified time period and for a specified 

time step.  

The statistical index of modeling efficiency (ENS) values range from 1.0 (best) to negative 

infinity. The model simulation can be judged as satisfactory if NSE is greater than 50%, 

good if it is greater than 65% and very good if it is greater than 75% (Moriasi, D.N, 2007).  

The range of values for R2 is 1.0 (best) to 0.0. Zero indicates no linear relationship, 1 

indicates a perfect positive linear relationship as one variable increases in its values and 

the other variable also increases in its values through an exact linear rule. Values between 

0 and 0.3 indicate a weak linear relationship through a shaky linear rule. Values between 

0.3 and 0.7 indicate a moderate linear relationship through a fuzzy firm linear rule. Values 
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between 0.7 and 1 indicate a strong linear relationship through a firm linear rule (Ratner, 

2009).   

The Nash Sutcliffe (ENS) efficiency equation is given by: 

𝐸𝑁𝑆 = 1
∑ (𝑞𝑜𝑖−𝑞𝑠𝑖)2𝑛

𝑖=1

∑ (𝑞𝑜𝑖−𝑞𝑜)2𝑛
𝑖=1

………………………………………………3.21 

And the standard R2 is given by: 

𝑅2 =
[∑ (𝑞𝑠𝑖−𝑞𝑠)(𝑞𝑜𝑖−𝑞𝑜)]^2 𝑛

𝑖=1

∑ (𝑞𝑠𝑖−𝑞𝑠)2 ∑ (𝑞𝑜𝑖−𝑞𝑜)2𝑛
𝑖=1

𝑛
𝑖=1

……………………………………..3.22 

Where: qo, i = observed value at the i th time interval  

             qs, i = simulated value at the i time interval  

             qo, av = average value of the observed discharge  

             qs, av =average value of the simulated discharge  

3.2.11 Hydraulic Modeling 

3.2.11.1 Input Data and Model Components  

Hec-Ras computes water surface elevations at all locations using steady flow simulations 

or unsteady flow simulation (routing hydrographs through the system). The data needed to 

carry out these computations include geometric data, steady flow data or unsteady flow 

data. The program allows users to determine surface elevations at any point of interest. For 

this paper the data’s used to carry out the computations are geometric data and unsteady 

flow data. The input data was imported from ARC-GIS (Gary, 2016). 

Pre-Ras processing 

The geo-spatial data used in Hec-Ras was processed using an Arc-GIS extension tool called 

Hec-GeoRAS, which is specifically designed for this purpose. An interface method is used 

by the tool to provide a direct link to transfer information between ARC-GIS and HEC-

RAS. The model uses geometric attribute data from an existing digital terrain model 

(DEM) in TIN format and exports results to HEC-RAS model (Akerman, 2009). 

The overall aim of this sub-section is to develop the spatial data required to create the 

geometry file that is going to be imported in Hec-Ras. The digital terrain model was first 
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generated, then 2D spatial features were defined. After that, the 3D spatial data was 

generated and finally the output was imported to Hec-Ras. 

 

2D Spatial features Definition 

After the digital terrain representation was generated, the geometric information that was 

required by Hec-Ras was extracted. The geometric data extracted included the stream 

center lines, left and right bank lines, flow paths and cross-sections along the streams. 

The bank and flow path lines were drawn dependently. Cross-sectional lines drawn crossed 

stream centerlines exactly once, bank lines exactly twice (left and right) and flow paths 

exactly three times (left, right and center). 

Cross-Section Geometry 

Ground surface profiles (cross sections) and the measured distances between them are 

important to analyze flow in natural streams. The cross-section of a river is defined by 

setting the station and elevation data (X-Y data) from left to right along the downstream 

direction (Gary, 2016). 

Cross section that extends about 30 km was extracted from Google earth and the DEM 

data. The TIN was also made from the points that were extracted from Google earth and 

DEM. The channel geometry was best represented by the Google earth data than the DEM. 
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Figure 3- 11 Gilgel Abay River Cross-Section taken from Google Earth 

A tool that accesses aerial, satellite imaginary and other geographic data over the internet 

and ocean bathymetry to represent the earth as a three dimensional globe is known as 

Google Earth. It uses a digital elevation model (DEM) data that is collected by NASA’s 

Shutter Radar Topography Mission (STRM) (Pandya, 2017).  

Using this software, geometric data that extends up to 30 km was extracted. A total number 

of 111 cross sections with varying width as well as distance of left and right bank and river 

center line were drawn along the river. 
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Figure 3- 12 Gilgel Abay River Cross Section in Google Earth 

Then the layers stream center line, flow path centerline, flow path lines (left and right), 

bank lines (left and right) and cross-sections were defined on the TIN layer, according to 

the data extracted from Google Earth. 
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Figure 3- 13 Digitized Gilgel Abay River Scheme with Ras Layers 

Finally, 3D spatial data, which identifies the stream network and the HEC-RAS model 

layout was generated. Then the generated geometric data was exported to HEC-RAS.                       
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Figure 3- 14 Cross Section Exported to HEC-RAS 

3.2.11.2 Two-Dimensional Modeling 

After the geometric data was exported to HEC-RAS, it was opened in RAS-Mapper. The 

spatial co-ordinate projection of the data was defined and the DEM of the study area was 

imported to create the terrain model. 
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Figure 3- 15 Terrain Data Layer 

In hydraulic modeling the terrain data does not often include the actual terrain underneath 

the water surface in the channel region. This can be improved by creating a terrain model 

of the channel region and combining it to the general surface terrain model. Terrain model 

of the channel was created using geometric data’s: stream centerline, bank line, cross 

sections and cross sections interpolation surface (Gary W. Brunner, 2016).  

Then the base terrain model was combined with the newly created channel only terrain 

model and a new combined terrain model was created. 
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(a)  

 

(b) 

      Figure 3- 16 a) Original Terrain Model   b) New Terrain model with channel data 
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2D Flow Area Mesh 

The main concept of two dimensional modeling is the use of computational mesh. Water 

elevation at every computational grid cell generated is estimated for a given computational 

time step. The computational mesh generated depends on the slope of the water surface. If 

the slope of water surface is flat, larger grid cell sizes are appropriate and if it is steep, 

smaller grid, cells are used. A 2D flow area polygon, which defines the boundary for 

computation was drawn. After that, 100*100 size computational mesh was generated (Gary 

W. Brunner, 2016). 

             

Figure 3- 17 Created 2D Flow Area Mesh 
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Land Use classification 

HEC-RAS uses manning’s formula to compute friction losses along the ground surface. 

Friction losses are used in the solution methodology employed by the conservation of 

momentum equation. A land cover data set was associated with the geometry file to specify 

manning’s n values that were used for every type of land cover in the terrain.  

 

Figure 3- 18 Figure Land Classification Layer Editor 

The land use classification of the area was taken from MOWIE and manning’s n values for 

each type of land use characteristic was provided based on published values for similar 

conditions (Ethiopian Roads Authority, 2013) and on engineering judgment.  

Finally, land cover versus manning’s n value table was developed in order to define 

roughness values for 2D flow area. 
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Figure 3- 19 Polygon Shape File Containing Land Classification Values 

The main channel, left and right overbank were selected based on their description of land 

use and it was observed that it was under intensively cultivated areas therefore the 

roughness values were taken as 0.05 and 0.055 respectively. 

3.2.11.3 Calibration of HEC-RAS for Manning’s Roughness Coefficient ‘n’ 

Sensitivity and uncertainty analysis of the roughness coefficient were performed using the 

software AHYDRA. The software is a freeware application that automates features from 

hydraulic software such as HEC-RAS. It allows updating boundary conditions, executing 
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the simulations and viewing the results from a single screen and a single instruction (button 

click) (Vladyman, 2011). 

River and reach names, overbank and channel roughness, upstream and downstream cross 

sections are the data’s needed to simulate the river with the boundary conditions and the 

results can be shown in either 2D plot, 3D plot or in tables. 

 

Figure 3- 20 AHYDRA Results in 3D Plot 

Hydraulic Property Tables  

The computational mesh was pre- processed in order to develop an elevation versus storage 

volume curve for each cell and a series of hydraulic property curves (elevation vs. wetted 

perimeter, area and roughness) for each cell face. These property tables were derived from 

the details of the underlying terrain as well as the manning’s n value (Alzahrani, 2017). 
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                      Figure 3- 21 Elevation-Volume relationship for a 2D cell 

Flow of water into, through and out of the cells is controlled by the details of these face 

properties and cell elevation-volume relationships. The advantage of HEC-RAS over other 

models is that it produces more detailed results for a given cell size while other models use 

a single elevation for every cell and cell face. 
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Figure 3- 22 Detailed hydraulic Tables for a Specific Cell Face 

3.2.11.4 Boundary Conditions  

An unsteady state simulation was conducted with the 2D mesh created and 1D geometry 

data. The most commonly used boundary condition flow hydrograph, was assigned at the 

upstream end and the normal depth boundary condition was assigned at the downstream 

end. A flow hydrograph is the variation of discharge with respect to time. HEC-RAS allows 

flow hydrograph to be assigned at either upstream or downstream end of the 2D flow area. 

However, for most applications, the hydrograph reflects the upstream boundary (Alzahrani, 

2017). 

Discharge data obtained from HEC-HMS was manually added in the flow hydrograph with 

data’s starting time reference. The manning’s equation is used by the program to compute 

the stage based on the flows obtained from the unsteady flow analysis.   

 

(a) 2 year                                                      (b) 100 year 

Figure 3- 23 Flow hydrograph 
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3.2.12 Flood Inundation Map 

Finally, the model was executed by selecting the unsteady flow analysis from the run menu 

item on the main HEC-RAS window. A plan was created by selecting the geometry that 

contains the 2D geometric data and unsteady flow data file to examine the flood event. 

Depth, velocity and water surface elevation were the significant results obtained from the 

model. 
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Figure 3- 24 Flow Chart 
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4. Results and Discussion 

4.1 Consistency and Homogeneity Results of Rainfall Data 

Consistency of Recorded data’s was done by double mass curve analysis technique. 

Accumulated annual values at the station in question are plotted against those that are near 

and reliable group of stations. If an abrupt deviation in the slope of the curve were observed 

they should be corrected. However, all the selected stations in this study were consistent 

therefore there was no need of correction. 

 

Figure 4- 1 Consistency of Selected Stations 

The homogeneity of precipitation data was checked for the analysis of areal precipitation. 

 

Figure 4- 2 Homogeneity Test for Rainfall Stations 
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The figure above shows the metrological stations of Dangla, Meshenti, Merawi and Adet 

have the same pattern. 

4.2 Areal Precipitation 
Rainfall varies in intensity and duration from place to place. Hence the rainfall recorded 

by each rain gauge station should be weighted according to the area it is assumed to 

represent. 

In order to determine the areal precipitation of the catchment, the theisen polygon method 

was used. The method is a good choice for catchments that have rainfall gauges more than 

one. 

                   

Figure 4- 3 Theisen Polygon of the Catchment 
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4.3 Best Fit Probability Distribution 

Using easy fit software, the test statistics for Kolmogrov-Smirnov (D), Anderson Darling 

(A2) and Chi-square test (X2) were estimated for five probability distributions. Probability 

distribution having the first rank along with their test statistic is presented by the software. 

 

Figure 4- 4 Goodness of Fit (GOF) Statistics Comparison 

As shown in the figure, five types of fitting distributions were compared and the statistic 

with minimum distribution value has been best fitted with the data.  

Using Kolmogrov-Smirnov test (D) and Anderson Darling test (A2) test it was observed 

that the General Extreme value distribution provides good fit to the yearly discharge data 

at the outlet. Using Chi-squared test (X2), the result showed that normal distribution 

provides good fit at the outlet. Comparing the three goodness of fit tests, the Kolmogrov-

Smirnov test (D) has been found to provide a good fit for selected discharge at the outlet.   
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4.4 Terrain Processing 

     

                              (a)                                                                 (b)  

       

                                    (c)                                                                  (d) 
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                              (e)                                                                      (f) 

Figure 4- 5 Terrain preprocessing for Gilglel catchment using Arc hydro and HEC-GeoHMS 

(a) Raw DEM  (b) Fill Sink  (c) Flow Direction  (d) Catchment Grid Delineation  (e) Batch 

point watershed delineation at the outlet of Gilgel Abay River  (f) HMS Legend and 

Schematic  

The output from terrain processing in Arc-Hydro is not only delineation and schematic for 

the catchment but also extraction of basin characteristics from physical properties of the 

catchment. Among the basin characteristics soil and land use are the major ones. 

Curve number grid was created using Hec-GeoHMS. The application uses merged land use 

soil type features and CN look up table to create the grid. 
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Figure 4- 6 Curve Number Grid for the Catchment 

According to the output of the model, the following parameters were generated. 

Table 4- 1Catchment Characteristics Parameters extracted from Arc-Hydro and Hec-GeoHMS 

Components Parameters Value Unit 

 

 

 

       

         Sub-Basin 1 

CN 77.18 Dimensionless 

Ia 15 mm 

A 136.9 KM2 

Basin Lag 19.28 min 

  

 

 

        

        Sub-Basin 2 

CN 81.2 Dimensionless 

Ia 11.75 mm 

A 285.5 KM2 

Basin Lag 14.7 m/m 

 

 

    

CN 75.6 Dimensionless 

Ia 16.35 mm 
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          Sub-Basin 3 A 722.5 KM2 

Basin Lag 24.5 min 

 

4.5 HEC-HMS Calibration and Validation 

Data’s used for the model were areal precipitation, evapotranspiration, stream flow and 

base flow of the catchment area as well as the different watershed characteristics obtained 

from HEC-GeoHMS. 

