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ABSTRACT 

Hydrologic studies on rainfall-runoff have been extensively applied by water resource planners 

to simulate the hydrological response in many regions around the world to fulfill various 

desirable needs with the purpose of effective and proper planning and managing of water 

resources for present and future uses. However, such research does not pay enough attention 

to the Welmel watershed, Genale Dewa Basin, Ethiopia, which may be affected by water 

insecurity. Therefore, the main objective of this study was to simulate rainfall-runoff processes 

using Hydrologic Engineering Center-Hydrologic Modeling System (HEC-HMS) to model 

and predict stream flow in the Welmel watershed. The input data used were the meteorological 

data, hydrological data, land use land cover data, soil data and Digital Elevation model 

obtained from the National Meteorological Service Agency, Ministry of water and Energy, 

Engineering Corporation of Oromia and Website respectively. The missing value of precipitation 

data was filled using the XLSTAT, and the consistency of data was checked using a double mass 

curve. Hydrologic Engineering Center Geospatial Hydrologic Modeling System (HEC-GeoHMS) 

was used for prepared basin model imported to HEC-HMS. The SCS-CN loss, SCS unit 

hydrograph, Constant monthly, and Muskingum methods are used to measure precipitation loss 

modeling, transform modeling, base flow modeling, and flood routing. For model calibration 

(1990-2010) and validation (2011-2015), hydro-meteorological data were used. The parameters 

used to evaluate the models' sensitivity were; curve number, initial abstraction, basin lag, 

Muskingum k, and Muskingum x. The results show that the model was most sensitive to basin lag 

and Muskingum (K) for this study respectively. During the calibration and validation phase, the 

performance of the model was assessed by Nash Sutcliffe Efficiency (NSE), Root means square 

error (RMSE), Coefficient of determination (R2), Percent bias (PBIAS), Percent error in volume 

(PEV), and Percent error in peak flow (PEPF), indicating NSE (0.702), R2 (0.7156), RMSE 

(0.5), PBIAS (5.67%), PEV (-5.68), and PEPF (8.76) and NSE (0.735), R2 (0.7559), RMSE (0.5), 

PBIAS (-2.32%), PEV (2.32), and PEPF (12.21), respectively. The simulated and observed peak 

discharges differed by 20.5 m3/s in calibration time. This indicates that the peak discharge was 

well predicted. In the validation period, there was a difference of 22.4 m3/s between the 

observed and simulated peak discharge. This means that the peak discharge was slightly higher 

than expected. For this study, calibrated and validated model results showed that the model 

performed well. The maximum and minimum simulated daily flow potential of watershed was 

215.7m3/s and 6.3m3/s respectively. Flood prediction was conducted in the HEC-HMS using 24-

hour rainfall depths of 2, 5,10, 25, 50,100,200, and 500 years return period and found to be 

139.7 m3/s, 176.1 m3/s, 203.1 m3/s, 243.8 m3/s, 287.6 m3/s, 322.8m3/s, 365.9m3/s, and 418.8 

m3/s, respectively. Also using the General extreme value and the General pareto of the 

Statistical flood frequency analysis, the peak flow discharge for 2,5,10,25,50,100, 200, and 500 

year return period were 136.23m3/s, 181.28 m3/s, 210.35 m3/s, 246.24m3/s, 272.27 m3/s, 

297.62 m3/s, 322.40m3/s, 354.38 m3/s, and 100.74m3/s, 158.74 m3/s, 191.19 m3/s, 223.20m3/s, 

241.20m3/s, 255.13 m3/s, 265.93 m3/s, 276.56m3/s respectively. The minimum and maximum 

peak flow records in HEC-HMS were 139.7m3/s and 418.8 m3/s, respectively. Therefore, these 

predicted peak flood will help in water resources and flood management for this study area. 

 

Keywords: Calibration, HEC-HMS, Rainfall-Runoff, Return Period, Validation, Welmel 

Watershed. 
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1. INTRODUCTION 

1.1. Back Ground  

Hydrology is the study of the water cycle that includes the knowledge of water evaporation from 

sea and land. Where and how much water returns to the earth’s surface as precipitation and how 

much it gets stored in soils and aquifers, as well as how much water travels through the rivers 

and underground to the seas and oceans. Hydrologists help solve local and global problems 

related to the overabundance, scarcity, or quality of water, by understanding various physical, 

chemical, and biological process in the water cycle and soil-water system  (Sahu, 2016) 

Rathod et al., (2015) stated that the Rainfall-runoff connection is a difficult phenomenon to 

mathematically represent. Many parameters are involved in the rainfall-runoff process, whether 

they are physical elements of the watershed or climatological parameters. Every physical 

characteristic of the catchment influences the rainfall-runoff process in the real-world system, 

making it difficult to generalize all physical characteristics of the catchment. Consider the 

infiltration phenomena, which has a direct impact on the runoff process, although infiltration 

rates vary widely across the catchment. 

Soil and water are the two most important natural resources for any country's agricultural 

development. Crop productivity is determined by how well they are managed and utilized. Water 

is the most significant of the two resources described above. Water is becoming a precious 

resource for agricultural productivity in practically all parts of the world as a result of industrial 

and urbanization demands. The operation and management of reservoirs and watersheds should 

be given special attention in order to address water-related issues. However, in many situations, 

poor land-use planning and land-management practices during fast expansion have harmed 

surface runoff quantity and quality by reducing land cover, reducing plant nutrients, deteriorating 

river water quality, and increasing impervious surface area  (Li, 2014). Accurate forecasting of 

catchment runoff responses to rainfall events is still a significant challenge. 

Watershed-based planning and management necessitates a detailed grasp of hydrological 

processes as well as accurate runoff and another hydrological variable estimation. Runoff must 

be determined in order to address soil and water conservation techniques in the watershed. The 

knowledge on runoff also aids in integrated soil and water management strategies like 
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prioritizing watersheds, erosion control, and site selection for conservation measures (Fleming, 

M. & Doan, 2013). Understanding the processes that cause runoff is therefore critical for land 

and water resource management. 

Ethiopia is frequently referred to as the ‘water tower of Africa’ with a huge surface runoff 

potential of approximately 125 billion cubic meters, annually generated from twelve major river 

basins in the country (Zelelew & Langon, 2020). Runoff is one of the major hydrological 

responses of the catchment which is related to water conservation and soil loss (Kumar & 

Sherring, 2021).  

According to Hussain et al., (2021), the choice of a modeling approach is usually dictated by the 

objective, data availability, and convenience of use, but the challenge is finding a rainfall-runoff 

model that can accurately simulate hydrologic processes under a variety of climate conditions 

and data. On the basis of output partial randomness and no randomness, stochastic and 

deterministic hydrological models are available. Depending on the distribution description, 

deterministic models are further divided into lumped and distributed models, while distributed 

models are further divided into physically-based semi-distributed and fully distributed models.  

The US Army Corps of HEC developed the Hydrological Engineering Center-Hydrological 

Modelling System (HEC-HMS), which is a semi-distributed physically-based hydrological 

modeling software. HEC-HMS is a physically based simulation tool for all hydrologic processes 

in dendritic watershed systems, with parameters that may be measured directly from the 

watershed. Many research have used the HEC-HMS model to investigate urban floods, flood 

damage reduction, flood warning system planning, floodplain regulation, flood frequency, 

reservoir and system operation, environmental flows and river restoration, water supply 

planning, and so on (Hussain et al., 2021). 

The Welmel Watershed is a tributary of Ethiopia's Genale Dewa Basin. As a result, the 

Hydrologic Engineering Centers-Hydrologic Modeling System (HEC-HMS) model was used for 

this research to develop or determine rainfall-runoff modeling for the Welmel watershed in 

Ethiopia's south-east. Because there were no studies utilizing HEC-HMS models to predict peak 

discharge in the Welmel Watershed, which is important for land and water resource 

management. 
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1.2. Statement of the Problem 

Water-related challenge are becoming increasingly significant over the world, and they are 

expected to become increase in the future. The current water-related challenge are affecting 

economic growth, resulting in floods and more prolonged droughts  (Fox, 2019). More than 70% 

of Africans live in rural areas, where their livelihoods are depending on land and water. 

Agriculture is the most important component of the economy in most African countries. Water 

resource management is critical for poverty alleviation and food security, as well as resource 

efficiency and sustainability (Ahmed et al., 2010). 

Farmers in Ethiopia and the Horn of Africa are frequently affected by climate change extremes 

such as floods and droughts. Ethiopia is a country whose economy is mostly reliant on rain-fed 

agriculture. The Welmel River watershed is one of the watersheds in our country's territory, 

covering 1331.54km2. Most of it, however, has an arid or semi-arid environment, making it 

vulnerable to drought and irregular rainfall (Yadeta et al., 2020). People living in the Welmel 

watershed are still exposed to floods and droughts, and they haven't been able to prepare for 

against impact. Their reliance on agriculture made them highly sensitive to temperature, precipitation, 

Humidity, and light, and extreme events and low capacity for adaptation. It is expected that the future 

exacerbates the level of water stress or increase the water resource across the river basin. Hence, the 

management of hydrological extreme event flood, and droughts are necessary. 