Table 4- 2 Optimized parameters of HEC-HMS for Gilgel catchment 

Component Parameter Unit Initial Optimized 

Subbasin-1 SCS Curve Number - Curve Number  77.18 58 

Subbasin-1 SCS Curve Number - Initial Abstraction mm 15 127 

Subbasin-1 SCS Unit Hydrograph - Lag Time min 19.28 19.28 

Subbasin-2 SCS Curve Number - Curve Number  81.2 60.9 

Subbasin-2 SCS Curve Number - Initial Abstraction mm 11.75 131 

Subbasin-2 SCS Unit Hydrograph - Lag Time min 14.7 14.7 

Subbasin-3 SCS Curve Number - Curve Number  75.6 56.7 

Subbasin-3 SCS Curve Number - Initial Abstraction mm 16.35 15.3 

Subbasin-3 SCS Unit Hydrograph - Lag Time min 24.5 24.5 

Reach-1 Muskingum – K hr 145 145.00 

Reach-1 Muskingum – X  0.015 0.01500 
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Figure 4- 7 Calibration of HEC-HMS Observation and Simulation Daily Flow Hydrographs 

Table 4- 3 Calibration (2004-2012) Performance of HEC-HMS for Gilgel Abay Catchment 

Performance Value 

Coefficient of Determination(R2)  0.72 

Nash-Sutcliffe (𝐸𝑛𝑠)  0.513 

 

Both the Calibration and Validation results showed good match between measured and 

Simulated stream flow and rainfall-data with acceptable range, coefficient of determination 

(R2) which ranges from 1(best) to 0 and Nash-Sutcliffe (𝐸𝑛𝑠), which ranges from 1(best) 

to negative infinity. 
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Figure 4- 8 Correlation between Observed and Simulated Flow 

The scatter plot shows calculated value for each time step against the observed flow from 

the same step. The straight line on the plot represents equality of calculated and observed 

flows. If plotted points fall on the line, this shows that the model with specified parameters 

has predicted exactly the observed ordinate. If all of the plotted values fall above the 

equality line, the model is biased: it always over-predicts. Similarly if all points fall below 

the line, the model has consistently under-predicted.  

The spread of points about the equality line also provides an indication of fit of the model. 

If the spread is great, the model does not match well with the observations. If the spread is 

small, the model parameter fit better. The scatter plot above shows only small number of 

points that spread greatly and also, the coefficient of determination value being 0.74 we 

can conclude that the model matches well with the observations. 

 

y = 0.6171x + 10
R² = 0.7263

0

50

100

150

200

250

300

350

400

450

500

0 50 100 150 200 250 300 350 400

O
b

se
rv

e
d

 F
lo

w

Simulated Flow

Corelation between Observed and Simulated Flow

Obs Flow (M3/S)

Linear (Obs Flow
(M3/S))



  

58 
 

 

Figure 4- 9 Validation of HEC-HMS Observation and Simulation Daily Flow Hydrographs 

Table 4- 4 Validation (2013-2017) Performance of HEC-HMS for Gilgel Abay 

Catchment 

Performance Value 

Coefficient of Determination(R2)  0.73 

Nash-Sutcliffe (𝐸𝑛𝑠)  0.542 

 

The model simulation can be judged as satisfactory if NSE is greater than 50%, good if it 

is greater than 65% and very good if it is greater than 75% (Moriasi, D.N, 2007). Therefore 

both values obtained being greater than 50%, show that the simulation is satisfactory. 

Additionally, the coefficient of determination result show that there is a good agreement 
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between the observed and simulated flow because both values are greater than 0.7 which 

indicates a strong linear relationship.   

Overall, the results show that the efficiency evaluation criteria parameters resemble each 

other very well. Therefore, this values determined from calibration and validation of the 

HEC-HMS model are both acceptable. 

4.5.1 Output of HEC-HMS by Frequency Storm 

Values were generated for different flow conditions (return periods) on HEC-HMS. 

Minimum peak flow occurred for 2 years return period and maximum peak flow occurred 

for 100 year return period for 24 hours storm duration. The values obtained were 224 m3/s 

and 502 m3/s for the minimum and maximum frequency respectively. 

Table 4- 5 Peak discharge for different return periods 

No. Return period Peak flow (m3/s) 

1 2 224 

2 10 367 

3 25 438 

4 50 440 

5 100 502 
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Figure 4- 10 Two years flow hydrograph 

 

Figure 4- 11 Hundred years flow hydrograph 
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4.6 Flood Frequency Analysis Results 

Finally, the results obtained from HEC-HMS values were then compared with frequency 

analysis results. The methods were selected according to their goodness of fit obtained 

from easy fit software. The software output showed that Gen. Extreme value was best 

goodness of fit. Then Log-Pearson 3, Lognormal and Gumbel follow respectively. 

The outcome of HEC-HMS values were then compared with output value of different 

distribution methods which were estimated using their respective formula’s to determine 

magnitude of hydrological event. 

Table 4- 6 Comparison of flow values 

Distribution Method  2 10 25 50 100 

Gen. Extreme Value 354 417 440 455 468 

Log Pearson 3 350 419 449 471 492 

Log Normal 355 422 450 469 486 

Gumbel 346 418 454 481 507 

HEC-HMS 224 367 438 440 502 

 

 

Figure 4- 12 Comparison of flow values for Gilgel Abay River 

The figure above shows comparison of the calculated peak flood discharge values of HEC-

HMS with the four frequency analysis results. The values indicate that there is no 

significant difference between the model results and frequency analysis results. Therefore, 

the model’s peak flood discharge values can be used as an input data for flood modeling. 

100

200

300

400

500

600

0 20 40 60 80 100 120

H
yd

ro
lo

gi
ca

l M
ag

n
it

u
d

e

Return period

Gumbel

Gen. Extreme Value

Log-Pearson 3

Log-Normal

HEC-HMS



  

62 
 

4.7 HEC-RAS Output 

HEC-RAS needs cross section and flow data in order to provide the expected results. The 

flow data was determined in HEC-HMS by using hourly data frequency method and cross 

sectional data was created in ARC-GIS by HEC-GEORAS post processing.   

   

Figure 4- 13 Water Surface Profile for 2-Year Return Period 2D View 

The model was run for five flow condition profiles to determine water surface profile of 

the reach. Simulation was successfully made for 2D unsteady flow condition and from the 

simulation the water surface profiles for all return periods showed that there was an over-

breaching of river banks in some cross sections.  
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Figure 4- 14 Water Surface Profile for 100-Year Return Period 3D View 

 

Figure 4- 15 Cross Section of River Station 29708.77 for 2 year period 

30874.44

30288.27

29445.92

28768.25
27943.75

27287.54

26550.41

25510.62

24625.2 
23871.4 
23218.92

22453.0521285.4 

20237.6 

19427.25

18339.55
17290.01

15955.35
14621.05

13809.66

12829.13

12048.89

11300.19
10138.3 

8574.026
7868.898

7077.612

6444.117

5831.171

4892.34 
3873.234

3153.749
1646.355

394.3613

Flood Inundation       Plan: Plan_1    8/17/2020 

Legend

WS Max WS

Ground

Bank Sta

0 20 40 60 80 100 120 140
1837

1838

1839

1840

1841

1842

1843

Flood Inundation       Plan: Plan_1    8/17/2020 
  

Station (m)

E
le

v
a
ti
o
n
 (
m

)

Legend

EG Max WS

WS Max WS

Ground

Bank Sta

.055 .05 .055



  

64 
 

4.8 Flood Mapping 

After the simulation was complete, the results were displayed in RAS-Mapper. The 

maximum depth, velocity and water surface elevation of the model were obtained and were 

exported to ARC-GIS for mapping. 

       

Figure 4- 16 Water Surface TIN Generated From Bounding Polygon 

The modeling results of each return period was exported from HEC-RAS to ARC-GIS to 

generate flood maps. HEC-GEORAS was the tool used for post processing. Bounding 

polygon and water surface TIN was created from the given profiles and underlying TIN. 

Water surface TIN was first generated from cross sections and was intersected with the 

digital terrain model to create the flood plain polygons for flow scenario. 
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Figure 4- 17 Two Year Flood Map and Depth for the Study Area 

                                 

 

Figure 4- 18 Hundred Year Flood Map and Depth for the Study Area 
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The 2 year storm event’s flood depth ranges from 0-4.8m with flooded area of 6.2 km2. 

And the 100 year storm event’s flood shown has depth value that ranges from 0-6 with 

flood area of 8.3 km2.    

4.9 Flood Damage 

Damage caused by flood depends on several factors such as water depth, flood duration, 

velocity of flow, sediment concentration and pollution. This research only considered the 

damages due to flood water depth.   

The method used to estimate direct flood damage on the agricultural land in Gilgel Abay 

catchment was the method of depth damage functions. Using this method the estimated 

damage to the agricultural land use with depth greater than 1m is 32.18 km2. 

 

Figure 4- 19 Flood Damage of the Area 

 



  

67 
 

5. Conclusion and Recommendation 

5.1 Conclusion 

Flood inundation mapping and modeling for Gilgel-Abay River presents a systematic 

approach in the preparation of flood mapping and simulation with the application of 2D 

unsteady flow models and ARC-GIS. The programs used in the research include HEC-

RAS, HEC-HMS and ARC-GIS, with its extensions HEC-GEOHMS, HEC-GEORAS and 

ARCHYDRO for interfacing purpose. 

Catchment delineation and basin characterization were done using the appropriate 

extensions in ARC-GIS. Peak flood discharge for five return periods was estimated using 

HEC-HMS. The 2 and 100 year return peak flood discharge were found to be 223.9 and 

501.6 m3/s respectively by using ERA’s IDF curve, region A2 for analysis of flood on the 

plain.  

Flood affected areas were then delineated for 2 years and 100 years return peak flood 

discharge using HEC-RAS and ARC-GIS. Results showed that the total area affected by 

the flood was 8.3 km2 and the area affected by 2 year flood inundation of 4.8 m was 6.2km2. 

5.2 Recommendation for Further Work 

This research is important in providing policy makers with relevant data and also informing 

them about the performance of different measures that can be adopted to mitigate the 

scenario and their effects. Policy makers with their responsibility may then design a ‘best 

strategy’ for the area, taking into account financial constraints and political acceptability. 

The first option considered in order to mitigate the flooding in Gilgel-Abay catchment is 

use of structural measures or engineering structures. Structural measures can be taken as 

prevention measures by reducing the amount of discharge running down the river for 

example by constructing reservoirs used for retention purposes or retention polders used 

for temporary storage of water. Retention polders are as an option recommended in this 

paper because most areas of the catchment are intensively cultivated and agricultural and 

also they have less ecological side effects than reservoirs. 

Structural measures may also serve as flood protection by being constructed along the river 

for the purpose of flood defense. Embankments and flood walls are essential structures 
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constructed along rivers to protect parts of the flood plain from flooding. The main 

drawbacks of these structures is that they may require maintenance and surveillance during 

flood events and are susceptible to failure. In this paper dikes and levees are recommended 

around the agricultural areas. Afforestation is also mandatory for planting trees increases 

the infiltration capacity of the land.  

Other innovative options like bypass channels or ‘green rivers’ may be considered to 

provide more room for discharge or storage along rivers while allowing more natural 

ecological development in the floodplain. 

The major constraint of this research was the availability of data. Therefore the following 

recommendations are made for further studies in the future. 

 Topographic data with high resolution should be available enough in order to 

properly represent the topography of the floodplains and to model flows in 

overbanks. 

  Hourly metrological data and longtime duration of flow data must also be available 

for an easy and more precise calibration and validation of hydrologic model. 

 New technologies like LIDAR (Light Detection and Ranging) are better if used 

because of the quality of digital terrain representations, when generating TIN. 
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Annexes 

Appendix A: Double Mass Curve of Stations  
Table A- 1 Annual Precipitation of Stations 

Year ADET  DANGLA MESHENTI MERAWI 

1992 1434.9 1353.2 1258.5 1477.3 

1993 1193.7 1715.6 1304.9 1123.3 

1994 1271.9 1317.9 1290.7 1497.7 

1995 1347.6 1184.6 1059.3 1401.5 

1996 1675.1 1654.7 1540.3 1291.7 

1997 1381.2 1667.2 1228.6 1124.0 

1998 1347.6 1569.4 1368.1 1341.9 

1999 1156.6 1959.4 1576.3 1233.6 

2000 1115.1 1895.7 1617.8 1464.2 

2001 1358.8 1411.1 1404.7 1184.1 

2002 955.7 1349.8 1190.6 896.9 

2003 1118.2 1369.4 1461.0 1306.1 

2004 1132.3 1627.9 1186.9 1143.2 

2005 1123.5 1405.4 1181.5 1809.7 

2006 1609.3 1869.0 2043.1 2112.9 

2007 1104.2 1478.7 1451.2 1583.3 

2008 1399.3 1858.1 1241.4 1648.1 

2009 1031.5 1454.6 929.8 1513.3 

2010 1174.5 1387.9 1295.2 1441.0 

2011 1140.3 1599.2 1519.2 1597.5 

2012 1048.8 1640.4 1571.4 1622.4 

2013 1175.5 1920.4 1402.5 1464.3 

2014 1215.2 2008.2 1458.7 1557.7 

2015 1031.6 1731.0 1222.4 1147.2 

2016 1084.5 1595.5 608.0 1203.0 

2017 1255.2 1903.2 1168.8 969.2 

2018 1431.8 1478.1 1529.5 3327.7 

 

Table A- 2  Annual Cumulative of the Stations against ADET 

Year All Stations 

Average  

Cumulative of 

ADET 

Cumulative of 

All Stations 

1992 1142.0 1434.9 1142.0 

1993 1119.4 2628.6 2261.4 

1994 1128.1 3900.5 3389.5 

1995 1047.8 5248.1 4437.3 

1996 1262.3 6923.2 5699.6 

1997 1105.7 8304.4 6805.4 

1998 1283.5 9652 8088.8 
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1999 1232.1 10808.6 9321.0 

2000 1271.8 11923.7 10592.7 

2001 1104.4 13282.5 11697.2 

2002 897.1 14238.2 12594.3 

2003 1098.9 15356.4 13693.3 

2004 1051.4 16488.7 14744.6 

2005 1147.4 17612.24 15892.0 

2006 1564.2 19221.54 17456.2 

2007 1186.4 20325.74 18642.6 

2008 1264.4 21725.04 19907.0 

2009 1024.8 22756.54 20931.8 

2010 1103.5 23931.04 22035.3 

2011 1187.3 25071.34 23222.6 

2012 1212.4 26120.18 24435.0 

2013 1233.0 27295.68 25668.0 

2014 1292.7 28510.88 26960.7 

2015 1042.4 29542.48 28003.1 

2016 925.2 30626.98 28928.4 

2017 1080.2 31882.18 30008.5 

2018 1582.3 33313.98 31590.8 

 

 

Figure A- 1 DMC of ADET 

Table A- 3 Annual Cumulative of Stations near DANGLA 

Year All Stations 

Average  

 Cumulative 

of DANGLA 

Cumulative of 

all Stations 

1992 1142.0 1353.22 1142.0 

1993 1119.4 3068.82 2261.4 

1994 1128.1 4386.72 3389.5 
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1995 1047.8 5571.32 4437.3 

1996 1262.3 7226.02 5699.6 

1997 1105.7 8893.22 6805.4 

1998 1283.5 10462.61 8088.8 

1999 1232.1 12422.01 9321.0 

2000 1271.8 14317.71 10592.7 

2001 1104.4 15728.81 11697.2 

2002 897.1 17078.61 12594.3 

2003 1098.9 18448.01 13693.3 

2004 1051.4 20075.91 14744.6 

2005 1147.4 21481.31 15892.0 

2006 1564.2 23350.31 17456.2 

2007 1186.4 24829.01 18642.6 

2008 1264.4 26687.11 19907.0 

2009 1024.8 28141.71 20931.8 

2010 1103.5 29529.61 22035.3 

2011 1187.3 31128.81 23222.6 

2012 1212.4 32769.21 24435.0 

2013 1233.0 34689.61 25668.0 

2014 1292.7 36697.81 26960.7 

2015 1042.4 38428.81 28003.1 

2016 925.2 40024.31 28928.4 

2017 1080.2 41927.51 30008.5 

2018 1582.3 43405.61 31590.8 

 

 

Figure A- 2 DMC of DANGLA 
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Table A- 4 Annual Cumulative of Stations against MESHENTI 

Year All Stations 

Average  

Cumulative of 

MESHENTI 

Cumulative 

of all Stations 

1992 1142.0 1258.5 1142.0 

1993 1119.4 2563.4 2261.4 

1994 1128.1 3854.1 3389.5 

1995 1047.8 4913.4 4437.3 

1996 1262.3 6453.7 5699.6 

1997 1105.7 7682.3 6805.4 

1998 1283.5 9050.4 8088.8 

1999 1232.1 10626.7 9321.0 

2000 1271.8 12244.5 10592.7 

2001 1104.4 13649.2 11697.2 

2002 897.1 14839.8 12594.3 

2003 1098.9 16300.8 13693.3 

2004 1051.4 17487.7 14744.6 

2005 1147.4 18669.2 15892.0 

2006 1564.2 20712.3 17456.2 

2007 1186.4 22163.5 18642.6 

2008 1264.4 23404.9 19907.0 

2009 1024.8 24334.7 20931.8 

2010 1103.5 25629.9 22035.3 

2011 1187.3 27149.1 23222.6 

2012 1212.4 28720.5 24435.0 

2013 1233.0 30123.0 25668.0 

2014 1292.7 31581.7 26960.7 

2015 1042.4 32804.1 28003.1 

2016 925.2 33412.1 28928.4 

2017 1080.2 34580.9 30008.5 

2018 1582.3 36110.4 31590.8 
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Figure A- 3 DMC of MESHENTI 

Table A- 5 Annual Cumulative of Stations against MERAWI 

Year All Stations 

Average  

Cumulative of 

MERAWI 

Cumulative of 

all Stations 

1992 1142.0 1477.3 1142.0 

1993 1119.4 2600.6 2261.4 

1994 1128.1 4098.3 3389.5 

1995 1047.8 5499.8 4437.3 

1996 1262.3 6791.5 5699.6 

1997 1105.7 7915.5 6805.4 

1998 1283.5 9257.3 8088.8 

1999 1232.1 10490.9 9321.0 

2000 1271.8 11955.1 10592.7 

2001 1104.4 13139.2 11697.2 

2002 897.1 14036.1 12594.3 

2003 1098.9 15342.3 13693.3 

2004 1051.4 16485.4 14744.6 

2005 1147.4 18295.2 15892.0 

2006 1564.2 20408.0 17456.2 

2007 1186.4 21991.3 18642.6 

2008 1264.4 23639.4 19907.0 

2009 1024.8 25152.7 20931.8 

2010 1103.5 26593.7 22035.3 

2011 1187.3 28191.3 23222.6 
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2012 1212.4 29813.7 24435.0 

2013 1233.0 31278.0 25668.0 

2014 1292.7 32835.7 26960.7 

2015 1042.4 33982.9 28003.1 

2016 925.2 35185.9 28928.4 

2017 1080.2 36155.0 30008.5 

2018 1582.3 39482.7 31590.8 

 

 

Figure A- 4 DMC of MERAWI 

Appendix B: Homogeneity Test Analysis 
Table A- 6  ADET Station Homogeneity Data 

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

1992 0 0 31 139 34 62 247 463 121 240 76 23 

1993 0 36 43 57 187 70 301 140 183 129 39 9 

1994 0 16 11 25 174 203 421 249 111 41 9 13 

1995 0 0 35 36 135 154 392 329 143 28 19 77 

1996 6 3 95 166 174 205 342 283 276 20 105 1 

1997 3 0 49 20 247 159 255 195 238 171 44 0 

1998 3 0 24 20 182 155 328 260 170 196 10 1 

1999 26 0 2 24 96 131 333 243 116 143 27 16 

2000 0 0 2 135 59 100 251 248 127 160 24 9 

2001 0 4 3 34 137 194 341 369 146 95 25 11 

2002 12 4 39 36 51 136 282 199 122 55 8 14 

2003 0 8 10 6 16 163 341 292 205 52 22 3 
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2004 8 7 2 37 10 189 286 247 204 120 22 0 

2005 2 0 28 40 30 105 332 214 193 153 27 0 

2006 0 1 4 19 116 175 439 423 237 150 18 28 

2007 4 1 14 20 94 272 314 161 138 60 27 0 

2008 15 1 0 168 151 143 331 320 167 80 24 0 

2009 0 11 35 33 46 101 298 282 125 80 7 15 

2010 23 0 0 45 79 160 364 249 183 70 1 2 

2011 21 0 24 71 162 84 339 214 155 70 1 2 

2012 0 0 5 0 35 178 274 297 143 27 77 14 

2013 0 0 11 6 113 158 374 267 113 110 25 0 

2014 0 4 114 86 188 131 211 200 152 109 22 0 

2015 0 2 22 1 139 142 181 189 124 156 50 26 

2016 0 3 74 21 201 161 295 143 96 91 0 0 

2017 0 41 18 122 111 80 402 181 143 104 53 0 

2018 0 0 38 16 107 160 308 245 225 154 173 7 

Sum 122 140 731 1381 3073 3969 8579 6900 4354 2863 932 270 

Mean 5 5 27 51 114 147 318 256 161 106 35 10 

 

Table A- 7  DANGLA Station Homogeneity Data 

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

1992 0 0 4 66 28 141 293 346 201 155 85 35 

1993 0 2 46 61 166 239 369 345 324 148 16 0 

1994 2 6 0 30 136 280 248 356 180 33 35 13 

1995 1 0 61 42 130 209 221 263 178 56 3 21 

1996 0 2 97 94 182 186 340 386 250 74 43 0 

1997 0 0 36 53 210 206 351 380 175 164 91 3 

1998 0 0 23 14 186 313 282 343 254 148 6 0 

1999 2 0 0 36 244 281 389 371 330 264 36 8 

2000 0 7 8 77 135 344 313 436 238 265 70 3 

2001 0 0 15 14 157 318 390 259 150 98 3 7 

2002 0 4 12 15 52 279 299 352 183 123 30 2 

2003 0 5 8 2 23 331 339 279 302 27 55 0 

2004 1 9 2 91 61 231 488 364 267 95 21 0 

2005 4 1 29 7 48 271 319 345 321 54 7 0 

2006 3 0 0 48 259 340 440 393 228 133 7 19 

2007 0 1 12 51 132 268 314 384 198 60 58 0 

2008 40 0 5 120 251 292 435 422 256 29 7 2 

2009 0 7 19 12 24 317 334 433 121 161 27 0 

2010 3 0 1 32 150 192 340 295 290 67 14 5 

2011 4 2 31 21 229 272 339 433 217 48 4 0 
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2012 0 0 3 0 64 287 413 501 190 53 108 24 

2013 0 0 1 0 169 207 570 376 392 189 13 2 

2014 0 4 57 135 303 249 360 314 341 196 49 1 

2015 0 0 41 1 272 269 259 355 290 86 138 19 

2016 0 0 30 29 223 159 410 413 221 110 1 0 

2017 0 45 0 198 302 241 332 357 322 107 0 0 

2018 0 0 0 14 127 162 377 294 249 140 101 16 

Sum 59 93 539 1259 4263 6880 9564 9793 6666 3082 1028 180 

Mea
n 

2 3 20 47 158 255 354 363 247 114 38 7 

 

Table A- 8  MESHENTI Station Homogeneity Data 

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

1992 0 0 16 75 45 133 400 285 101 170 33 0 

1993 0 0 7 20 103 214 455 229 163 109 5 0 

1994 0 2 0 29 109 316 355 323 121 36 0 0 

1995 0 1 8 16 136 138 313 260 127 18 11 32 

1996 14 0 23 82 160 237 403 340 163 84 35 0 

1997 0 0 65 6 208 113 375 170 124 154 12 0 

1998 0 0 48 2 144 305 271 309 157 134 0 0 

1999 4 0 0 14 82 349 432 329 194 169 3 1 

2000 0 0 0 56 30 266 323 365 244 248 85 0 

2001 0 1 7 8 96 293 282 437 184 82 0 16 

2002 7 6 13 12 80 257 255 254 140 139 2 26 

2003 0 4 8 1 2 321 488 265 278 71 5 18 

2004 10 7 3 19 6 194 445 270 139 93 2 0 

2005 1 0 23 17 44 161 384 223 228 89 12 0 

2006 0 2 0 21 176 372 553 371 255 252 0 42 

2007 25 3 19 32 109 382 269 295 124 165 29 0 

2008 20 0 0 37 75 201 344 311 154 87 13 0 

2009 0 0 13 10 27 67 331 300 76 105 0 0 

2010 0 0 0 0 143 65 434 434 133 80 6 0 

2011 0 0 0 0 169 343 307 437 220 30 14 0 

2012 0 0 16 0 8 247 753 274 247 12 0 15 

2013 0 0 41 9 120 137 560 329 131 51 25 0 

2014 0 5 49 74 216 149 462 216 225 64 0 0 

2015 0 1 16 256 363 372 72 31 52 50 10 0 

2016 66 13 16 3 135 239 32 62 43 0 0 0 

2017 53 29 52 167 144 280 162 211 71 0 0 0 

2018 0 21 31 135 168 190 499 149 169 70 97 0 
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Sum 198 95 474 1100 3099 6341 9958 7476 4263 2561 397 150 

Mean 7 4 18 41 115 235 369 277 158 95 15 6 

 

Table A- 9 MERAWI Station Homogeneity Data 

Year Ja

n 

Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

1992 0 0 4 51 59 273 513 329 171 54 18 5 

1993 14 28 20 70 119 116 308 188 154 90 13 2 

1994 1 11 111 43 168 297 227 362 160 86 32 0 

1995 0 2 16 37 187 292 345 279 159 49 6 30 

1996 5 1 143 67 119 126 280 336 140 36 37 1 

1997 85 0 51 15 159 105 207 194 134 144 28 1 

1998 8 15 337 100 378 85 143 150 69 54 2 0 

1999 28 0 50 23 81 217 273 254 123 165 14 6 

2000 0 3 6 313 51 133 214 344 147 187 65 3 

2001 0 1 70 12 126 161 323 289 134 56 5 7 

2002 4 3 22 45 42 141 181 234 113 64 8 39 

2003 0 5 9 63 8 164 292 450 171 30 16 97 

2004 10 5 32 164 15 122 280 274 170 61 11 0 

2005 8 3 55 20 107 215 446 285 297 110 264 0 

2006 0 0 1 23 235 407 536 449 285 164 0 11 

2007 0 1 27 27 111 455 274 271 280 87 52 0 

2008 11 0 0 142 189 339 386 303 190 57 31 0 

2009 0 6 31 16 57 199 469 469 116 108 20 22 

2010 12 0 1 28 167 329 334 331 146 71 24 0 

2011 21 0 29 10 164 402 258 338 264 84 28 0 

2012 0 0 4 2 36 250 580 437 282 19 12 2 

2013 0 0 0 16 154 221 511 240 160 136 28 0 

2014 0 4 74 157 183 244 243 362 181 105 5 0 

2015 0 0 8 0 226 244 282 208 125 0 53 0 

2016 0 0 51 9 186 418 227 145 105 63 0 0 

2017 0 51 1 48 199 182 153 175 129 31 0 0 

2018 0 18 5 89 61 733 744 665 555 220 223 14 

Sum 207 156 1158 1590 3589 6870 9028 8359 4960 2331 995 240 

Mea

n 

8 6 43 59 133 254 334 310 184 86 37 9 
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Figure A- 5 Homogeneity Test Graph 

Appendix C: Estimated Monthly Flow Data 
Table A- 10 Monthly Flow Data 

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

2002 157 100 81 59 91 418 3149 5464 4006 1273 293 168 

2003 114 70 64 132 275 1660 5910 6736 4883 1306 331 196 

2004 130 85 71 113 205 917 3764 6063 4354 2783 883 338 

2005 171 106 98 151 278 2248 5826 5559 4645 2782 688 254 

2006 149 95 76 63 222 1846 4576 5506 3559 725 314 197 

2007 111 70 58 58 343 1319 2872 6168 3953 788 307 175 

2008 111 66 127 117 612 2556 6292 6929 4251 2651 2042 1484 

2009 91 54 54 50 570 1824 4987 6099 3752 1970 1024 327 

2010 139 71 57 39 314 1929 4424 5721 4612 2980 550 203 

2011 115 60 44 51 276 1732 5054 5793 3812 3798 590 236 

2012 106 59 46 93 188 1471 4527 6300 4025 3936 1101 278 

2013 119 65 56 54 186 2015 4678 6383 3861 1277 416 167 

2014 96 50 44 31 31 1147 4492 5219 2991 897 304 130 

2015 69 42 37 20 28 1305 5531 5711 5214 1014 306 125 

2016 72 40 29 68 36 823 4259 5145 4130 1984 343 158 

2017 81 41 51 31 53 1010 4059 3666 3607 1559 474 439 
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Appendix D: HEC-HMS Output 
 

 

Figure A- 6 Ten Year Storm Hydrograph 

 

Figure A- 7 Twenty Five Year Storm Hydrograph 
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Figure A- 8 Fifty Year Storm Hydrograph 

Appendix E: HEC-RAS Outputs 
 

 

Figure A- 9 Water Surface Profile for 10 Year Storm 
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Figure A- 10 Water Surface Profile for 25 Year Storm 

 

 

Figure A- 11 Water Surface Profile for 50 Year Storm 
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Figure A- 12 Water Surface Profile for 100 Year Storm 

 

Figure A- 13 X-Y-Z Perspective of 3D View of 2 Year Flood 
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Figure A- 14 X-Y-Z Perspective of 3D View of 10 Year Flood 

 

Figure A- 15 X-Y-Z Perspective of 3D View of 25 Year Flood 
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Figure A- 16 X-Y-Z Perspective of 3D View of 50 Year Flood 

                                 

Figure A- 17 Ten Year Flood Map and Depth for the Area 
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Figure A- 18 Twenty Five Year Flood Map and Depth for the Area 

                                

Figure A- 19  Fifty Year Flood Map and Depth for the Area 
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Maximum Water Surface Profile Output Tables, HEC-RAS 

Table A- 11 Maximum Water Surface Profile for 2 Year Storm 

Reac

h 

River 

Sta 

Profil

e 

Q 

Total 

Min 

Ch El 

W.S. 