Therefore, apply Hydrologic Engineering Center-hydrologic Modelling System (HEC-HMS) 

model help to predict peak flow in order to manage water resource and flood on watershed. 
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1.3. Objectives of the Study 

1.3.1. General Objective 

The general objective of this study is to simulate rainfall-runoff processes using HEC-HMS 

model in Welmel Watershed. 

1.3.2. Specific Objectives 

To attain the general objective of the study, the following specific objectives were set out for 

major indicators of this study: - 

i. To evaluate the performance of HEC-HMS in runoff Simulation of the Welmel 

Watershed. 

ii. To estimate the runoff potential of the watershed. 

iii. To predict the peak flood for the different return periods. 

1.4. Research Questions 

1. How does the performance of HEC-HMS in runoff simulation of the Welmel watershed? 

2. How much is the potential of runoff in the watershed? 

3. What is the peak flood for different return periods? 

1.5. Scope of the Study 

This study is geographically limited to the Welmel river watershed, the tributary of the Genale-

Dewa basin. Within the time provided for this study, the objectives set can be addressed and the 

asked research questions will be answered. The rainfall-runoff modeling will be assumed to take 

place in the Welmel River watershed and can be determined and identification of catchment 

runoff of the sub-basin will be discussed. 
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1.6. Significance of the Study 

Modeling rainfall-runoff in the catchment will be used for sustainable water resources 

management in the catchment. This study is expected to help concerned sectors in planning, 

implementing, and managing water resource projects in the study area and be use for those who 

are interested in further research in related fields and area of study. The evaluation of HEC-HMS 

model performance is used for rainfall-runoff processes by the model. Moreover, the model can 

be used for hydrological modeling and stream forecasting of another un-gauged catchments with 

similar physical characteristics. 

1.7. Limitation of the study 

For this study, the land use land cover and soil data were assumed constant. However, in reality, 

the land use land cover and soil data of the watershed may not remain constant for a long period. 
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2. LITERATURE REVIEW 

2.1. Hydrological Process 

The hydrological cycle is a continual water exchange that occurs through horizontal and vertical 

mass fluxes. The land surface, the subsurface, and the atmosphere are the three main elements 

involved. Precipitation and runoff are the only visible features of this process. Other significant 

mechanisms of this cycle include infiltration, evaporation, transpiration, percolation, 

groundwater recharge, and discharge  (Lastoria, 2008). 

The hydrological process occurs when precipitated water is intercepted by plants, and the rain 

continues to move overland over the ground surface, infiltrate into the ground, flow through the 

soil as subsurface flow, and discharge into streams as surface runoff. As the hydrological cycle 

continues, the infiltrating water may percolate deeper to recharge groundwater, emerge as spring, 

seep into streams to generate surface runoff, and eventually flow into the sea or evaporate into 

the atmosphere (Fox, 2019; Garg, 2006). 

According to Garg, (2006),  Maidment et al,  (1988); and Subramanya, (2008), there is no 

beginning or ending to the cycle, and many hydrologic processes occur continually. 

Precipitation, interception, infiltration, evapotranspiration, surface flow, and stream flow are the 

most commonly modeled hydrologic processes. Rainfall-runoff processes are examples of 

hydrologic processes  (Aytek et al., 2008). 

2.1.1. Rainfall 

Precipitation is the water that falls to the ground from the atmosphere in the form of rain, snow, 

hail, frost, and dew. As a function of time and space, precipitation can be extremely variable. 

Rainfall is the most common type of precipitation that causes streamflow. The systematic 

averaging methods Thiessen polygon, isohyets, and reciprocal distance can be developed to 

account for variations in space to obtain a representation of areal precipitation values from 

point observation (Garg, 2006). 

2.1.2. Runoff 

Runoff is the passage of precipitation from a catchment region through a surface channel. The 

evapotranspiration, initial loss, infiltration, and detention storage requirements for a given 
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precipitation must all be met before runoff may commence. Excess precipitation travels across 

the land surface to smaller channels when these conditions are met  (Subramanya, 2008). 

2.1.3. Rainfall-Runoff Relationships 

Rainfall is the most important factor in the production of surface runoff. As a result, rainfall and 

surface runoff have a significant and important relationship. The types of soil a slope can impact 

the creation of surface runoff are the specific elements that have a direct effect on the occurrence 

and amount of runoff. In the headwaters of drainage basins, steep slopes can generate more 

runoff than lowland areas (Subramanya, 2008). However, water may temporarily puddle on 

moderate slopes before infiltrating, and water tends to travel downward more quickly on the 

mountain's sides. 

Precipitation is one of the inputs used to calculate runoff from a watershed and the resulting 

stream flow. Rainfall varies in area and time as a function of atmospheric circulation patterns and 

local characteristics such as topography. The water falls into the stream and runs over the soil 

surface as surface runoff or infiltrates the soil surface and flows as subsurface flow into the 

channel. During wet seasons, surface runoff is quick and leads to flooding, whereas subsurface 

water moves slowly and contributes to continuous stream flow during dry weather. In the 

production of runoff, the following procedures will take place (Campling et al, 2002). 

2.1.3.1. Surface Retention 

This is the process by which rainwater is temporarily kept on the vegetative cover and then 

stored as depression storage in surface puddles when rain continues to fall. During a storm, 

surface retention comprises interception, depression storage, and evaporation, but not water 

temporality detained route to streams (Subramanya, 2008). 

2.1.3.2. Infiltration 

The movement of water into the soil is known as infiltration. The rate of infiltration is measured 

in/hr. or cm/hr. It is determined by the state of the soil surfaces, vegetation cover, and soil 

parameters such as porosity, hydraulic conductivity, and moisture content(Maidment & Mays, 

1988). 
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2.1.3.3. Evaporation 

The loss of water from the soil formation in the form of vapors is referred to as evaporation. It is 

the total amount of water evaporation (mm) intercepted mostly by vegetation, direct evaporation 

from the soil surface, and transpiration  (Garg, 2006). 

2.1.3.4. Overland flow 

The flow rate on the ground surface before the water enters the well-defined water courses in a 

watershed is referred to as overland flow. It is primarily derived from rainwater that falls within 

the watershed. Overland flow hydraulics are very variable, depending on boundary conditions, 

rainfall intensity, and infiltration rates (Garg, 2006). 

2.1.3.5. Channel Routing 

The surface runoff that enters the channel is referred to as channel routing. The flow status for 

surface runoff that enters the channel network has changed. The geometry of water courses is 

completely different from that of terrestrial flow. The drainage network connects the channels 

and converges at the basin outlet. In the past, various routing algorithms with varied degrees of 

complexity and data requirements were established (Subramanya, 2008). 

2.2. Hydrological Model 

Hydrological modeling is a tool used for predicting the hydrological response of a basin to 

precipitation (Shaikh et al., 2018). It enables for the prediction of the hydrologic response to 

various watershed management methods as well as a better understanding of their effects. 

A watershed hydrology model is a collection of mathematical explanations of hydrologic cycle 

components. Hydrological models are simplified systems that quantify the hydrological cycle 

processes in an entire river basin or portions of one. They are built on a system of interconnected 

equations that attempt to abstract mathematical forms from physical rules that regulate 

exceedingly complicated natural occurrences. Any hydrological model should prioritize some 

characteristics that are regarded important over others that are considered secondary, and it 

should be sufficiently clear and easy to use while yet being enough sophisticated to represent the 

actual situation being investigated. Furthermore, based on the intended outcome, the current 

database, input variables, and needed analysis, many models can be employed  (Lastoria, 2008).  
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Understanding the basic relationship between rainfall over the catchment and the associated 

runoff is crucial for estimating the watershed's water resource potential and ensuring efficient 

water resource management. Because the hydrologic cycle includes so many complicated 

components, hydrologic models are chosen for capturing the difficulties. They are mostly used 

for hydrological forecasting, gaining a better knowledge of processes, and developing new or 

improved management strategies. When data is scarce, hydrological models are essential for 

defining baseline features and evaluating difficult-to-quantify long-term effects (El-Sayed & 

Zumwalt, 1991). 