Elev 

Crit 

W.S. 

E.G. 

Elev 

E.G. 

Slope 

Vel 

Chn

l 

Flow 

Area 

Top 

Widt

h 

Froud

e # 

Chl 

      (m3/s

) 

(m) (m) (m) (m) (m/m) (m/s

) 

(m2) (m)   

Gilge

l 

Abay 

30878.4

1 

Max 

WS 

221.7

7 

1842.0

2 

1846.7  1846.7

1 

0.00014

8 

0.5 439.66 144.6

1 

0.09 

Gilge

l 

Abay 

30754.0

1 

Max 

WS 

221.5 1840.1 1846.6

9 

 1846.7 0.00003

8 

0.34 647.11 136.8

7 

0.05 

Gilge

l 

Abay 

30623.4

4 

Max 

WS 

221.6

8 

1840.9

9 

1846.6

8 

 1846.6

9 

0.00005

8 

0.42 529.94 109.4

6 

0.06 

Gilge

l 

Abay 

30461.9 Max 

WS 

221.6

1 

1839 1846.6

7 

 1846.6

7 

0.00001

6 

0.27 835.16 133.4

2 

0.03 

Gilge

l 

Abay 

30292.0

4 

Max 

WS 

221.5

4 

1837 1846.6

7 

 1846.6

7 

0.00000

8 

0.21 1054.3

8 

136.2

4 

0.02 

Gilge

l 

Abay 

30137.4

4 

Max 

WS 

221.4

8 

1838.0

2 

1846.6

7 

 1846.6

7 

0.00001

2 

0.24 908.9 126.5 0.03 

Gilge

l 

Abay 

30013.3

6 

Max 

WS 

221.5 1841 1846.6

5 

 1846.6

6 

0.00006

3 

0.42 529.92 119.3

3 

0.06 

Gilge

l 

Abay 

29881.0

1 

Max 

WS 

221.5 1842.0

1 

1843.8 1843.9

8 

1844.4

9 

0.03854

7 

3.66 60.56 67.24 1.23 

Gilge

l 

Abay 

29712.3

7 

Max 

WS 

221.4 1837.5

7 

1840.7

7 

 1840.8

6 

0.00222 1.33 165.98 98.25 0.33 

Gilge

l 

Abay 

29579.3

4 

Max 

WS 

221.1 1838 1840.4

5 

 1840.5

4 

0.00257

4 

1.33 166.54 110.3

8 

0.35 

Gilge

l 

Abay 

29450.0

5 

Max 

WS 

219.8

6 

1837.9

9 

1840.1

3 

 1840.2 0.00264

5 

1.2 183.22 145.2

1 

0.34 

Gilge

l 

Abay 

29323.9

4 

Max 

WS 

219.6

6 

1837 1839.9

9 

 1840.0

1 

0.00039

9 

0.66 330.39 153.0

8 

0.14 

Gilge

l 

Abay 

29085.9

8 

Max 

WS 

219.4

5 

1832.0

1 

1839.9

5 

 1839.9

5 

0.00001

7 

0.25 883.13 162.8 0.03 

Gilge

l 

Abay 

28917.0

6 

Max 

WS 

219.3

1 

1836 1839.9

3 

 1839.9

4 

0.00014

9 

0.49 443.5 153.6

9 

0.09 

Gilge

l 

Abay 

28771.8

3 

Max 

WS 

219.2

9 

1836 1839.8

9 

 1839.9

1 

0.00028

9 

0.7 313.72 103.5

7 

0.13 

Gilge

l 

Abay 

28631.0

8 

Max 

WS 

217.9 1837.0

8 

1839.4

9 

 1839.6

3 

0.00396

4 

1.66 131.38 86.25 0.43 

Gilge

l 

Abay 

28461.7

3 

Max 

WS 

205.3

5 

1836 1838.9

9 

 1839.0

8 

0.00225

8 

1.34 152.89 89.78 0.33 

Gilge

l 

Abay 

28305.3

9 

Max 

WS 

200.3

6 

1835 1838.7

6 

 1838.8 0.00055

8 

0.89 226.09 84.58 0.17 

Gilge

l 

Abay 

28168.0

7 

Max 

WS 

199.5

8 

1833.1

9 

1838.7  1838.7

1 

0.00003

8 

0.32 616.52 138.7

3 

0.05 
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Gilge

l 

Abay 

27947.7

9 

Max 

WS 

199.3

3 

1833 1838.6

9 

 1838.6

9 

0.00003 0.29 678.5 151.6

2 

0.04 

Gilge

l 

Abay 

27593.1

5 

Max 

WS 

198.4

2 

1834.6

1 

1838.6

6 

 1838.6

7 

0.00010

2 

0.41 482.72 164.1

8 

0.08 

Gilge

l 

Abay 

27291.8

5 

Max 

WS 

197.8

1 

1834.9

9 

1838.5

8 

 1838.6 0.00031

8 

0.64 309.41 126.5 0.13 

Gilge

l 

Abay 

27065.4

3 

Max 

WS 

197.4

3 

1832 1838.5

5 

 1838.5

5 
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6 

0.27 722.19 162.0

4 

0.04 

Gilge

l 

Abay 

26825.2

1 

Max 

WS 

197.0

8 

1834.5

3 

1838.5

2 

 1838.5

3 

0.00009

9 

0.4 493.53 170.5

7 

0.07 

Gilge

l 

Abay 

26554.4

2 

Max 

WS 

197.0

2 

1832.7

7 

1838.5  1838.5

1 

0.00005

5 

0.35 563.51 152.8 0.06 

Gilge

l 

Abay 

26408.3 Max 

WS 

196.7

5 

1832.5 1838.4

9 

 1838.4

9 

0.00003

3 

0.32 607.31 119.4 0.05 

Gilge

l 

Abay 

26216.5

1 

Max 

WS 

196.8

7 

1831.0

1 

1838.4

8 

 1838.4

8 

0.00001

1 

0.21 926.44 147.4

8 

0.03 

Gilge

l 

Abay 

26054.5

5 

Max 

WS 

196.8

3 

1831.1

5 

1838.4

7 

 1838.4

8 

0.00001

3 

0.23 854.2 138.7 0.03 

Gilge

l 

Abay 

25852.3

1 

Max 

WS 

196.7

9 

1830.3

5 

1838.4

7 

 1838.4

7 

0.00000

9 

0.2 992.54 160.1 0.03 

Gilge

l 

Abay 

25627.6
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6 
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3 
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WS 
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2 
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4 
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1 
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4 
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4 
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9 
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6 
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5 
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WS 
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6 
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3 

 1838.3

4 

0.00002

2 
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4 

0.04 

Gilge

l 

Abay 

25138.7 Max 

WS 

196.4

5 

1830.0

1 

1838.3

2 

 1838.3

2 

0.00002

3 

0.29 671.94 118.6

8 

0.04 

Gilge

l 

Abay 

24980.1

8 

Max 

WS 

196.4

2 

1829 1838.3

1 

 1838.3

1 

0.00001 0.21 924.71 142.9 0.03 

Gilge

l 

Abay 

24830.8

5 

Max 

WS 

196.3

9 

1832 1838.3  1838.3 0.00002

2 

0.27 721.65 139.9

2 

0.04 

Gilge

l 

Abay 

24628.3

1 

Max 

WS 

196.3

5 

1830.0

1 

1838.3  1838.3 0.00000

8 

0.2 999.88 146.3

1 

0.02 

Gilge

l 

Abay 

24509.3

9 

Max 

WS 

196.3

6 

1833.9

8 

1838.2

7 

 1838.2

9 

0.00013

6 

0.54 363.68 97.57 0.09 

Gilge

l 

Abay 

24384.2

2 

Max 

WS 

196.3

3 

1828.8

3 

1838.2

7 

 1838.2

7 

0.00000

7 

0.2 994.23 125.5

3 

0.02 

Gilge

l 

Abay 

24212.3

6 

Max 

WS 

196.3

2 

1832 1838.2

5 

 1838.2

6 

0.00004

2 

0.35 555.6 115.3

5 

0.05 

Gilge

l 

Abay 

24040.4

6 

Max 

WS 

196.0

4 

1831 1837.0

1 

 1837.0

2 

0.00006

4 

0.44 449 91.57 0.06 

Gilge

l 

Abay 

23875.1

7 

Max 

WS 

195.4 1832 1835.8

2 

 1835.8

4 

0.00012

3 

0.45 432.93 145.1

6 

0.08 
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Gilge

l 

Abay 

23572.6

9 

Max 

WS 

195.2

9 

1830.0

1 

1835.8  1835.8

1 

0.00004

5 

0.34 572.16 138.5

2 

0.05 

Gilge

l 

Abay 

23223.7

8 

Max 

WS 

195.2

5 

1830.5

2 

1835.7

9 

 1835.7

9 

0.00003

3 

0.26 750.93 219.7

7 

0.04 

Gilge

l 

Abay 

23021.9

1 

Max 

WS 

195.2

2 

1829.0

1 

1835.7

8 

 1835.7

9 

0.00001

3 

0.22 898.41 168.7

1 

0.03 

Gilge

l 

Abay 

22761.9

7 

Max 

WS 

195.2

8 

1830 1835.7

7 

 1835.7

8 

0.00002

6 

0.26 744.09 179.4

9 

0.04 

Gilge

l 

Abay 

22456.2

1 

Max 

WS 

194.9

1 

1830.4

3 

1835.6

4 

 1835.6

5 

0.00003 0.28 690.26 160.1

4 

0.04 

Gilge

l 

Abay 

22234.9

2 

Max 

WS 

194.5

2 

1831.8

6 

1835.4

7 

 1835.4

8 

0.00013

5 

0.47 410.29 135.2

1 

0.09 

Gilge

l 

Abay 

22136.4 Max 

WS 

193.9

3 

1831 1835.3

5 

 1835.3

6 

0.00015

6 

0.53 364.15 109.8

8 

0.09 

Gilge

l 

Abay 

21817.1

5 

Max 

WS 

195.4

8 

1832 1833.9

1 

 1834.0

7 

0.00661

8 

1.75 111.93 100.4

2 

0.53 

Gilge

l 

Abay 

21567.8

1 

Max 

WS 

192.9

5 

1828.0

2 

1833.1

8 

 1833.1

8 

0.00004

3 

0.3 639.8 180.8

2 

0.05 

Gilge

l 

Abay 

21287.8

5 

Max 

WS 

191.8 1830.0

2 

1833.0

5 

 1833.0

8 

0.00072

8 

0.75 255.1 152.5

9 

0.19 

Gilge

l 

Abay 

21128.6

5 

Max 

WS 

190.8

2 

1830.0

3 

1832.9

6 

 1832.9

8 

0.00045 0.62 308.23 173.5

9 

0.15 

Gilge

l 

Abay 

20890.3

9 

Max 

WS 

190.3

8 

1830.0

9 

1832.9  1832.9

1 

0.00017

5 

0.42 456.23 228.6

9 

0.09 

Gilge

l 

Abay 

20606.2

1 

Max 

WS 

190.1

1 

1829 1832.8

7 

 1832.8

8 

0.00005

2 

0.28 667.37 239.9

8 

0.05 

Gilge

l 

Abay 

20239.7

1 

Max 

WS 

188.0

5 

1829.0

2 

1832.7

3 

 1832.7

6 

0.00063

5 

0.73 258.91 148.6

8 

0.18 

Gilge

l 

Abay 

19929.6

7 

Max 

WS 

187.5

4 

1828.0

1 

1832.6

4 

 1832.6

5 

0.00003

8 

0.25 738.68 245.4

2 

0.05 

Gilge

l 

Abay 

19704.6

4 

Max 

WS 

186.6

9 

1830.0

1 

1832.5

5 

 1832.5

6 

0.00031

9 

0.55 341.95 177.6

9 

0.13 

Gilge

l 

Abay 

19427.9

2 

Max 

WS 

185.3

1 

1829 1832.4

4 

 1832.4

5 

0.00021 0.48 384.2 178.7

8 

0.11 

Gilge

l 

Abay 

19153.4

2 

Max 

WS 

185.1

1 

1829 1832.4

1 

 1832.4

1 

0.00007

9 

0.31 605.48 265.5

4 

0.06 

Gilge

l 

Abay 

18847.2

4 

Max 

WS 

184.8

9 

1828.0

1 

1832.3

9 

 1832.3

9 

0.00005

2 

0.28 664.73 244.8

7 

0.05 

Gilge

l 

Abay 

18345.9

6 

Max 

WS 

183.7

2 

1829.0

1 

1832.2

4 

 1832.2

6 

0.00045

4 

0.55 334.28 225.7

7 

0.14 

Gilge

l 

Abay 

18057.7

4 

Max 

WS 

183.1

1 

1827 1832.1

6 

 1832.1

7 

0.00004

2 

0.27 670.5 213.9

6 

0.05 

Gilge

l 

Abay 

17611.2

1 

Max 

WS 

181.5

1 

1828 1831.9

9 

 1831.9

9 

0.00006

7 

0.3 597.85 232.8

6 

0.06 

Gilge

l 

Abay 

17293.5

6 

Max 

WS 

180.5

6 

1828 1831.8

7 

 1831.8

7 

0.00008

5 

0.33 552.94 228.0

7 

0.07 
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Gilge

l 

Abay 

16860.4

3 

Max 

WS 

179.9

2 

1828.1

9 

1831.8

2 

 1831.8

3 

0.00006

6 

0.28 645.71 283.1

8 

0.06 

Gilge

l 

Abay 

16358.0

8 

Max 

WS 

180.0

5 

1827.8

4 

1831.7

9 

 1831.8 0.00003

5 

0.22 822.41 327.7

4 

0.04 

Gilge

l 

Abay 

15960.1

5 

Max 

WS 

179.4

9 

1828 1831.7  1831.7

2 

0.00035

7 

0.62 289.44 136.5

4 

0.14 

Gilge

l 

Abay 

15493.9

9 

Max 

WS 

178.9

2 

1827 1831.6

3 

 1831.6

3 

0.00002 0.18 993.43 340.2

9 

0.03 

Gilge

l 

Abay 

15194.7 Max 

WS 

178.7

1 

1828.9

9 

1831.5

9 

 1831.6 0.00013

3 

0.37 487.41 240.5

9 

0.08 

Gilge

l 

Abay 

14963.0

8 

Max 

WS 

177.2

4 

1828.5

1 

1831.4  1831.4

3 

0.00123

1 

0.83 214.56 166.7

2 

0.23 

Gilge

l 

Abay 

14622.9

7 

Max 

WS 

174.9

8 

1828.5

4 

1831.1

5 

 1831.1

6 

0.00038

1 

0.49 355.67 251.0

7 

0.13 

Gilge

l 

Abay 

14170.8

2 

Max 

WS 

173.8

3 

1826.0

1 

1831.0

6 

 1831.0

7 

0.00002

5 

0.21 831.56 275.7

3 

0.04 

Gilge

l 

Abay 

13812.2

7 

Max 

WS 

173.8

5 

1827.0

1 

1831.0

4 

 1831.0

5 

0.00007

6 

0.3 576.4 249.3

3 

0.06 

Gilge

l 

Abay 

13490.4

5 

Max 

WS 

173.3

8 

1828.0

1 

1830.9

9 

 1831 0.00020

3 

0.39 441.49 272.4

2 

0.1 

Gilge

l 

Abay 

13136.2

3 

Max 

WS 

172.8

5 

1827.0

3 

1830.9

4 

 1830.9

5 

0.00010

2 

0.32 544.27 274.4

9 

0.07 

Gilge

l 

Abay 

12833.8

8 

Max 

WS 

172.8

4 

1828.0

3 

1830.9

1 

 1830.9

2 

0.0001 0.28 618.49 373.9

8 

0.07 

Gilge

l 

Abay 

12495.2

9 

Max 

WS 

172.3

2 

1828 1830.8

1 

 1830.8

3 

0.00040

5 

0.6 289.35 160.3

8 

0.14 

Gilge

l 

Abay 

12053.9

1 

Max 

WS 

171.5

3 

1828 1830.6

6 

 1830.6

7 

0.00033

7 

0.45 385.15 288.0

7 

0.12 

Gilge

l 

Abay 

11678.6

9 

Max 

WS 

171.3

9 

1827.0

5 

1830.5

8 

 1830.5

8 

0.00009

3 

0.26 649.27 400.2

7 

0.07 

Gilge

l 

Abay 

11298.9

2 

Max 

WS 

171.3

4 

1826.8

4 

1830.5

3 

 1830.5

3 

0.00013

1 

0.35 495.93 266.6

9 

0.08 

Gilge

l 

Abay 

11005.3

9 

Max 

WS 

171.2

7 

1827.0

1 

1830.5  1830.5 0.00008

2 

0.3 569.75 263.4

7 

0.07 

Gilge

l 

Abay 

10589.5

1 

Max 

WS 

171.2

1 

1825.0

2 

1830.4

7 

 1830.4

7 

0.00006

9 

0.28 621.61 288.8

2 

0.06 

Gilge

l 

Abay 

10138.6

1 

Max 

WS 

171.0

6 

1828 1830.1

2 

 1830.1

6 

0.00153

5 

0.93 183.54 141.3

6 

0.26 

Gilge

l 

Abay 

9572.95

2 

Max 

WS 

170.6

9 

1827.1

2 

1829.5

8 

 1829.6 0.00063

7 

0.53 320.66 295.3

8 

0.16 

Gilge

l 

Abay 

9060.05

3 

Max 

WS 

169.9

9 

1824.7

9 

1829.4

2 

 1829.4

2 

0.00005

2 

0.24 702.51 321.6

3 

0.05 

Gilge

l 

Abay 

8579.45

8 

Max 

WS 

169.3

3 

1823.2

3 

1829.4  1829.4 0.00003 0.25 675.57 196.9

4 

0.04 

Gilge

l 

Abay 

8157.78

9 

Max 

WS 

168.8

2 

1827.0

5 

1829.3

4 

 1829.3

5 

0.00022

3 

0.44 388 220.0

7 

0.1 
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Gilge

l 

Abay 

7876.89

6 

Max 

WS 

168.5

8 

1824.2

4 

1829.2

9 

 1829.3 0.00011

3 

0.47 362.15 111.4

9 

0.08 

Gilge

l 

Abay 

7570.96

3 

Max 

WS 

168.3 1824.0

2 

1829.2

8 

 1829.2

8 

0.00002

6 

0.22 767.81 241.0

8 

0.04 

Gilge

l 

Abay 

7312.36

6 

Max 

WS 

168.0

5 

1824.2

9 

1829.2

5 

 1829.2

6 

0.00014

6 

0.49 341.87 117.3

7 

0.09 

Gilge

l 

Abay 

7084.47 Max 

WS 

167.9

3 

1826.0

1 

1828.4

3 

 1828.6 0.00621

7 

1.83 91.72 73.13 0.52 

Gilge

l 

Abay 

6796.29

4 

Max 

WS 

167.7

1 

1822.0

9 

1827.6

2 

 1827.6

2 

0.00005

5 

0.31 536.43 175.8

8 

0.06 

Gilge

l 

Abay 

6449.19

4 

Max 

WS 

167.3

8 

1825.0

4 

1827.2

6 

 1827.3

2 

0.00181

6 

1.1 151.79 102.9

3 

0.29 

Gilge

l 

Abay 

6164.33

9 

Max 

WS 

121.1

3 

1823 1827  1827.0

2 

0.00028

3 

0.59 204.3 86.75 0.12 

Gilge

l 

Abay 

5833.36

9 

Max 

WS 

121.0

6 

1815.0

4 

1826.9

6 

 1826.9

6 

0.00000

1 

0.06 2165.6

8 

304.1

8 

0.01 

Gilge

l 

Abay 

5505.13

3 

Max 

WS 

121.0

8 

1820.9

9 

1826.9

5 

 1826.9

5 

0.00001

4 

0.16 773.95 249.3

6 

0.03 

Gilge

l 

Abay 

5180.09

2 

Max 

WS 

120.8 1818.9

7 

1826.9

5 

 1826.9

5 

0.00000

3 

0.11 1143.3

8 

228.4 0.02 

Gilge

l 

Abay 

4892.70

7 

Max 

WS 

120.7 1816.0

2 

1826.9

5 

 1826.9

5 

0.00000

1 

0.08 1446.8

2 

225.0

5 

0.01 

Gilge

l 

Abay 

4604.19

7 

Max 

WS 

120.5

8 

1816.0

1 

1826.9

5 

 1826.9

5 

0 0.05 2529.4

6 

352.7

9 

0.01 

Gilge

l 

Abay 

4234.23

3 

Max 

WS 

169.0

4 

1819.8

2 

1820.9

2 

1820.9

6 

1821.2

6 

0.03362

2 

2.56 66.11 113.4

5 

1.07 

Gilge

l 

Abay 

3873.92

4 

Max 

WS 

168.3

8 

1811.1

7 

1815.2

8 

 1815.3

3 

0.00068

9 

0.92 182.21 77.52 0.19 

Gilge

l 

Abay 

3554.48

7 

Max 

WS 

168.1

5 

1809.0

4 

1815.2  1815.2 0.00004

3 

0.31 540.33 146.9

4 

0.05 

Gilge

l 

Abay 

3155.62

3 

Max 

WS 

168.0

7 

1811 1815.1

5 

 1815.1

6 

0.00018

3 

0.39 434.08 249.5

3 

0.09 

Gilge

l 

Abay 

2781.87

1 

Max 

WS 

168 1809.8

6 

1815.1

1 

 1815.1

1 

0.00004

7 

0.3 561.67 172.7

4 

0.05 

Gilge

l 

Abay 

2384.77

1 

Max 

WS 

168.3

3 

1812 1813.9

8 

 1814.0

9 

0.00535

3 

1.46 115.02 114.7

9 

0.47 

Gilge

l 

Abay 

2127.66

7 

Max 

WS 

167.0

4 

1808.0

2 

1813.3

6 

 1813.3

7 

0.00006

5 

0.34 487.16 156.4

7 

0.06 

Gilge

l 

Abay 

1657.52

8 

Max 

WS 

166.8

5 

1807.9

8 

1813.3

4 

 1813.3

5 

0.00002 0.19 860.16 265.7

1 

0.03 

Gilge

l 

Abay 

1292.11

5 

Max 

WS 

166.5

6 

1810.3

8 

1813.3

2 

 1813.3

2 

0.00011 0.3 547.41 313.5

5 

0.07 

Gilge

l 

Abay 

957.858

6 

Max 

WS 

166.3

6 

1810.3

4 

1812.1

9 

 1812.3

5 

0.00650

5 

1.72 96.6 87.34 0.52 

Gilge

l 

Abay 

398.969

8 

Max 

WS 

166.0

2 

1808 1810.2

9 

1808.8

6 

1810.3 0.00101

7 

0.52 320.02 436.1

5 

0.19 
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Table A- 12 Maximum Water Surface Profile for 10 Year Storm 

Reach River 

Sta 

Profil

e 

Q 

Total 

Min 

Ch El 

W.S. 

Elev 

Crit 

W.S. 

E.G. 

Elev 

E.G. 

Slope 

Vel 

Chn

l 

Flow 

Area 

Top 

Widt

h 

Froud

e # Chl 

      (m3/s

) 

(m) (m) (m) (m) (m/m) (m/s

) 

(m2) (m)   