2.3. Classification of Hydrological Model 

There is no common approach for classifying hydrological models, and models have been 

classed in a variety of ways depending on the factors that are important to them. These 

hydrological models can be divided into two groups. A physical and mathematical model, 

physical models are a representation of the real system. The physical model can also be 

characterized as a scale or analog model. In engineering and research, the physical model is used 

in a variety of ways. A series of equations, as well as logical assertions indicating relationships 

between variables and parameters, are used to explain the system behavior in the mathematical 

model. A mathematical model can also be classed as theoretical, empirical, or conceptual. The 

theoretical, empirical and conceptual models further can be classified as linear, non-liner, steady, 

on steady, distributed, lumped, deterministic and stochastic model (Gupta et al., 2015). 

According to Devia et al., (2015), Model input and parameters, as well as the extent to which 

physical principles are implemented in the model, are used to classify rainfall-runoff models. 

Depending on the model parameters as a function of space and time, it may be classed as lumped 

and distributed models, and deterministic and stochastic models based on the other criteria. For a 

single set of input values, a deterministic model will create the same output, however for a single 

set of inputs, stochastic models can yield different output values. A distributed model can make 

predictions that are distributed in space by dividing the entire catchment into small units, usually 

square cells or triangulated irregular networks, so that the parameters, inputs, and outputs can 

vary spatially, whereas a lumped model takes the entire river basin as a single unit where spatial 

variability is ignored and thus the outputs are generated without considering the spatial 

processes. Static and dynamic models based on time considerations are another type. The static 
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model does not include time, whereas the dynamic model does. The models were divided into 

two categories: event-based and continuous models. The former generates production just for a 

limited time period, whereas the latter generates output on a continual basis. Empirical models, 

conceptual models, and physically-based models are three of the most important classifications. 

Hence, the Hydrological model is classified into Deterministic and Stochastic models depending 

on Randomness.  Deterministic hydrologic models can be classified into three main categories 

depending on space. Those are lumped, distributed and semi-distributed as discussed below  

(Jurag M., 2003).  

2.3.1. Lumped Models 

Parameters of lumped hydrologic models do not vary spatially within the basin and thus, basin 

response is evaluated only at the outlet, without explicitly accounting for the response of 

individual sub-basins. Lumped model parameters frequently do not represent physical aspects of 

hydrologic processes, and therefore frequently involve a degree of empiricism. The influence of 

model parameter geographic variability is assessed using specific approaches for obtaining 

effective values for the entire basin. An area-weighted average is the most widely used method. 

In most cases, lumped models are inapplicable to event-scale systems. These models can offer 

just as good simulations as complex physically-based models if the focus is only on discharge 

prediction. 

2.3.2. Semi-Distributed Models 

Parameters of semi-distributed (simplified distributed) models are partially allowed to vary in 

space by dividing the basin into several smaller sub-basins. Semi-distributed models can be 

divided into two categories: 1) kinematic wave theory models (KW models, such as HEC-HMS) 

and 2) probability distributed models (PD models, such as TOPMODEL). The KW models are 

simplified versions of physically-based hydrologic models' surface and/or subsurface flow 

equations. The spatial resolution of the PD model is considered by applying probability 

distributions of input parameters across the basin. HEC HMS, SWAT, HSPF, PRMS, DWSM, 

TOPMODEL, and HBV are examples of semi-distributed models. 
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2.3.3. Distributed Models 

Distributed models' parameters can fully vary in space at a resolution that is normally specified 

by the user. The distributed modeling approach combines data on the regional distribution of 

parameter alterations with computer algorithms in order to assess the impact of this distribution 

on simulated precipitation-runoff behavior. For parameterization in each grid cell, distributed 

models typically require vast volumes of (sometimes unavailable) data. The controlling physical 

processes, on the other hand, are meticulously modeled, and when used correctly, they may 

deliver the highest level of precision. 

2.4. Model Selection Criteria 

Choosing the best and most relevant model is crucial in any research activity. The function 

specifies the type of hydrological model that must be used by the model. There are many 

different hydrological models that can be used to simulate the hydrological process at different 

spatial and temporal scales. Although there are no hard and fast rules for selecting models, there 

are some general principles to follow. 

The type of modeling approach used is usually determined by the purpose, availability of data, 

and easy of usage (Tassew et al, 2019). A variety of factors can be used to select the "best" 

hydrologic model. Because each project has its own set of objectives and needs, these criteria are 

always project-specific. There are four basic, essential selection criteria that must always be 

addressed among the different project-dependent selection criteria: 

1. Required model outputs are important to the project and therefore to be estimated by the 

model (Does the model predict the variables required by the project such as peak flow, 

event volume, hydrograph, long-term sequence of flows, …?), 

2. Hydrologic processes that need to be modeled to estimate the desired outputs adequately 

(Is the model capable of simulating regulated reservoir operation, snow accumulation, 

and melt single-event or continuous processes, …?), 

3. Availability of input data (Can all the inputs required by the model be provided within 

the time and cost constraints of the project?), 

4. Price (Does the investment appear to be worthwhile for the objectives of the project?) 
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Therefore, The Hydrologic Engineering Center Hydrologic Modeling System (HEC-HMS) is a 

widely used and freely available watershed model that requires minimal input data, a basic 

structure, and realistic accuracy to simulate the rainfall-runoff process. water managers and 

planners choose more to work with models, which can handle a lesser number of parameters and 

models with easy access to the modeling software (Herath & Wijesekera, 2021). Therefore, the 

HEC HMS model was selected for my study on simulating rainfall-runoff in the Welmel 

watershed. 

In general, the reasons behind selecting the HEC-HMS model for this study are: 

➢ It is the public domain for free and online access. 

➢ It is a Physically based model: It is based on readily observed and measured information 

and it attempts to simulate many hydrological components. 

➢  It was applied for land use and land cover change impact assessment in different parts of 

the world. 

➢  It was compatible with the ArcGIS interface: for ease of database management. 

➢ Easy linkage to sensitivity, calibration, and uncertainty analysis tools. 

2.5. Description of the Selected Model 

2.5.1. Arc GIS 

For all GIS-related tasks, the Environmental Systems Research Institute´s (ESRI) ArcMap 

software, version 10.1 was used in this study. ArcMap is the main component of ESRI´s ArcGIS 

suite of geospatial processing software. Most of the GIS tasks were performed based on the 

functionality of the ArcMap extensions such as Arc-Hydro and HEC-GeoHMS. 

2.5.2. Arc-Hydro Tools 

Arc-Hydro is an extension of a different Arc GIS version, which is developed by the ESRI water 

resource team to support water resources applications. Within the availability of DEM and GIS 

tools, watershed properties can be extracted by using a compatible version of Arc-Hydro 

automatically (Li, 2014). It simplifies the process of delineating watersheds, sub-watersheds, 

stream networks and some other watershed characteristics that collectively describe the drainage 

patterns of a basin. The results from these Arc Hydro tool can be used to create input files for 

hydrologic models (HEC-GeoHMS)  (Merwade, 2012). These data are then used to develop a 
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vector representation of catchments and drainage lines. Using this information, a geometric 

network is constructed. 

2.5.3. HEC-GeoHMS 

The Hydrologic Engineering Center Geospatial Hydrologic Modeling Systems (HEC-GeoHMS) 

is a public domain extension for the spatial analyst extension of ESRI’s ArcGIS program. It's 

used to set up the HEC-HMS hydrological model's input parameters (Fleming, M. & Doan, 

2013). It aids in the visualization of spatial data and the extraction of physical characteristics of 

watersheds such as Curve Number parameters, Basin Lag, and Time of concentration from the 

Digital Elevation Model and delineates sub-basins and streams to develop hydrologic parameters 

as well as generates inputs to hydrologic models (Fleming, M. & Doan, 2013). 

Figure 2.1 Overview of GIS, HEC-GeoHMS, and HEC-HMS (Fleming, M. & Doan, 2013). 
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2.5.4. HEC HMS Model 

Lastoria, (2008), stated that the Hydrologic Modelling System HEC-HMS is a program 

developed by the US Army Corps of Engineers' Hydrologic Engineering Centre (HEC). It is the 

successor to and replacement for HEC's HEC-1 program, whose features have been enhanced by 

the addition of distributed modeling and continuous simulation capabilities. The application is 

intended to model both natural and managed precipitation-runoff and routing systems. The HEC 

HMS is a model that is semi-distributed. 

HEC-HMS is one of the computer models for simulation of rainfall-runoff correlation, and it has 

become quite popular in world due to its ability to simulate short-time events, convenience of 

use, and usage of common methods. In this model, there are several ways for simulating surface 

runoff, and different results can be obtained by using different approaches (rainfall-runoff losses) 

in the HEC-HMS model. Flood forecasting and modeling of hydrological processes are two 

important uses of rainfall-runoff models  (Anderson et al., 2004; Rostami, 2016). The HEC-HMS 

rainfall-runoff model is an improved version of the USACE rainfall-runoff model. 

HEC HMS can be used to solve a wide range of problems in a wide range of geographical areas. 

Water supply in vast river basins, flood hydrology, and tiny urban or natural watershed runoff 

are just a few examples. As shown in Figure 2.2, HMS uses a distinct model to simulate each 

component of the runoff process. Therefore, it comprises models for calculating runoff volume, 

direct runoff (overland flow and interflow), base flow, and channel flow separately. 

 

Figure 2.2 HEC HMS representation of runoff process (Ayenew, 2016) 
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2.5.5. Relationship between Arc GIS and HEC-HMS Models 

GIS stands for Geographic Information System, and it is a computer-based system for storing, 

accessing, analyzing, and displaying geographic data. GIS is used for data preparation, 

processing, and coordinate transformation. A geographic information system can include DEMs, 

land use land cover, geographical names, digital graph line data, registered satellites, and land 

ownership (Rathod et al, 2015). Various spatial data are preprocessed and used as input data for 

the Hydraulic Engineering Centre- Hydrologic Modeling System with the help of Arc GIS 

(HEC-GeoHMS). Using elevation data and geometric algorithms, GIS can complete the same 

operation significantly faster. A GIS companion product was produced to aid in the building of 

basin models for such projects. 

2.6. Flood Forecasting 

A flood is a natural occurrence in which an area that is normally dry land becomes submerged 

under water. It is most likely the most catastrophic, pervasive, and frequent natural and climate 

hazard that happens in practically every region of the planet, causing human pain and economic 

losses, limiting drainage efficiency, and disrupting life's existence (Pathak et al, 2017). 

Flood forecasting is the process of assessing and forecasting the intensity, timing, and length of 

flooding based on known river basin features in order to avoid harm to people, property, and the 

environment. Flood frequency analysis is used to calculate statistical details like mean, standard 

deviation, and skewness, which are then utilized to create frequency distribution graphs from 

annual peak flow data that has been collected over many years. 

General Pareto, General extreme value, Gumbel Max, Normal, Log-normal, Lognormal (3p), and 

Log Pearson type-III are among the statistical distributions that can be selected as the best 

frequency distribution. Rainfall and the spatial analysis of the hydrologic cycle played the most 

significant role in runoff and flood modeling among these primary controlling flood variables. 

This is why rainfall prediction, which is also used for flood prediction, is heavily reliant on data 

availability, especially in the prediction of flood depths for short-term flood prediction (Diakakis 

et al., 2017). The frequency analysis in this study was done using HEC-HMS and other well-fit 

probability distributions. The study was carried out using the calculated data for the study area 
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from the available data in Era Drainage Manual (ERA, 2013). for region RR-A3 for the HEC-

HMS model, and the data was used as input data for probability distributions. 

2.7. Review of Previous Studies 

Previous studies on HEC-HMS proved its ability to simulate and forecast stream flow based on 

different datasets and catchment types (Xu, 2002). Most of these studies indicated that the results 

of the model simulation were location-specific in that different combinations of a model set 

containing the loss methods, runoff transform methods, and base flow separation techniques 

were found to respond variably. Currently, many researchers have applied HEC-HMS for an 

event or continuous-based rainfall-runoff modeling all over the world and have obtained 

satisfactory results. Shekar, (2021)  has used the HEC HMS model to simulate the rainfall runoff 

process for the Garang Watershed in Semarang, Indonesia. Loss estimation was done with the 

Soil Conservation Service Curve Number (SCS-CN), transformation was done with the SCS's 

UH method, base flow was done with Exponential Recession, and routing was done with lag. 

They claimed that the HEC-HMS model is capable of simulating rain-runoff in the Garang 

watershed. 

Nandalal & Ratnayake, (2010),  used HEC-HMS to do Event-Based Modeling of a Watershed. 

The study area was in the Kalu-Ganga River watershed. For loss estimates, the initial and 

constant technique was employed, as well as Clark's model for transformation, Exponential 

Recession for base flow, and the Muskingum model. The HEC HMS program was found to be 

suitable for simulating the Kalu-Ganga watershed. HEC-HMS Hydrological Modeling for 

Runoff Estimation in the Cameron Highlands of Malaysia was conducted by Jabbar et.al, 

(2021),. The excess rainfall was transformed into a direct runoff hydrograph using the Soil 

Conservation Service-Unit hydrograph (SCS-UH) method, while the rainfall losses were 

estimated using the Soil Conservation Service-Curve Number (SCS-CN) method. The 

Muskingum Model was used to route the total runoff from the reservoir. Their result showed that 

the model can be utilized for the Cameron Highland Watershed. 

 Tasew et al, (2019), investigated surface runoff simulations for the Gilgel Abay Catchment 

(1609 km2), Upper Blue Nile Basin, Ethiopia, using the Hydrologic Modelling System (HEC-

HMS). The Soil Conservation Service Curve Number (SCS-CN), Soil Conservation Service Unit 
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Hydrograph (SCS-UH), and Muskingum methods were employed to account for the loss, runoff 

estimation, and flow routing, respectively. The results suggest that the model can be used to 

simulate hydrological scenarios in the Gilgel Abay Catchment. Fanta, HEC-HMS model 

performance evaluation for continuous runoff simulation in Gilgel Gibe watershed, Southwest 

Ethiopia (Fanta, 2021). The results show that the HEC-HMS model accurately predicted the 

Gilgel Gibe watershed's daily runoff and peak discharge. 

Despite the fact that Ethiopia is a tropical country, practically all hydrological models were 

established in western countries. Such models take snowmelt into account for runoff 

transformation; nevertheless, the Ethiopian highlands have a semi-humid monsoonal climate, and 

runoff generation differs from that of western countries. When you employ these hydrological 

models without first assessing their structural validity, you're likely to come to the wrong result. 

Several watershed development and management activities are going on in Ethiopia's major river 

basin. According to literature reviews, no work has been done in the Genale Dewa Basin to 

simulate the rainfall-runoff process using any watershed model, including the HEC-HMS model, 

particularly in the Welmel Watershed. The goal of this research is to use the HEC-HMS 

hydrological model to simulate the rainfall-runoff process in the Welmel watershed of Ethiopia's 

Genale Dewa Basin. 
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3. MATERIALS AND METHODS 

3.1. Description of the Study Area 

3.1.1. Location 

Welmel River is located in the South-Eastern part of Ethiopia in the Genale Dewa Basin. The 

river originates from the northeastern of the Bale Mountains and drains into the Genale-Dewa 

River. Geographically, the Welmel watershed is located at 6º 10’0’’N - 6º 50’0’’N and 39º 

30’0’’E - 39º 50’0’’E latitude and longitude respectively with an elevation ranging from 1035 to 

4290 m a.m.l.  The watershed covers a total land area of 1,331.54km2 in the Genale-Dewa River 

basin and is composed of Delo Mena, Arena Buluq, Adaba, Meda Welabu, and Goba District. 

The river flows year-round southeast direction.  

 

 

Figure 3.1 Map of the Study area 
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3.1.2. Climate  

The main summer season, locally known as Kiremt, and a minor rainy season, locally known as 

Belg are the two distinct seasonal weather patterns that characterize the climate of the Welmel 

watershed. The wet season runs from July to November. The dry season spans from December to 

march. However, in some parts of the watershed, there is a third season with moderate rainfall 

(Belg) occurring from mid-March to mid-Jun. 

3.1.2.1. Rainfall 

The study area is characterized by two (Bimodal) rainy seasons March to May and August to 

November. The rainfall distribution shows that the peak rainy month for the first and second 

seasons are May and October respectively. The study area receives annual average minimum and 

maximum rainfall of 790.09mm at Rira and 1122.88mm at Angetu station.  

 

 Figure 3.2. Monthly average precipitations of individual stations in Welmel watershed. 

3.1.2.2. Temperature 

Regarding temperature, the annual average maximum temperature ranges from 32.07℃ to 

26.98℃ and the minimum temperature ranges from 8.62℃ to 5.64℃ at Delomena and Adaba 

stations, respectively. The monthly average maximum and minimum Temperature are shown in 

figures 3.3 and figure 3.4. 
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Figure 3.3:Monthly average maximum temperature of individual stations 

 

 

figure 3.4: Monthly average minimum temperature of individual stations  

3.1.3. Topography 

The landform upstream of the catchment is complex including sloppy terrain towards the river 

shore, a wider plateau at the top ascending away in both directions towards higher ridges. The 

upland of the woodland and the river shore natural forest vegetation of the study area are under 
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severe pressure due to increasing farm expansion and the energy needs of the population (Yadeta 

et al., 2020). The land configuration of the watershed accounts for about 39.61% of the total area 

found in the slope < 5%, 30.48% is found between 5 and 12%, and 15.52% of the total area is 

found between 12 and 20%. The remaining area is found in a slope > 20% (Figure 3.5). The land 

surfaces rise from about 1035m above mean sea level (lowland area) to a high range of 

mountains and plateaus with elevation above 4290 m above mean sea level. The central and 

southern part of the watershed is relatively lowland; the general land elevation progressively 

decreases from north to south. The central part terrains are a gentle sloping which is more or less 

a lowland plain. 