Gilgel 

Abay 

30878.4

1 

Max 

WS 

364.8

4 

1842.0

2 

1847.1

9 

  1847.2

2 

0.00024

4 

0.71 510.9 144.6

1 

0.12 

Gilgel 

Abay 

30754.0

1 

Max 

WS 

364.7

6 

1840.1 1847.1

8 

  1847.1

9 

0.00007

4 

0.51 713.72 136.8

7 

0.07 

Gilgel 

Abay 

30623.4

4 

Max 

WS 

364.6

9 

1840.9

9 

1847.1

5 

  1847.1

7 

0.00011

7 

0.63 581.35 109.4

6 

0.09 

Gilgel 

Abay 

30461.9 Max 

WS 

364.5

8 

1839 1847.1

3 

  1847.1

4 

0.00003

5 

0.41 896.66 133.4

2 

0.05 

Gilgel 

Abay 

30292.0

4 

Max 

WS 

364.4

5 

1837 1847.1

3 

  1847.1

3 

0.00001

8 

0.33 1116.8

7 

136.2

4 

0.04 

Gilgel 

Abay 

30137.4

4 

Max 

WS 

364.3

4 

1838.0

2 

1847.1

2 

  1847.1

3 

0.00002

6 

0.38 966.43 126.5 0.04 

Gilgel 

Abay 

30013.3

6 

Max 

WS 

364.2

6 

1841 1847.1   1847.1

2 

0.00012

5 

0.63 582.54 119.3

3 

0.09 

Gilgel 

Abay 

29881.0

1 

Max 

WS 

364.7

8 

1842.0

1 

1844.1

8 

1844.3

6 

1845.0

2 

0.03838

9 

4.05 90.09 85.43 1.26 

Gilgel 

Abay 

29712.3

7 

Max 

WS 

362.5

1 

1837.5

7 

1841.3

5 

  1841.4

8 

0.00235

3 

1.61 225.68 105.2

8 

0.35 

Gilgel 

Abay 

29579.3

4 

Max 

WS 

358.5 1838 1841.0

5 

  1841.1

7 

0.00231

3 

1.53 233.84 114.6

7 

0.34 

Gilgel 

Abay 

29450.0

5 

Max 

WS 

353.9

5 

1837.9

9 

1840.8

2 

  1840.9 0.00163

7 

1.23 287.42 152.1

2 

0.29 

Gilgel 

Abay 

29323.9

4 

Max 

WS 

350.6

1 

1837 1840.7

3 

  1840.7

6 

0.00039

8 

0.78 447.41 160.6

2 

0.15 

Gilgel 

Abay 

29085.9

8 

Max 

WS 

349.3 1832.0

1 

1840.7   1840.7

1 

0.00002

9 

0.35 1006.3 166.1

4 

0.05 

Gilgel 

Abay 

28917.0

6 

Max 

WS 

348.0

4 

1836 1840.6

7 

  1840.6

9 

0.00018

3 

0.62 560.09 160.1

3 

0.11 

Gilgel 

Abay 

28771.8

3 

Max 

WS 

344.3

5 

1836 1840.6

1 

  1840.6

5 

0.00037

1 

0.88 390.41 108.9

6 

0.15 

Gilgel 

Abay 

28631.0

8 

Max 

WS 

323.2

6 

1837.0

8 

1840.3

4 

  1840.4

6 

0.00215 1.54 209.97 96.62 0.33 

Gilgel 

Abay 

28461.7

3 

Max 

WS 

312.4

9 

1836 1840.0

8 

  1840.1

6 

0.00103

8 

1.24 251.35 90.43 0.24 

Gilgel 

Abay 

28305.3

9 

Max 

WS 

305.5 1835 1839.8

9 

  1839.9

4 

0.00041

5 

0.95 321.63 84.58 0.16 

Gilgel 

Abay 

28168.0

7 

Max 

WS 

304.3

2 

1833.1

9 

1839.8

2 

  1839.8

3 

0.00004

3 

0.39 772.59 138.7

3 

0.05 

Gilgel 

Abay 

27947.7

9 

Max 

WS 

303.1

9 

1833 1839.8

1 

  1839.8

1 

0.00003

4 

0.36 848.44 151.6

2 

0.05 

Gilgel 

Abay 

27593.1

5 

Max 

WS 

302.6

6 

1834.6

1 

1839.7

8 

  1839.7

9 

0.00008

2 

0.45 666.62 164.1

8 

0.07 

Gilgel 

Abay 

27291.8

5 

Max 

WS 

301.2

7 

1834.9

9 

1839.7   1839.7

3 

0.00021

4 

0.67 451.83 126.5 0.11 

Gilgel 

Abay 

27065.4

3 

Max 

WS 

300.3

8 

1832 1839.6

8 

  1839.6

8 

0.00002

9 

0.33 905.28 162.0

4 

0.04 

Gilgel 

Abay 

26825.2

1 

Max 

WS 

299.9

9 

1834.5

3 

1839.6

5 

  1839.6

6 

0.00007

8 

0.44 685.96 170.5

7 

0.07 

Gilgel 

Abay 

26554.4

2 

Max 

WS 

300.2

6 

1832.7

7 

1839.6

2 

  1839.6

3 

0.00005

4 

0.41 735.18 152.8 0.06 

Gilgel 

Abay 

26408.3 Max 

WS 

299.6

5 

1832.5 1839.6

1 

  1839.6

2 

0.00004 0.4 740.77 119.4 0.05 

Gilgel 

Abay 

26216.5

1 

Max 

WS 

299.8

9 

1831.0

1 

1839.5

9 

  1839.6 0.00001

5 

0.27 1090.5

3 

147.4

8 

0.03 

Gilgel 

Abay 

26054.5

5 

Max 

WS 

299.5

9 

1831.1

5 

1839.5

8 

  1839.5

9 

0.00001

8 

0.3 1007.9

7 

138.7 0.04 

Gilgel 

Abay 

25852.3

1 

Max 

WS 

299.5

3 

1830.3

5 

1839.5

7 

  1839.5

8 

0.00001

3 

0.26 1169.4

8 

160.1 0.03 
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Gilgel 

Abay 

25627.6

3 

Max 

WS 

299.3

1 

1831.0

8 

1839.5

5 

  1839.5
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Table A- 13 Maximum Water Surface Profile for 25 Year Storm 
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6 

1809.2 1810.5

8 

0.00100

5 

0.62 442.41 454.0

2 

0.2 

 

Table A- 14 Maximum Water Surface Profile for 50 Year Storm 

Reac

h 

River 

Sta 

Profil

e 

Q 

Total 

Min 

Ch El 

W.S. 

Elev 

Crit 

W.S. 

E.G. 

Elev 

E.G. 

Slope 

Vel 

Chn

l 

Flow 

Area 

Top 

Widt

h 

Froud

e # 

Chl 

      (m3/s

) 

(m) (m) (m) (m) (m/m) (m/s

) 

(m2) (m)   