 

Figure 3.5 Topography map of Welmel Watershed with elevation and slope 
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3.2. Materials and Software Used 

For the development of hydrological modeling to simulate rainfall-runoff relationships and to 

determine the watershed characteristics and runoff generation of Welmel catchment using the 

HEC-HMS conceptual model for the watershed, different Software /tools were used. The 

Software/tools that were used include Geographic information system (GIS), Arc Hydro tools, 

Hydrologic Engineering Center-Hydrologic Model System (HEC-HMS), Hydrologic 

Engineering Center-Geological Hydrologic Model System (HEC-GeoHMS), Rainbow, Easy fit, 

Mendeley, XSTAT and Microsoft Excel Sheet. 

Table 3.1  Tools  used for the study 

No.   Tool          Purpose 

1 ArcGIS 10.1 To prepare a CN grid map and study area  

2 Arc Hydro tools For train pre-processing  

3 HEC-GeoHMS For Background, basin model and watershed parameter 

preparation  

4 HEC HMS 4.7.1 For Rainfall-Runoff Simulation, and flood frequency analysis for 

the different return period 

5 Rainbow To test the homogeneity of the data set 

6 Excel and 

XLSTAT 19 

For data preparation, adjustment, and providing data for the 

software. 

7 Mendeley Used to insert bibliography and references 

8 Easy fit test  To know the best-fit flood Probability distribution 
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3.3. Data Type and Data Sources 

A good understanding of the topographical, hydrological, and climatic conditions of the study 

area and a proper set of data defining them is very important for analyzing and replicating the 

actual hydrologic situation. The input data used in the present study were spatial (digital 

elevation model (DEM), soil map, and land use/land cover) gathered from the website, Ethiopian 

Ministry of Water, and Energy, and Engineering Corporation of Oromia respectively as well as 

meteorological data (daily precipitation and daily temperature) were acquired at the Ethiopian 

National Meteorological Agency. In addition, daily stream flow was obtained from the Ministry 

of Water, and Energy of Ethiopia. These data were obtained from various sources as described in 

Table: 3.2. The data collected from these sources were processed and analyzed before using as 

input for the hydrological model. 

Table 3.2 Data Type and Sources 

Data types  Data sources Scale/period 

Digital Elevation Model  Website: https://vertex.daac.asf.alaska.edu/ 12.5mx12.5m 

Soil map  Engineering Corporation of Oromia (ECO) 2015 

Land use/land cover  Ministry of Water, and Energy (MoWE) 2006 

Meteorological data 
National Meteorological Service Agency 

(NMSA) 

1990-2020 

Hydrological data  Ministry of Water, and Energy (MoWE) 1990-2015 

 

3.3.1. Metrological Data 

Rainfall data was the first and most significant time-series data for this study. Daily rainfall 

data is needed as input data for the HEC-HMS model. Meteorological data (1990 to2020) 

obtained from National Meteorological Service Agency (NMSA). The chosen five rainfall 

stations in and around the watershed are Adaba, Rira, Angetu, Delo Mena, and Melka Amana. In 

the diagram below, the locations of all rainfall stations are depicted (shown). 
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Figure 3.6 Location of meteorological stations in and around the Welmel watershed 

Table 3.3  Precipitation gages, Elevation, location, and availability of data 

S. No Station Name Long.(degree) Lat.(degree) Elev. (m) Data used % miss data 

1 Adaba 39.37 7 2420 1990 – 2020 25.69% 

2 Rira 39.72 6.77 2900 1990 – 2020 30.13% 

3 Angetu 39.57 6.4 1450 1990 – 2020 8.09% 

4 Delomena 39.82 6.42 1295 1990 – 2020 19.43% 

5 Melka Amana 39.79 6.25 1090 1990 – 2020 14.47% 
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3.3.2. Hydrological Data 

The hydrological data required for calibration and validation of the model results and the stream 

flow records of the gauge station found in the Welmel watershed can be collected from the 

Ministry of Water and Energy office from the hydrology department. The stream flow was 

gauged at Melka Amana station from 1990 to 2015. 

3.4. Data Analysis 

3.4.1. Hydro-Meteorological data analysis 

3.4.1.1. Filling missing Meteorological and Stream Flow data 

In hydrology, missing data is a common issue. Missed data, which may occur as a result of a lack 

of proper records, station relocation, or processing, is a serious issue because it leads to 

inconsistency and ambiguous results that may contradict the actual situation. It was necessary to 

check the data for consistency and continuity before using a station's rainfall records. Each of the 

five stations' precipitation data has its own set of missing values. These missing values 

necessitated the estimation of records before further data analysis. 

For this, the study missing value was filled using linear Regression methods by XLSTAT 

software. In many cases, XLSTAT is used for filling missing temperature, rainfall, and stream 

data. XL STAT is the richest tool for data analysis and statistical treatment with MS Excel. It can 

execute preparing, describing, visualizing, analyzing, and modeling data, correlation tests, 

parametric and non-parametric tests, testing for outliers, homogeneity, and trends. For 

quantitative data, XLSTAT allows to: Remove observations with missing values, use a mean 

imputation method, and Use a nearest neighbor approach and algorithm. This study uses a 

nearest neighbor approach to fill in missing data. 

3.4.1.2. Checking the Consistency of Data 

Consistency checks of time series data are just as important as infilling missing data for a good 

model result. One issue that hydrologists must address is estimating missing precipitation. 

Rainfall data reported by a station may not always be consistent throughout a rainfall record's 

observation period. A second issue (problem) arises when rainfall at rain gauges in the watershed 

varies over time, necessitating adjustments to the measured data to provide a consistent record. A 
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consistency record is one whose characteristics have remained constant over time, whereas an 

inconsistency record is one whose characteristics have changed over time. This means that if 

their graph is straight, they are consistent; otherwise, the observed data must be adjusted. The 

consistency of rainfall records at a given station can be influenced by a variety of factors. 

The double mass curve (DMC) was used to check the consistency of the data. For this study, 

the double mass curve was used to verify the consistency of five rainfall stations. The double 

mass curves revealed that all of the stations were consistent and that no correction was required. 

As a result, all broadcasters have a reasonable level of consistency (similar or related data). 

The interpretation of the double mass curve graph of the study area of combined stations is 

shown in figure 3.7. But for each rainfall station, the individual DMC graph was attached in 

Appendix-1(figure 1.1). 

 

Figure 3.7 Double Mass Curve of the stations 

3.4.1.3. Rainfall Homogeneity Test 

To fill in missing rainfall data and select representative meteorological stations, the homogeneity 

of group stations must be checked. The homogeneity test is required to detect data variability. If 

the measurements were continuously done by the same technique, with the same instrumentation, 

in the same environment, at the same time and place, the gathered data were said to be 
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homogeneous. The homogeneity of rainfall data is tested using a variety of techniques. For this 

study Rainbow Software was selected (measuring cumulative deviation from the mean). 

According to Raes et al, (2015),  if the range of cumulative deviation and maximum cumulative 

deviation of the data oscillates around zero lines the data are homogeneous. As a result, Rainbow 

software can be used to test the homogeneity of precipitation data in this study. The data used in 

this software for frequency analysis of precipitation should be homogeneous and independent. 

The homogeneity restriction ensures that the observations come from the same population. The 

equation of the homogeneity test can be calculated using the following equation: 

𝑆𝑘 = ∑ (𝑋𝑖 − X̅) 𝑘
𝑖=1 …………………………………………………………….3.1 

Where; K = 1, 2…. n, Xi = time series precipitation data, 𝑋 ̅ = average of precipitation data, 

𝑆𝑘= cumulative deviation and K= number of years 

Changes in the average are easily detected when plotting the SKs (also known as a residual mass 

curve). Sk=i increases and decreases for a record, Xi above normal and Xi below normal, 

respectively. If the cumulative deviation crosses one of the horizontal lines, the homogeneity of 

the data set is said to be dismissed (rejected) with 90%, 95%, and 100% probability. In the 

homogeneity statistics menu, the probabilities of rejecting the datasets homogeneity were 

calculated for this study. Figure 3.9. Shows the annual sum of the Delo Mena homogeneity test. 

The rest homogeneity test of the stations was attached in Appendix-2 (figure2.1). 
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Figure 3.8 Delo Mena homogeneity test 

3.4.1.4. Conversion of Point Rainfall to Areal Rainfall 

The input data required for HEC-HMS modeling is the areal rainfall as input data to convert it 

into runoff (USCAE, 2000). A rain gauge is a device that measures rainfall at a single location. 

The rainfall at this location has been converted to real rainfall. It is one of the most important 

hydrological studies because it determined the average depth of rainfall over the study area. 

There are numerous methods for converting point rainfall into areal rainfall or average rainfall 

over a watershed. The method was selected based on the quality and nature of the data, as well as 

their significance, application, and necessary precision of the result. The Thiessen polygon 

method is the most popular of various methods for converting point rainfall to areal rainfall. 

Therefore, for this study, the Thiessen polygon method was selected, for changing point rainfall 

into the areal rainfall. For this study, there are five rainfall stations. Out of the five rainfall 

stations, three rainfall station is outside of the watersheds. Due to this the Thiessen polygon 

method is required if the multiple rainfalls gauging stations near the watershed's boundary, as 



Rainfall Runoff Simulation using HEC HMS 

 

 

M.Sc. Thesis                                                                                                                                                       29 

well as outside the watershed (Legesse, 2009). The following equation of the Thiessen polygons 

method is used to calculate the areal precipitation: 

Ptotal = 
A1

Atotal
*P1 + 

A2

Atotal
*P2 + …. + 

An

Atotal
*PN……………………………………….3.2 

Where: 𝐴𝑡𝑜𝑡𝑎𝑙 = total area, A1, A2……. An = Area of each station, P = Precipitation, 𝑃𝑡𝑜𝑡𝑎𝑙= 

the sum of precipitation for five meteorological stations. 

The area of a sub-basin that lies on a given polygon would take the polygon's areal rainfall in 

direct proportion to the sub-basins area. The ratio of the area of the sub-basin that lies within the 

polygon to the area of the polygon will be used to calculate the gauge weight for each sub-basin. 

The gauge weight was multiplied by gauge precipitation for each sub-basin to obtain the sub-

basin precipitation time series. Using Arc GIS version 10.1 software, the area of influence of 

each gauge is determined by constructing polygons determined by drawing perpendicular 

bisectors to the line connecting the gauges. Each gauge was given a weight that was proportional 

to the size of the polygon. To calculate the areal rainfall for each station, the individual weights 

were multiplied by the station observation. According to the Thiessen polygon method, the area's 

average rainfall, R areal, can be calculated using the equation; 

R areal = ∑
𝑅𝑖𝐴𝑖

𝐴𝑡

𝑛
𝑖=1  ………………………………………….……………...3.3 

Where: R areal = areal average of rainfall, 𝑅𝑖=rainfall of each sub-basin, and 𝐴𝑖=area of each 

sub-basin. Figure 3.10 and Table 3.3 show different sub-basin that can get rainfall from different 

stations and the contributing gage weight value for each sub-basin from each meteorological 

station, respectively. 
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Figure 3.9 Welmel watershed Thiessen polygon sub-basin 

Table 3.4 Distribution of Rainfall Station for each sub-basin 

Sub basin name Precipitation 

Stations 

Total Area of 

Sub-basin 

(Km2) 

Area of met_ 

station in the basin 

in (km2) 

Gauge Weight  

W80 Angetu 319.224844 0.431301 0.001 

Rira 318.793543 0.999 

W120 Angetu 181.503594 173.229585 0.954 

Rira 8.274009 0.046 

W130 Delomena 193.40219 2.202912 0.011 

Angetu 50.449758 0.261 
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Rira 140.75155 0.728 

W100 Adaba 291.534062 20.642962 0.071 

Angetu 63.195199 0.217 

Rira 207.6959 0.712 

W140 Delomena 167.76375 11.097745 0.067 

Angetu 27.255154 0.162 

Melka Amana 129.41085 0.771 

W90 Angetu 195.804062 0.322852 0.002 

Rira 195.48121 0.998 

3.4.2. Spatial Data Analysis 

3.4.2.1. Land Use Land Cover (LULC) 

LULC is a spatial dataset in the model that defines the densities and types of land use found 

within a given area. During the image classification from the Ethiopian Ministry of Water, and 

Energy (MoWE), the LULC is processed and prepared as a map. It is an important input in 

hydrological models because it has a significant impact on the water balance, primarily by 

affecting the evaporation, transpiration, interception, and surface processes. It is used to generate 

Curve numbers. LU/LC types of Welmel watershed were dominated by Forest Dense Forest 

(57.36%), Shrubland (13.34%), Open Forest (10.77%), Open Woodland (9.22%), Moderately 

Cultivated (6.95%), Dominantly Cultivated (1.31%), and Open Grassland (1.03%). The LU/LC 

types of the Welmel watershed was shown in Figure 3.11. 
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Figure 3.10 Land use a Land cover type of Welmel watershed. 

Table 3.5 LU/LC type of Welmel watershed 

S. No Land use/Land cover Area (Km2) Covered Area (%) 

1 Dense Forest 834 57.36 

2 Dominantly Cultivated 19 1.31 

3 Moderately Cultivated 101 6.95 

4 Open Grassland 15 1.03 

5 Open Forest 157 10.77 

6 Open Woodland 134 9.22 

7 Shrubland 194 13.34 
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3.4.2.2. Soil Types 

Soil is the foundation for generating curve numbers (CN). It was taken from the Engineering 

Corporation of Oromia. The Welmel watershed was dominated by three major types of soil 

groups; Chromic Luvisols, Eutric Vertisols, and Eutric Combisols. Chromic Luvisols have a high 

percent coverage area (70.44%) while, Eutric Vertisols have a moderate percent coverage 

(24.45%) and Eutric Combisols have the lowest percentage coverage area (5.11%). 

 

Figure 3.11 Soil types of Welmel Watershed 

 

 

 

 



Rainfall Runoff Simulation using HEC HMS 

 

 

M.Sc. Thesis                                                                                                                                                       34 

Table 3.6 Soil types of Welmel watershed 

S. No Soil types Covered Area (%) 

1 Chromic Luvisols 70.44 

2 Eutric Vertisols 24.45 

3 Eutric Combisols 5.11 

 

3.5. Curve Number Generation 

The United States Department of Agriculture created the Soil Conservation Service (SCS) model 

(USDA). To convert rainfall into run-off, the curve number acts as a coefficient between rainfall 

and run-off and it is determined by the soil group and land cover. Using tables and chart forms, a 

single curve number for a single land cover and soil type, as well as a weighted curve number for 

a wide range of soil and land cover, can be computed manually. Most of the input data needed to 

produce a CN grid map can be built using Arc-GIS (for filled DEM) and HEC-GeoHMS (for the 

union of soil and land use land cover polygon). 

Therefore, the major processes used for the generation of curve number for this study was; soil 

polygon process, classified land use, and land cover process merging soil polygon and land use 

land cover filled DEM, and created CN-LOOKUP table. These activities are carried out with the 

help of ArcGIS and HEC-GeoHMS.  
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Figure 3.12 Workflow for the creation of CN Grid in ArcGIS 

3.5.1. Classified Land Use Land Cover 

The terms land use and land/cover are frequently used interchangeably, even though there is a 

significant difference between the two. Land use refers to the type of economic activity carried 

out on the land, whereas land cover refers to the extent to which the earth's surface is covered. 

Original land use land cover data has several classes; it is required to reclassify the land use land 

cover type with a specific numerical value to facilitate the process by using ArcGIS version 10.1. 

Therefore, reclassified land use land cover polygon is the first step used for the assignment of 

curve number.  Dominantly cultivated, moderately cultivated, Shrubland, Open Grassland, Dense 

Forest, Open Forest, and Open Woodland are dominated the study area's cover and use.  
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3.5.2. Hydrological soil group 

To compute Curve Numbers, soil data should contain information on hydrologic soil groups. 

Hydrologic soil groups are groups of soils having similar runoff potential under similar storms 

and conditions. Soil scientists assigned hydrological soil groups to the series based on their water 

transmission rate, texture, structure, and degree of swelling when saturated, all of which have 

comparable runoff reactions. The percentage of soil texture in each soil type study area, 

especially in the Welmel watershed, was used to assign HSG. The normal soil moisture condition 

was used to estimate the curve number due to a lack of detailed information on the moisture 

condition of the study region. 

Soils were classified into various hydrological soil groups using the hydrological soil 

classification. The hydrological soil groups in the Welmel watershed were dominated by soil 

groups’ B’ and ‘D’. Based on the properties and characteristics of the soils, Soil group ‘B’ are 

moist, they have a relatively moderate infiltration rate and moderate runoff potential, and Soil 

group ‘D’ has high runoff potential and very low infiltration rate. Because soil groups B and D 

are dominant, the occurrence of runoff is high in the watershed. 