Gilgel 

Abay 

30878.4

1 

Max 

WS 

437.8

8 

1842.0

2 

1847.3

8 

  1847.4

2 

0.00029

6 

0.81 538.62 144.6

1 

0.13 
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Gilgel 

Abay 

30754.0

1 

Max 

WS 

437.8

2 

1840.1 1847.3

7 

  1847.3

9 

0.00009

5 

0.6 739.55 136.8

7 

0.08 

Gilgel 

Abay 

30623.4

4 

Max 

WS 

437.7

3 

1840.9

9 

1847.3

2 

  1847.3

5 

0.00015

1 

0.73 600.77 109.4

6 

0.1 

Gilgel 

Abay 

30461.9 Max 

WS 

437.6

1 

1839 1847.3   1847.3

1 

0.00004

6 

0.48 919.59 133.4

2 

0.06 

Gilgel 

Abay 

30292.0

4 

Max 

WS 

437.4

5 

1837 1847.3   1847.3

1 

0.00002

4 

0.38 1140.1

3 

136.2

4 

0.04 

Gilgel 

Abay 

30137.4

4 

Max 

WS 

437.2

7 

1838.0

2 

1847.2

9 

  1847.3 0.00003

5 

0.44 987.67 126.5 0.05 

Gilgel 

Abay 

30013.3

6 

Max 

WS 

437.1

5 

1841 1847.2

5 

  1847.2

8 

0.00016

2 

0.73 601.6 119.3

3 

0.1 

Gilgel 

Abay 

29881.0

1 

Max 

WS 

438.2

1 

1842.0

1 

1844.3

2 

1844.5

2 

1845.2

6 

0.03744

4 

4.3 101.81 86.31 1.27 

Gilgel 

Abay 

29712.3

7 

Max 

WS 

430.9

5 

1837.5

7 

1841.6

6 

  1841.8 0.00218

4 

1.67 258.4 107.4

2 

0.34 

Gilgel 

Abay 

29579.3

4 

Max 

WS 

420.1

7 

1838 1841.3

9 

  1841.5

1 

0.00193

7 

1.53 273.93 117.0

4 

0.32 

Gilgel 

Abay 

29450.0

5 

Max 

WS 

400.4

9 

1837.9

9 

1841.2

2 

  1841.2

8 

0.00112

4 

1.15 347.19 152.1

2 

0.24 

Gilgel 

Abay 

29323.9

4 

Max 

WS 

395.2

4 

1837 1841.1

4 

  1841.1

7 

0.00032 0.77 514.01 160.6

2 

0.14 

Gilgel 

Abay 

29085.9

8 

Max 

WS 

393.4

7 

1832.0

1 

1841.1

2 

  1841.1

3 

0.00002

9 

0.37 1076.6

7 

167.7

2 

0.05 

Gilgel 

Abay 

28917.0

6 

Max 

WS 

389.3

7 

1836 1841.0

9 

  1841.1

1 

0.00016

2 

0.62 628.71 164.1

2 

0.1 

Gilgel 

Abay 

28771.8

3 

Max 

WS 

386.9

7 

1836 1841.0

4 

  1841.0

8 

0.00032

9 

0.88 437.51 110.5

7 

0.14 

Gilgel 

Abay 

28631.0

8 

Max 

WS 

375.4

1 

1837.0

8 

1840.8

4 

  1840.9

4 

0.00153

4 

1.45 258.52 100.3

2 

0.29 

Gilgel 

Abay 

28461.7

3 

Max 

WS 

366.4

1 

1836 1840.6

3 

  1840.7

1 

0.00079

4 

1.22 301.06 90.43 0.21 

Gilgel 

Abay 

28305.3

9 

Max 

WS 

359.0

1 

1835 1840.4

4 

  1840.4

9 

0.00037

1 

0.97 368.32 84.58 0.15 

Gilgel 

Abay 

28168.0

7 

Max 

WS 

357.5

2 

1833.1

9 

1840.3

7 

  1840.3

8 

0.00004

3 

0.42 848.84 138.7

3 

0.05 

Gilgel 

Abay 

27947.7

9 

Max 

WS 

357.4

4 

1833 1840.3

6 

  1840.3

6 

0.00003

5 

0.38 931.44 151.6

2 

0.05 

Gilgel 

Abay 

27593.1

5 

Max 

WS 

355.4

3 

1834.6

1 

1840.3

3 

  1840.3

4 

0.00007

5 

0.47 756.44 164.1

8 

0.07 

Gilgel 

Abay 

27291.8

5 

Max 

WS 

354.7

9 

1834.9

9 

1840.2

5 

  1840.2

8 

0.00018

6 

0.68 521.12 126.5 0.11 

Gilgel 

Abay 

27065.4

3 

Max 

WS 

354.2

1 

1832 1840.2

3 

  1840.2

3 

0.00003 0.36 993.98 162.0

4 

0.05 

Gilgel 

Abay 

26825.2

1 

Max 

WS 

353.1

2 

1834.5

3 

1840.2   1840.2

1 

0.00007

1 

0.45 779.17 170.5

7 

0.07 

Gilgel 

Abay 

26554.4

2 

Max 

WS 

352.6

6 

1832.7

7 

1840.1

7 

  1840.1

8 

0.00005

2 

0.43 818.41 152.8 0.06 

Gilgel 

Abay 

26408.3 Max 

WS 

352.6

4 

1832.5 1840.1

5 

  1840.1

6 

0.00004

2 

0.44 805.43 119.4 0.05 

Gilgel 

Abay 

26216.5

1 

Max 

WS 

351.9 1831.0

1 

1840.1

3 

  1840.1

4 

0.00001

6 

0.3 1170.1

4 

147.4

8 

0.03 

Gilgel 

Abay 

26054.5

5 

Max 

WS 

352.5

1 

1831.1

5 

1840.1

2 

  1840.1

2 

0.00001

9 

0.33 1082.4

9 

138.7 0.04 

Gilgel 

Abay 

25852.3

1 

Max 

WS 

351.6

6 

1830.3

5 

1840.1

1 

  1840.1

1 

0.00001

4 

0.28 1255.3

3 

160.1 0.03 

Gilgel 

Abay 

25627.6

3 

Max 

WS 

351.8

8 

1831.0

8 

1840.0

9 

  1840.1 0.00004

7 

0.49 720.83 98 0.06 

Gilgel 

Abay 

25513.8

3 

Max 

WS 

351.6

6 

1834.5

4 

1839.9

9 

  1840.0

3 

0.00032

7 

0.94 375.59 83.62 0.14 

Gilgel 

Abay 

25375.2

1 

Max 

WS 

351.4

4 

1832 1839.9

4 

  1839.9

5 

0.00005

2 

0.48 735.04 111.4

6 

0.06 

Gilgel 

Abay 

25276.0

5 

Max 

WS 

351.4

1 

1830 1839.9

3 

  1839.9

4 

0.00003

3 

0.42 835.7 111.0

4 

0.05 

Gilgel 

Abay 

25138.7 Max 

WS 

351.3

9 

1830.0

1 

1839.9   1839.9

1 

0.00003

4 

0.41 859.36 118.6

8 

0.05 

Gilgel 

Abay 

24980.1

8 

Max 

WS 

351.2

3 

1829 1839.8

7 

  1839.8

7 

0.00001

6 

0.31 1147.7

2 

142.9 0.03 
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Gilgel 

Abay 

24830.8

5 

Max 

WS 

351.2

1 

1832 1839.8

6 

  1839.8

6 

0.00003

1 

0.37 939.28 139.9

2 

0.05 

Gilgel 

Abay 

24628.3

1 

Max 

WS 

351.1

5 

1830.0

1 

1839.8

5 

  1839.8

5 

0.00001

3 

0.29 1226.8

9 

146.3

1 

0.03 

Gilgel 

Abay 

24509.3

9 

Max 

WS 

351.0

9 

1833.9

8 

1839.8

1 

  1839.8

4 

0.00014

3 

0.68 513.83 97.57 0.1 

Gilgel 

Abay 

24384.2

2 

Max 

WS 

351.0

7 

1828.8

3 

1839.8

1 

  1839.8

1 

0.00001

3 

0.3 1187.4

1 

125.5

3 

0.03 

Gilgel 

Abay 

24212.3

6 

Max 

WS 

351.0

1 

1832 1839.7

8 

  1839.7

9 

0.00005

5 

0.48 731.57 115.3

5 

0.06 

Gilgel 

Abay 

24040.4

6 

Max 

WS 

350.0

1 

1831 1838.3

3 

  1838.3

5 

0.00009

5 

0.61 570.11 91.57 0.08 

Gilgel 

Abay 

23875.1

7 

Max 

WS 

347.5

5 

1832 1836.9

7 

  1836.9

9 

0.00013

4 

0.58 599.35 145.1

6 

0.09 

Gilgel 

Abay 

23572.6

9 

Max 

WS 

347.3

3 

1830.0

1 

1836.9

4 

  1836.9

5 

0.00006

6 

0.47 731.99 141.3

5 

0.07 

Gilgel 

Abay 

23223.7

8 

Max 

WS 

347.2

2 

1830.5

2 

1836.9

2 

  1836.9

3 

0.00004

1 

0.35 1000.5

3 

220.8

9 

0.05 

Gilgel 

Abay 

23021.9

1 

Max 

WS 

347.0

8 

1829.0

1 

1836.9

1 

  1836.9

2 

0.00002

3 

0.32 1088.3

1 

168.7

1 

0.04 

Gilgel 

Abay 

22761.9

7 

Max 

WS 

347.0

2 

1830 1836.8

9 

  1836.9 0.00003

8 

0.37 944.33 179.4

9 

0.05 

Gilgel 

Abay 

22456.2

1 

Max 

WS 

346.9

1 

1830.4

3 

1836.6

7 

  1836.6

7 

0.00004

8 

0.41 853.92 160.1

4 

0.06 

Gilgel 

Abay 

22234.9

2 

Max 

WS 

346.8 1831.8

6 

1836.3

4 

  1836.3

6 

0.00018

7 

0.66 528.93 135.2

1 

0.11 

Gilgel 

Abay 

22136.4 Max 

WS 

346.4

7 

1831 1836.0

9 

  1836.1

2 

0.00025

8 

0.78 445.34 109.8

8 

0.12 

Gilgel 

Abay 

21817.1

5 

Max 

WS 

342.2

4 

1832 1834.5

4 

  1834.7

3 

0.00483

2 

1.93 176.99 107 0.48 

Gilgel 

Abay 

21567.8

1 

Max 

WS 

336.1 1828.0

2 

1834.0

5 

  1834.0

5 

0.00006

4 

0.42 796.83 180.8

2 

0.06 

Gilgel 

Abay 

21287.8

5 

Max 

WS 

331.4

5 

1830.0

2 

1833.9

1 

  1833.9

4 

0.00061

6 

0.83 399.45 180.8 0.18 

Gilgel 

Abay 

21128.6

5 

Max 

WS 

330.4

5 

1830.0

3 

1833.8

3 

  1833.8

6 

0.00038

3 

0.71 465.1 187.7

3 

0.14 

Gilgel 

Abay 

20890.3

9 

Max 

WS 

328.0

9 

1830.0

9 

1833.7

8 

  1833.7

9 

0.00016 0.5 661.26 237.8

8 

0.1 

Gilgel 

Abay 

20606.2

1 

Max 

WS 

327.4

4 

1829 1833.7

5 

  1833.7

6 

0.00006

5 

0.37 881.12 247.4

7 

0.06 

Gilgel 

Abay 

20239.7

1 

Max 

WS 

324.7

2 

1829.0

2 

1833.6

2 

  1833.6

5 

0.00053

7 

0.81 399.58 169.1

2 

0.17 

Gilgel 

Abay 

19929.6

7 

Max 

WS 

322.0

8 

1828.0

1 

1833.5

4 

  1833.5

4 

0.00004

8 

0.34 958.53 245.4

2 

0.05 

Gilgel 

Abay 

19704.6

4 

Max 

WS 

320.4

2 

1830.0

1 

1833.4

3 

  1833.4

5 

0.00027

1 

0.64 498.21 177.6

9 

0.12 

Gilgel 

Abay 

19427.9

2 

Max 

WS 

317.8

8 

1829 1833.3

1 

  1833.3

3 

0.00024

2 

0.57 556.1 222.6

1 

0.12 

Gilgel 

Abay 

19153.4

2 

Max 

WS 

317.0

9 

1829 1833.2

7 

  1833.2

8 

0.00007

9 

0.38 835.72 265.5

4 

0.07 

Gilgel 

Abay 

18847.2

4 

Max 

WS 

316.5

1 

1828.0

1 

1833.2

5 

  1833.2

6 

0.00007 0.36 886.82 280.4

9 

0.06 

Gilgel 

Abay 

18345.9

6 

Max 

WS 

314.5

3 

1829.0

1 

1833.1   1833.1

1 

0.00029

5 

0.6 527.12 225.7

7 

0.12 

Gilgel 

Abay 

18057.7

4 

Max 

WS 

313.1

9 

1827 1833   1833.0

1 

0.00005

6 

0.37 849.59 213.9

6 

0.06 

Gilgel 

Abay 

17611.2

1 

Max 

WS 

309.5

7 

1828 1832.7

5 

  1832.7

6 

0.00008

2 

0.4 776.85 232.8

6 

0.07 

Gilgel 

Abay 

17293.5

6 

Max 

WS 

307.0

2 

1828 1832.6   1832.6

1 

0.00010

2 

0.43 719.91 228.0

7 

0.08 

Gilgel 

Abay 

16860.4

3 

Max 

WS 

305.7 1828.1

9 

1832.5

3 

  1832.5

4 

0.00007

7 

0.36 846.91 283.1

8 

0.07 

Gilgel 

Abay 

16358.0

8 

Max 

WS 

304.9

6 

1827.8

4 

1832.4

9 

  1832.4

9 

0.00004

5 

0.29 1050 327.7

4 

0.05 

Gilgel 

Abay 

15960.1

5 

Max 

WS 

303.6 1828 1832.3

7 

  1832.4 0.00043

3 

0.79 382.86 143.7 0.16 

Gilgel 

Abay 

15493.9

9 

Max 

WS 

302.3

9 

1827 1832.2

8 

  1832.2

8 

0.00002

9 

0.25 1215.8

1 

340.2

9 

0.04 
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Gilgel 

Abay 

15194.7 Max 

WS 

301.3

3 

1828.9

9 

1832.2

2 

  1832.2

3 

0.00015

5 

0.47 638.7 240.5

9 

0.09 

Gilgel 

Abay 

14963.0

8 

Max 

WS 

298.4

2 

1828.5

1 

1832.0

3 

  1832.0

7 

0.00104

1 

0.9 332.04 200.0

2 

0.22 

Gilgel 

Abay 

14622.9

7 

Max 

WS 

294.7 1828.5

4 

1831.8

3 

  1831.8

4 

0.00029

8 

0.56 529.53 257.0

6 

0.12 

Gilgel 

Abay 

14170.8

2 

Max 

WS 

293.0

6 

1826.0

1 

1831.7

6 

  1831.7

6 

0.00003

8 

0.29 1025.3

1 

284.6

1 

0.05 

Gilgel 

Abay 

13812.2

7 

Max 

WS 

291.9

5 

1827.0

1 

1831.7

2 

  1831.7

3 

0.00009

2 

0.39 745.79 249.3

3 

0.07 

Gilgel 

Abay 

13490.4

5 

Max 

WS 

291.0

4 

1828.0

1 

1831.6

7 

  1831.6

8 

0.00019

1 

0.45 640.83 303.2

3 

0.1 

Gilgel 

Abay 

13136.2

3 

Max 

WS 

289.7

2 

1827.0

3 

1831.6

2 

  1831.6

3 

0.00011

1 

0.4 732.69 282.9

2 

0.08 

Gilgel 

Abay 

12833.8

8 

Max 

WS 

289.3

9 

1828.0

3 

1831.5

9 

  1831.5

9 

0.00009 0.33 870.96 373.9

8 

0.07 

Gilgel 

Abay 

12495.2

9 

Max 

WS 

287.5 1828 1831.4

7 

  1831.4

9 

0.00053

1 

0.66 438.52 257.3

5 

0.16 

Gilgel 

Abay 

12053.9

1 

Max 

WS 

285.8

7 

1828 1831.2

9 

  1831.3 0.00030

8 

0.48 597.81 375.6

6 

0.12 

Gilgel 

Abay 

11678.6

9 

Max 

WS 

284.7

3 

1827.0

5 

1831.2

1 

  1831.2

2 

0.00008

5 

0.32 903.04 400.2

7 

0.07 

Gilgel 

Abay 

11298.9

2 

Max 

WS 

284.4

1 

1826.8

4 

1831.1

5 

  1831.1

6 

0.00016

7 

0.42 675.77 324.3

1 

0.09 

Gilgel 

Abay 

11005.3

9 

Max 

WS 

283.9 1827.0

1 

1831.1

1 

  1831.1

2 

0.00010

1 

0.39 733.58 271.1

4 

0.08 

Gilgel 

Abay 

10589.5

1 

Max 

WS 

283.9

8 

1825.0

2 

1831.0

7 

  1831.0

8 

0.00009

6 

0.35 807.25 334.0

2 

0.07 

Gilgel 

Abay 

10138.6

1 

Max 

WS 

282.6

6 

1828 1830.6

9 

  1830.7

4 

0.00143

2 

1.05 269.03 164.2

5 

0.26 

Gilgel 

Abay 

9572.95

2 

Max 

WS 

280.7

8 

1827.1

2 

1830.1

8 

  1830.2 0.00051

2 

0.55 514.35 387.0

9 

0.15 

Gilgel 

Abay 

9060.05

3 

Max 

WS 

280.2

3 

1824.7

9 

1830.0

5 

  1830.0

6 

0.00006

3 

0.31 908.2 330.8

5 

0.06 

Gilgel 

Abay 

8579.45

8 

Max 

WS 

280.1 1823.2

3 

1830.0

2 

  1830.0

3 

0.00005

1 

0.35 802.52 209.4

7 

0.06 

Gilgel 

Abay 

8157.78

9 

Max 

WS 

279.9

9 

1827.0

5 

1829.9

6 

  1829.9

7 

0.00023

7 

0.53 527.26 232.3

3 

0.11 

Gilgel 

Abay 

7876.89

6 

Max 

WS 

279.9

5 

1824.2

4 

1829.8

9 

  1829.9

1 

0.00019

1 

0.65 430.94 118.9

6 

0.11 

Gilgel 

Abay 

7570.96

3 

Max 

WS 

279.9

8 

1824.0

2 

1829.8

7 

  1829.8

7 

0.00004

2 

0.31 913.27 252.1

6 

0.05 

Gilgel 

Abay 

7312.36

6 

Max 

WS 

279.9

5 

1824.2

9 

1829.8

1 

  1829.8

4 

0.00024

7 

0.68 411.63 128.6

2 

0.12 

Gilgel 

Abay 

7084.47 Max 

WS 

279.9

3 

1826.0

1 

1828.9

4 

  1829.1

7 

0.00620

3 

2.13 131.52 83.49 0.54 

Gilgel 

Abay 

6796.29

4 

Max 

WS 

279.8

9 

1822.0

9 

1828.1

6 

  1828.1

7 

0.00009

5 

0.44 635.12 185.9

8 

0.08 

Gilgel 

Abay 

6449.19

4 

Max 

WS 

279.8

2 

1825.0

4 

1827.6

5 

  1827.7

5 

0.00250

4 

1.45 193.51 111.1

7 

0.35 

Gilgel 

Abay 

6164.33

9 

Max 

WS 

279.7

7 

1823 1827.1

3 

  1827.2

1 

0.00128

9 

1.3 215.75 88.4 0.27 

Gilgel 

Abay 

5833.36

9 

Max 

WS 

121.0

6 

1815.0

4 

1826.9

6 

  1826.9

6 

0.00000

1 

0.06 2165.6

8 

304.1

8 

0.01 

Gilgel 

Abay 

5505.13

3 

Max 

WS 

121.0

8 

1820.9

9 

1826.9

5 

  1826.9

5 

0.00001

4 

0.16 773.95 249.3

6 

0.03 

Gilgel 

Abay 

5180.09

2 

Max 

WS 

120.8 1818.9

7 

1826.9

5 

  1826.9

5 

0.00000

3 

0.11 1143.3

8 

228.4 0.02 

Gilgel 

Abay 

4892.70

7 

Max 

WS 

120.7 1816.0

2 

1826.9

5 

  1826.9

5 

0.00000

1 

0.08 1446.8

2 

225.0

5 

0.01 

Gilgel 

Abay 

4604.19

7 

Max 

WS 

120.5

8 

1816.0

1 

1826.9

5 

  1826.9

5 

0 0.05 2529.4

6 

352.7

9 

0.01 

Gilgel 

Abay 

4234.23

3 

Max 

WS 

279.4

8 

1819.8

2 

1821.2 1821.2

2 

1821.5

7 

0.03104

3 

2.72 102.8 151.5

5 

1.05 

Gilgel 

Abay 

3873.92

4 

Max 

WS 

279.0

5 

1811.1

7 

1815.7

5 

  1815.8

3 

0.00112

5 

1.27 219.86 83.93 0.25 

Gilgel 

Abay 

3554.48

7 

Max 

WS 

278.9

6 

1809.0

4 

1815.6

1 

  1815.6

2 

0.00008

9 

0.46 603.44 156.3

6 

0.08 
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Gilgel 

Abay 

3155.62

3 

Max 

WS 

278.7

6 

1811 1815.5

4 

  1815.5

5 

0.00027

4 

0.52 533.83 264.2

9 

0.12 

Gilgel 

Abay 

2781.87

1 

Max 

WS 

278.5

5 

1809.8

6 

1815.4

7 

  1815.4

8 

0.00009

4 

0.45 625.44 178.6

2 

0.08 

Gilgel 

Abay 

2384.77

1 

Max 

WS 

278.2

2 

1812 1814.4

5 

  1814.5

8 

0.00461

9 

1.59 174.61 137.2

8 

0.45 

Gilgel 

Abay 

2127.66

7 

Max 

WS 

278.1

1 

1808.0

2 

1813.9

3 

  1813.9

4 

0.00011 0.48 579.38 167.0

9 

0.08 

Gilgel 

Abay 

1657.52

8 

Max 

WS 

278.0

3 

1807.9

8 

1813.9   1813.9

1 

0.00003

3 

0.27 1011.2

5 

274.0

9 

0.05 

Gilgel 

Abay 

1292.11

5 

Max 

WS 

277.8

3 

1810.3

8 

1813.8

7 

  1813.8

8 

0.00012

6 

0.38 723.53 322.6

5 

0.08 

Gilgel 

Abay 

957.858

6 

Max 

WS 

277.7

3 

1810.3

4 

1812.6   1812.8

2 

0.0068 2.07 133.99 94.82 0.56 

Gilgel 

Abay 

398.969

8 

Max 

WS 

277.5

4 

1808 1810.5

7 

1809.2 1810.5

9 

0.00100

6 

0.62 444.23 454.3

4 

0.2 

 

Table A- 15 Maximum Water Surface Profile for 100 Year Storm 

Reach River 

Sta 

Profil

e 

Q 

Total 

Min 

Ch El 

W.S. 

Elev 

Crit 

W.S. 

E.G. 

Elev 

E.G. 