Table 3.7 Hydrological soil group for each soil type 

S. No Soil types Hydrological 

Soil Group 

Soil Texture Covered Area (%) 

1 Chromic Luvisols B Loam 70.44 

2 Eutric Vertisols D Clay 24.45 

3 Eutric Combisols D Clay 5.11 

3.5.3. Merging of soil and land use land cover polygon 

After you've reclassified the land use land cover and assigned HSG to each soil type, use the 

union function to combine the soil and land use land cover polygons. The soil and land use land 

cover data were combined to produce one shapefile using the union procedure, and the resulting 

attribute table includes all A, B, C, and D soil types as well as the land use special value. When 

the soil and land use land cover were combined, a negative value appeared in the attribute table. 

The union table has been abolished due to a lack of union. Create an empty field with the name 

"Soil Code" for storing group soils. This field will be used to store HSG for each type of soil. 
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The soil's attribute table and the land use land cover layer's attribute table have no field for 

storing these data. For these storing data, four field names can be generated, PctA, PctB, PctC, 

and PctD. Each polygon was assigned a soil group. Pct A = 100, Pct B = 0, Pct C = 0, and Pct D 

= 0 are the values for a polygon with soil group "A." Similarly, only Pct D = 100 and the rest of 

the Pcts are zero for the soil group D polygon. A field name can be created in the land cover soil 

union table that contains land use category information linked to “CNLOOKUP.” HEC-

GeoHMS searches the Land Use field for this information, which is stored in the GRID CODE 

field. The name of the field was added, and it was equated to GRID CODE. 

Table 3.8 Curve-Number values for various LU/LC and HSG combinations (Source: 

Subramanya, 2008). 

S. No Types of LU/LC  Hydrological  Soil Group (HSG) 

  A B C D 

1 Dominantly cultivated 67 77 83 87 

2 Moderately cultivated 60 72 80 84 

3 Shrubland 55 72 81 86 

4 Open Grassland 68 79 86 89 

5 Dense Forest 30 55 70 77 

6 Open Forest 43 65 76 82 

7 Open Woodland 45 66 77 83 

3.5.4. Creating CNLookUp Table 

It is the most fundamental input table for Curve Number generation and was created by using the 

ArcGIS tool to generate a CN Lookup Table with the columns LU value, A, B, C, and D. It was 

prepared based on Land use land cover (LULC), Hydrological Soil Group (HSG) and Antecedent 

Moisture Condition (AMC). The columns contain a curve number that is unique to the land use 

and HSG combination. 
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Table 3.9  CNLookUp Table 

 

Finally, the curve number is a significant parameter that was calculated using the HEC-GeoHMS 

parameter estimation tool and the CN grid raster file. For each sub-basin, this tool 

derives the weighted curve number. The sub-basin attribute table was updated with the 

calculated curve number. The formula for calculating a weighted curve number is as follows: 

CN = ∑
𝐶𝑖𝐴𝑖

𝐴

𝑛
𝑖=30   ………………………………………………….…………………3.4 

Where: CN = weighted curve number, Ci = curve number for the ith polygon, Ai = area with 

curve number Ci. 

Because the CN parameter has defined limits of 0 CN 100, it simplifies the rainfall-runoff 

relationship. If CN=0, S= ∞, the surface is entirely previous and all incoming precipitation is 

abstracted (low runoff and high infiltration rate), while if CN = 100, S=0, the surface is 

completely impervious and all incoming precipitation becomes runoff or surface water with no 

infiltration. Following the completion of the above curve number generation process, the 

generated curve number was shown in figure 3.14. 
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Figure 3.13 Curve number grid map of Welmel watershed 

3.6. Development of HEC-HMS Basin Model  

Hydrologic Engineering Center-Hydrologic Modelling System (HEC-HMS) is the physically-

based and conceptual semi-distributed model designed to simulate the rainfall-runoff processes 

in a wide range of geographic areas such as large river basins, water supply, and flood hydrology 

to small urban and natural watershed runoff (Mokhtari et al, 2016). It is widely applied in 

rainfall-runoff simulation by taking losses, direct runoff, metrological, base flow and river 

routing, and reservoir components into account. For rainfall-runoff modeling, HEC-HMS 

requires Back ground map file of the study area, a Basin model file, a Gage file, a Sub basin 

parameter, and a Meteorological model file. All input data for the HEC-HMS basin model was 

prepared by two major processes. These are terrain preprocessing and hydrologic processing. Arc 

Hydro Tools did terrain preprocessing. While hydrologic processing was done by using HEC-
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GeoHMS tools. They were performed using procedures provided by HEC-GeoHMS Users 

(Fleming, M. & Doan, 2013) and studies done by (Erşahin, 2020). 

3.6.1. Terrain Preprocessing: Arc Hydro Tool 

The first step in designing the basin model is terrain preprocessing, which is the delineation of 

the watershed using the existing DEM of the study area. Before carrying out terrain pre-

processing, the input terrain data DEM was refined using DEM reconditioning. Then, the DEM 

was preprocessed in Arc Hydro to derive the sub-basins and drainage networks of the catchment. 

It must be completed in sequential order before any HEC-GeoHMS processing functions can be 

processed. The main steps included are filled sinks, flow direction, flow accumulation, stream 

definition, stream segmentation, catchment grid delineation, catchment polygon processing, 

drainage line processing, adjoint catchment, drainage point processing, and slope to delineate 

basin. The results in raster and vector format from terrain preprocessing were used for sub-basins 

and reach network delineation by HEC-GeoHMS. The drainage line is shown in Figure 3.15. The 

step-by-step results of terrain preprocessing was attached in Appendix-3 (figure 3.1) 
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Figure 3.14 Terrain preprocessing results using HEC-GeoHMS 

3.6.2. Hydrologic Processing: HEC-GeoHMS 

HEC-GeoHMS has been developed as a geospatial hydrology tool kit for engineers and 

hydrologists. The program is an extension of Arc GIS and allows users to visualize spatial 

information, document watershed characteristics, perform spatial analysis, delineate sub-basins 

and streams, construct inputs to hydrologic models, and assist with report preparation. Using 

HEC-GeoHMS eight data sets can be derived from DEM that collectively describe the drainage 

patterns of the watershed (Fleming, M. & Doan, 2013). This includes basin slope, river slope, 

river length, longest flow path, basin lag time, and CN parameter estimation. HEC-GeoHMS 

consists of different menus that provide different functions especially, during preprocessing in 

the Arc GIS work environment. These menus are preprocessing, project setup, basin processing, 

basin characteristics, basin parameters, HMS and utility, etc. (Figure 3.16). 
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The following steps were taken from Merwade, (2012). Those were used to extract the basin 

model: (1) Data collection such as DEM, soil, and land use/cover; (2) data assembly; (3) terrain 

preprocessing. For this study, this latter part which means the terrain preprocessing step was 

processed by using Arc Hydro Tools; (4) Hydrologic Modelling System (HMS) Project Setup: 

The input files for the HEC-HMS project were developed using the HMS project setup menu in 

HEC-GeoHMS, this helps to copy all the terrain preprocessing data to the HEC-HMS project; (5) 

basin processing; (6) the extraction of basin and stream characteristics such as length, upstream 

and downstream elevations, and river slopes. It can help to extract the physical characteristics of 

sub-basins, such as longest flow path, basin centroid, centroid elevation, centroidal longest flow 

lengths, and basin slopes. To calculate basin slope, the watershed slope was required which was 

calculated using the Arc Hydro tool; (7) the estimation of hydrologic parameters, such as the CN 

parameters, surface storage, lag time, and time of concentration initial values were estimated 

using HEC-GeoHMS model processing; (8) the creation of HMS model files, such as 

background shape file, the basin model, meteorological model file, gage file, and a project file; 

(9) the utility menu also used to develop gage weight (Thiessen polygon) file.  

After the successful completion of HEC-GeoHMS processing indicated in figure 3.16, a 

background shape file consisting of a Basin model file, Metrological model file, and Gage model 

file together with watershed hydrologic elements were exported to HEC-HMS to use as an input 

file for further analysis (Figure 3.17). 
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Figure 3.15 HEC-HMS input data preparation workflow diagram. 

 

Figure 3.16 Background map file with its elements developed by HEC-Geo HMS 

3.7. HEC-HMS Model 

The HEC-HMS model consists of four main components. Meteorological model, Basin model, 

Control specification, and input (time series) data. Reach, junction, sub-basin, and sink or outlet 

are the four items in the basin model's schematics for this study. The properties and connectivity 

of the objects in the diagram are stored in the basin model. The meteorological component is also 

the first computational element that distributes precipitation input over the river basin spatially 

and temporally. Input data is needed as boundary conditions or as a parameter in basin and 

meteorological models. Simulation properties such as duration and time step are defined by the 

Control specification model. The major components of the HEC-HMS model were discussed 

below: 
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3.7.1. Basin Model 

Basin models are one of the important components in the HEC-HMS project setup. These 

models contain the hydrologic element (sub-basin, reach, junction, source, sink, and reservoir) 

and their connectivity that represent the movement of water through the drainage system. In this 

research paper, only the first three components are used. The Basin model is principally used to 

convert atmospheric conditions into stream flow at given locations in the watershed. With the 

input information for respective models, HEC-HMS follows four major processes for converting 

rainfall into runoff during the hydrologic modeling process, such as loss (i.e., loss from the total 

precipitation), transform (i.e. direct runoff at the outlet from excess precipitation), base flow 

(groundwater flow as supply to the stream flow), and routing models (change in magnitude, 

shape, and speed of flow from upstream to downstream). It has different loss methods, transform, 

base flow, and routing models.  