Slope 

Vel 

Chnl 

Flow 

Area 

Top 

Width 

Froude 

# Chl 

      (m3/s

) 

(m) (m) (m) (m) (m/m) (m/s

) 

(m2) (m)   

Gilgel 

Abay 

30878.4

1 

Max 

WS 

499.5

1 

1842.0

2 

1847.5

3 

  1847.5

7 

0.00034 0.89 559.82 144.6

1 

0.14 

Gilgel 

Abay 

30754.0

1 

Max 

WS 

499.4 1840.1 1847.5

1 

  1847.5

3 

0.00011

4 

0.66 759.19 136.8

7 

0.09 

Gilgel 

Abay 

30623.4

4 

Max 

WS 

499.2

4 

1840.9

9 

1847.4

6 

  1847.4

9 

0.00018

2 

0.81 615.38 109.4

6 

0.11 

Gilgel 

Abay 

30461.9 Max 

WS 

498.9

2 

1839 1847.4

3 

  1847.4

5 

0.00005

7 

0.53 936.75 133.4

2 

0.06 

Gilgel 

Abay 

30292.0

4 

Max 

WS 

498.4

6 

1837 1847.4

3 

  1847.4

3 

0.00003 0.43 1157.4

4 

136.2

4 

0.05 

Gilgel 

Abay 

30137.4

4 

Max 

WS 

498.6 1838.0

2 

1847.4

1 

  1847.4

3 

0.00004

4 

0.5 1003.4

9 

126.5 0.06 

Gilgel 

Abay 

30013.3

6 

Max 

WS 

497.6

6 

1841 1847.3

7 

  1847.4

1 

0.00019

5 

0.81 615.61 119.3

3 

0.11 

Gilgel 

Abay 

29881.0

1 

Max 

WS 

499.3

2 

1842.0

1 

1844.4

4 

1844.6

5 

1845.4

5 

0.03613

9 

4.47 111.78 87.15 1.26 

Gilgel 

Abay 

29712.3

7 

Max 

WS 

480.2

3 

1837.5

7 

1841.9

4 

  1842.0

8 

0.00191

5 

1.66 289.23 109.4

1 

0.33 

Gilgel 

Abay 

29579.3

4 

Max 

WS 

452.0

1 

1838 1841.7

3 

  1841.8

3 

0.00145 1.44 312.86 117.0

4 

0.28 

Gilgel 

Abay 

29450.0

5 

Max 

WS 

439.3

2 

1837.9

9 

1841.5

9 

  1841.6

5 

0.00082

2 

1.09 403.9 152.1

2 

0.21 

Gilgel 

Abay 

29323.9

4 

Max 

WS 

434.1

4 

1837 1841.5

3 

  1841.5

6 

0.00026

6 

0.75 575.82 160.6

2 

0.13 

Gilgel 

Abay 

29085.9

8 

Max 

WS 

434.0

8 

1832.0

1 

1841.5

1 

  1841.5

2 

0.00003 0.38 1141.8

7 

167.7

2 

0.05 

Gilgel 

Abay 

28917.0

6 

Max 

WS 

433.0

6 

1836 1841.4

8 

  1841.5 0.00015 0.62 693.49 168.2

1 

0.1 

Gilgel 

Abay 

28771.8

3 

Max 

WS 

428.3

5 

1836 1841.4

3 

  1841.4

7 

0.00029

7 

0.89 480.82 110.5

7 

0.14 

Gilgel 

Abay 

28631.0

8 

Max 

WS 

420.9

9 

1837.0

8 

1841.2

6 

  1841.3

6 

0.00121

2 

1.39 302.04 104.1

4 

0.26 

Gilgel 

Abay 

28461.7

3 

Max 

WS 

412.8

6 

1836 1841.0

8 

  1841.1

6 

0.00066

8 

1.21 341.96 90.43 0.2 

Gilgel 

Abay 

28305.3

9 

Max 

WS 

404.8

5 

1835 1840.9   1840.9

5 

0.00034

4 

1 406.53 84.58 0.15 

Gilgel 

Abay 

28168.0

7 

Max 

WS 

401.3

6 

1833.1

9 

1840.8

2 

  1840.8

3 

0.00004

4 

0.44 911.26 138.7

3 

0.05 

Gilgel 

Abay 

27947.7

9 

Max 

WS 

401.3

1 

1833 1840.8   1840.8

1 

0.00003

5 

0.4 999.4 151.6

2 

0.05 

Gilgel 

Abay 

27593.1

5 

Max 

WS 

399.7

9 

1834.6

1 

1840.7

7 

  1840.7

9 

0.00007 0.48 829.96 164.1

8 

0.07 
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Gilgel 

Abay 

27291.8

5 

Max 

WS 

399.0

5 

1834.9

9 

1840.7   1840.7

2 

0.00016

9 

0.69 577.77 126.5 0.1 

Gilgel 

Abay 

27065.4

3 

Max 

WS 

398.3

6 

1832 1840.6

7 

  1840.6

8 

0.00003 0.37 1066.5

4 

162.0

4 

0.05 

Gilgel 

Abay 

26825.2

1 

Max 

WS 

398.2

4 

1834.5

3 

1840.6

5 

  1840.6

6 

0.00006

7 

0.47 855.38 170.5

7 

0.07 

Gilgel 

Abay 

26554.4

2 

Max 

WS 

396.6

6 

1832.7

7 

1840.6

1 

  1840.6

2 

0.00005

1 

0.45 886.41 152.8 0.06 

Gilgel 

Abay 

26408.3 Max 

WS 

397.1

3 

1832.5 1840.5

9 

  1840.6 0.00004

4 

0.46 858.31 119.4 0.06 

Gilgel 

Abay 

26216.5

1 

Max 

WS 

397.0

6 

1831.0

1 

1840.5

7 

  1840.5

8 

0.00001

7 

0.32 1235.1

3 

147.4

8 

0.04 

Gilgel 

Abay 

26054.5

5 

Max 

WS 

396.9

8 

1831.1

5 

1840.5

6 

  1840.5

6 

0.00002

1 

0.35 1143.4

2 

138.7 0.04 

Gilgel 

Abay 

25852.3

1 

Max 

WS 

396.5

8 

1830.3

5 

1840.5

5 

  1840.5

5 

0.00001

5 

0.3 1325.4

1 

160.1 0.03 

Gilgel 

Abay 

25627.6

3 

Max 

WS 

396.2

5 

1831.0

8 

1840.5

2 

  1840.5

4 

0.00005 0.52 763.52 98 0.06 

Gilgel 

Abay 

25513.8

3 

Max 

WS 

396.2

2 

1834.5

4 

1840.4

2 

  1840.4

6 

0.00031 0.96 411.57 83.62 0.14 

Gilgel 

Abay 

25375.2

1 

Max 

WS 

395.6

6 

1832 1840.3

6 

  1840.3

8 

0.00005

4 

0.51 782.71 111.4

6 

0.06 

Gilgel 

Abay 

25276.0

5 

Max 

WS 

395.6

4 

1830 1840.3

6 

  1840.3

7 

0.00003

5 

0.45 883.12 111.0

4 

0.05 

Gilgel 

Abay 

25138.7 Max 

WS 

395.8

3 

1830.0

1 

1840.3

2 

  1840.3

3 

0.00003

6 

0.44 909.34 118.6

8 

0.05 

Gilgel 

Abay 

24980.1

8 

Max 

WS 

395.5

7 

1829 1840.2

8 

  1840.2

9 

0.00001

7 

0.33 1207.0

3 

142.9 0.04 

Gilgel 

Abay 

24830.8

5 

Max 

WS 

395.3

8 

1832 1840.2

7 

  1840.2

8 

0.00003

2 

0.4 997.23 139.9

2 

0.05 

Gilgel 

Abay 

24628.3

1 

Max 

WS 

395.1

8 

1830.0

1 

1840.2

6 

  1840.2

7 

0.00001

4 

0.31 1287.3

5 

146.3

1 

0.03 

Gilgel 

Abay 

24509.3

9 

Max 

WS 

395.2

9 

1833.9

8 

1840.2

2 

  1840.2

5 

0.00014

2 

0.71 553.86 97.57 0.1 

Gilgel 

Abay 

24384.2

2 

Max 

WS 

395.2

6 

1828.8

3 

1840.2

2 

  1840.2

2 

0.00001

4 

0.32 1238.8

7 

125.5

3 

0.03 

Gilgel 

Abay 

24212.3

6 

Max 

WS 

395.1

8 

1832 1840.1

9 

  1840.2 0.00005

7 

0.51 778.47 115.3

5 

0.06 

Gilgel 

Abay 

24040.4

6 

Max 

WS 

393.8

1 

1831 1838.6

9 

  1838.7

1 

0.00010

1 

0.65 602.79 91.57 0.08 

Gilgel 

Abay 

23875.1

7 

Max 

WS 

390.2

6 

1832 1837.2

9 

  1837.3 0.00013

3 

0.61 645.04 145.1

6 

0.09 

Gilgel 

Abay 

23572.6

9 

Max 

WS 

390.4

4 

1830.0

1 

1837.2

5 

  1837.2

6 

0.00006

9 

0.5 776.14 141.3

5 

0.07 

Gilgel 

Abay 

23223.7

8 

Max 

WS 

390.2

1 

1830.5

2 

1837.2

3 

  1837.2

4 

0.00004

2 

0.36 1069.3

4 

220.8

9 

0.05 

Gilgel 

Abay 

23021.9

1 

Max 

WS 

390.2

7 

1829.0

1 

1837.2

2 

  1837.2

3 

0.00002

5 

0.34 1140.6

6 

168.7

1 

0.04 

Gilgel 

Abay 

22761.9

7 

Max 

WS 

390.1

3 

1830 1837.2   1837.2 0.00004 0.39 999.47 179.4

9 

0.05 

Gilgel 

Abay 

22456.2

1 

Max 

WS 

390.1

1 

1830.4

3 

1836.9

5 

  1836.9

6 

0.00005

1 

0.43 899.66 160.1

4 

0.06 

Gilgel 

Abay 

22234.9

2 

Max 

WS 

390.0

5 

1831.8

6 

1836.5

9 

  1836.6

2 

0.00019

3 

0.69 562.92 135.2

1 

0.11 

Gilgel 

Abay 

22136.4 Max 

WS 

389.7 1831 1836.3   1836.3

4 

0.00027

7 

0.83 468.68 109.8

8 

0.13 

Gilgel 

Abay 

21817.1

5 

Max 

WS 

383.3

5 

1832 1834.7

2 

  1834.9

1 

0.00444

3 

1.96 195.82 108.9

6 

0.47 

Gilgel 

Abay 

21567.8

1 

Max 

WS 

375.3

1 

1828.0

2 

1834.2

7 

  1834.2

8 

0.00006

8 

0.45 838.22 180.8

2 

0.07 

Gilgel 

Abay 

21287.8

5 

Max 

WS 

371.2

3 

1830.0

2 

1834.1

3 

  1834.1

7 

0.00056

1 

0.84 440.03 180.8 0.17 

Gilgel 

Abay 

21128.6

5 

Max 

WS 

369.1

9 

1830.0

3 

1834.0

5 

  1834.0

8 

0.00035

9 

0.73 507.2 187.7

3 

0.14 

Gilgel 

Abay 

20890.3

9 

Max 

WS 

367.5

2 

1830.0

9 

1834   1834.0

1 

0.00015

5 

0.51 714.68 237.8

8 

0.09 

Gilgel 

Abay 

20606.2

1 

Max 

WS 

366.6

6 

1829 1833.9

7 

  1833.9

8 

0.00006

7 

0.39 936.91 249.0

2 

0.06 
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Gilgel 

Abay 

20239.7

1 

Max 

WS 

363.3

9 

1829.0

2 

1833.8

4 

  1833.8

8 

0.00051

4 

0.83 438.62 174.2

9 

0.17 

Gilgel 

Abay 

19929.6

7 

Max 

WS 

361.6

3 

1828.0

1 

1833.7

7 

  1833.7

7 

0.00005 0.36 1014.8

5 

245.4

2 

0.06 

Gilgel 

Abay 

19704.6

4 

Max 

WS 

359.3

1 

1830.0

1 

1833.6

5 

  1833.6

7 

0.00026

5 

0.67 537.96 177.6

9 

0.12 

Gilgel 

Abay 

19427.9

2 

Max 

WS 

355.9

9 

1829 1833.5

3 

  1833.5

5 

0.00023

2 

0.59 606 225.8

4 

0.11 

Gilgel 

Abay 

19153.4

2 

Max 

WS 

355.2

9 

1829 1833.5   1833.5 0.00008 0.4 894.96 265.5

4 

0.07 

Gilgel 

Abay 

18847.2

4 

Max 

WS 

354.7

1 

1828.0

1 

1833.4

7 

  1833.4

8 

0.00007

1 

0.37 949.73 285.0

2 

0.07 

Gilgel 

Abay 

18345.9

6 

Max 

WS 

352.4

2 

1829.0

1 

1833.3

1 

  1833.3

3 

0.00027

5 

0.61 576.31 225.7

7 

0.12 

Gilgel 

Abay 

18057.7

4 

Max 

WS 

351.2 1827 1833.2

1 

  1833.2

2 

0.00006 0.39 894.64 213.9

6 

0.06 

Gilgel 

Abay 

17611.2

1 

Max 

WS 

347.1

6 

1828 1832.9

4 

  1832.9

5 

0.00008

6 

0.42 820.9 232.8

6 

0.07 

Gilgel 

Abay 

17293.5

6 

Max 

WS 

344.3

8 

1828 1832.7

8 

  1832.7

9 

0.00010

8 

0.45 760.44 228.0

7 

0.08 

Gilgel 

Abay 

16860.4

3 

Max 

WS 

342.8

2 

1828.1

9 

1832.7

1 

  1832.7

1 

0.00008

1 

0.38 895.25 283.1

8 

0.07 

Gilgel 

Abay 

16358.0

8 

Max 

WS 

341.8

6 

1827.8

4 

1832.6

5 

  1832.6

6 

0.00004

8 

0.31 1104.3

4 

327.7

4 

0.05 

Gilgel 

Abay 

15960.1

5 

Max 

WS 

339.4 1828 1832.5

2 

  1832.5

6 

0.00045

4 

0.84 405.54 145.3 0.16 

Gilgel 

Abay 

15493.9

9 

Max 

WS 

337.7 1827 1832.4

3 

  1832.4

4 

0.00003

1 

0.27 1267.9

7 

340.2

9 

0.04 

Gilgel 

Abay 

15194.7 Max 

WS 

337.0

5 

1828.9

9 

1832.3

6 

  1832.3

8 

0.00016

3 

0.5 673.75 240.5

9 

0.1 

Gilgel 

Abay 

14963.0

8 

Max 

WS 

332.6

7 

1828.5

1 

1832.1

8 

  1832.2

2 

0.00098

7 

0.92 361.43 201.8

4 

0.22 

Gilgel 

Abay 

14622.9

7 

Max 

WS 

327.1

9 

1828.5

4 

1831.9

8 

  1832 0.00028

9 

0.57 569.58 257.0

6 

0.12 

Gilgel 

Abay 

14170.8

2 

Max 

WS 

325.6

4 

1826.0

1 

1831.9

1 

  1831.9

2 

0.00004

1 

0.3 1069.5

6 

286.5

6 

0.05 

Gilgel 

Abay 

13812.2

7 

Max 

WS 

324.3

1 

1827.0

1 

1831.8

7 

  1831.8

8 

0.00009

6 

0.41 783.57 249.3

3 

0.07 

Gilgel 

Abay 

13490.4

5 

Max 

WS 

323.4 1828.0

1 

1831.8

2 

  1831.8

3 

0.00018

8 

0.47 685.92 303.2

3 

0.1 

Gilgel 

Abay 

13136.2

3 

Max 

WS 

321.8

6 

1827.0

3 

1831.7

7 

  1831.7

7 

0.00011

5 

0.42 774.56 284.8

2 

0.08 

Gilgel 

Abay 

12833.8

8 

Max 

WS 

321.4

1 

1828.0

3 

1831.7

3 

  1831.7

4 

0.00009

1 

0.35 925.78 373.9

8 

0.07 

Gilgel 

Abay 

12495.2

9 

Max 

WS 

319.5

2 

1828 1831.6

2 

  1831.6

4 

0.0005 0.67 477.31 259.3

5 

0.16 

Gilgel 
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