For this study, the soil conservation service Curve Number (SCS-CN), soil conservation service 

unit hydrograph (SCS-UH), monthly constant base flow, and Muskingum methods were selected 

for each component of the runoff process as loss, rainfall excess transform, baseflow and reach 

routing respectively. Those are described as follows; - 

3.7.1.1. SCS-CN Loss method 

Loss refers to the amount of rain that has been absorbed into the soil. In the HEC-HMS model, 

runoff volume is commonly calculated by subtracting the volume of water collected, penetrated, 

stored, evaporated, or transpired from the precipitation. The HEC-HMS model supports a variety 

of loss mechanisms. For this investigation, the Soil Conservation Service Curve Number (SCS-

CN) loss method was used to assess direct runoff from specific rainfall. It was chosen for the 

following reasons: the major factors that affect runoff generation, such as soil type, land use and 

land cover, surface condition, and antecedent moisture condition, are all incorporated into a 

single Curve number value, making it simple and providing a better result than the initial and 

constant methods. It is the most effective and suitable method of loss estimation.  

According to Sardoii et al., (2012), the SCS-CN loss method was chosen for the analysis of 

HEC-HMS, because it is extensively utilized in numerous situations and delivers better findings 

than other loss rates. It is easier to compute since only a few elements must be calculated based 
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on hydrologic soil group, land use land cover, and slope maps, as well as its simplicity. The 

curve number is a function of the soil's ability to permeate water and varies from 0 to 100.  

The general equation for the curve number approach is as follows: 

Q = 
(P−Ia)2

(P−Ia+S)
 ………………………………………………………………………….3.5 

Where: Q = runoff (mm), P = depth of rainfall (mm), 𝐼a = initial abstraction, S = maximum 

potential retention (mm). 

All losses that occur before runoff begins are included in the initial abstraction (𝐼a). It includes 

water retained in surface depressions, water intercepted by vegetation, evaporation, and 

infiltration. 𝐼a is a highly variable parameter that is normally correlated with soil and cover 

parameters and can be calculated using the equation: 

Ia = 0.2S ………………………………………………………..…………3.6 

Substituting 𝐼a in equation 3.5 gives a combination of S and P to produce a unique runoff 

amount. The equation of rainfall relationships becomes: 

Q = 
(𝑃−0.2𝑆)2

(𝑃+0.8𝑆)
 ,      If P >0.2S and Q = 0, If P<0.2S ……………………...……………3.7 

The potential maximum retention S (mm) can vary in the range of 0 ≤ S ≤ ∞, and related to 

the soil and cover conditions of the watershed through the curve number by the equation; 

S = 
25400

𝐶𝑁
 – 254 ……………………………………………………………...………....3.8 

Where: CN = which is a function of LULC, soil type, hydrologic soil group, and antecedent 

moisture condition (AMC) is a key factor of the SCS-CN method. 

3.7.1.2. Transform Method 

In HEC-HMS models, the SCS-UH, Snyder synthetic UH, and Clark synthetic hydrograph 

approaches are commonly utilized (Scharffenberg et al., 2010). The SCS-unit hydrograph was 

chosen for this study. The SCS unit hydrograph was chosen based on its fewer parameter needs, 

the adequacy of the model's assumptions, and its historical deployment in numerous watersheds 
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throughout the world (Fanta, 2021). The goal of the SCS-UH is to produce hydrographs for 

storms during hydrologic event periods using the HEC-HMS. 

The only input needed for the SCS-UH method is the lag time for each sub-basin. The lag time 

is the interval between the centroid of the precipitation mass and the peak flow of the resulting 

hydrograph. The unit runoff percentage was not evenly distributed across the sub-basins. 

Therefore, the watershed's ground slope, flow length, and other properties changed (USCAE, 

2013). For this study, the HEC-GeoHMS hydrologic parameter menu has assigned lag time for 

each sub-basin. In the attribute table menu bar, the calculated lag time was populated. 

As the HEC-Geo HMS can automatically extract the basin lag time from the inserted curve 

number grid, it is so easy to proceed with this method. According to Singh, (2003), the SCS unit 

hydrograph method was used to compute lag time for      each basin. It can be stated as follows: 

TLag = 
   𝐿0.8 (𝑆+1)0.7    

1900𝑦0.5
 ………………………………………………………3.9 

Where: 𝑇𝐿𝑎𝑔 = basin lag time (minutes), L = length from sub-basin outlet to divide along 

longest drainage path (km), y = is the mean slope of the basin (%), S = Potential maximum 

retention after runoff begins. This S can be expressed in terms of average curve number as:  

S(mm) = 
25400 

𝐶𝑁
− 254 ……………………………………...……..……..3.10 

Where: CN = average curve number for each sub-basin. By substituting the above equation, it 

becomes; 

TLag = 
   𝐿0.8 (

25400

𝐶𝑁
+253)0.7    

1900𝑦0.5
 ………………………………….……………3.11 

3.7.1.3. Base Flow Method 

A base flow model interacts with the infiltration and surface runoff processes to describe the 

subsurface model. The constant monthly changing approach was chosen for this investigation 

from among the many base flow methods in the HECHMS model. Because for this study the 

long time series data was used as well as it only requires streamflow data and it allows you to 

specify a fixed base flow for each month of the year.  As a result, the minimal monthly flow was 
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used in this research. The consistent monthly base flow was determined by taking monthly 

minimum flows (Salah & Din, 2020). 

3.7.1.4. Routing method 

Routing is used to model channel flow from the upstream to the basin outlet (downstream). 

Different flood routing methods are available in the HEC-HMS model. These are Kinematic 

wave, Lag, Modified pulse, Muskingum, and Muskingum-Cunge method. The selection of flood 

routing method depends on several factors including channel slope, availability of observed 

streamflow data, and the significance of backwater effects, among others. For this study, the 

Muskingum routing model was selected. It is the most often used hydrologic routing model for 

the natural channel, and it is chosen over other routing methods when there are no physically 

observed site-specific features of the river (Fanta, 2021).   This method requires Muskingum “k” 

(the time travel passes through the reach) and Muskingum “x” (weighting coefficient of 

discharge). 

According to Subramanya, (2008), the storage in the channel reach, can be represented as 

follows: 

S = K (x𝐼𝑚 + (1 – x)𝑄𝑚 ……………………………………………….…………...3.12 

Where K and x are coefficients, and m is a constant exponent. The value of m has been found 

to range from 0.6 for rectangular channels to 1.0 for natural channels. Equation (3.12) is 

reduced to a linear relationship when m = 1 is used for natural channels. For S in terms of I 

and Q as; 

S = K (xI + (1 -x) Q …………………………………………..………….3.13 

x is a parameter that takes a value between 0 and 0.5. When x = 0, the storage is a function of 

discharge only, while when x=0.5, both the inflow and outflow play an equal role in deciding 

the storage. Mathematically, k is given by the following equation: 

K = 
𝐿

𝑉
 ……………………………………………………………...……...3.14 

Where v is allowable flow velocity, and L is the length of the reach. 
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According to theory, the maximum water velocity that can pass through a natural channel 

without causing erosion and sediment deposition is 1.5 m/s. As a result, a minimum channel 

velocity of 1.5 m/s was assumed for the first experiment by treating the channel as natural. Based 

on this assumption, 1.5 m/s permissible velocities was used in equation 3.14 to calculate the 

initial value of k. The weighted coefficient of discharge (x) ranges between 0 and 0.5. As a 

consequence, by taking the average value of x, 0.25 was initially assumed. 

In general, the following equation is used to estimate the final routing model of a given reach 

(Subramanya, 2008). 

Qt = [
Δt−2KX

2K(1−K)+Δt
] Δt + [

Δt −2KX

2K(1−K)+Δt
] Δt -1 + [

(−Δt+2K−2KX)

2K(1−K)+Δt
]Qt -1 ………..……3.15 

Where: Δt denotes the time interval between each successive inflow, k is the travel time of the 

flood wave through routing reach, St is the storage in the channel at time t, 𝐼𝑡 is the inflow to 

the channel at time t, Q𝑡 is the outflow from the channel at time t and x is the weighting factor. 

3.7.2. Meteorological Model 

The meteorological model utilized in this work in HEC-HMS is precipitation for runoff 

simulation (USCAE, 2000). The sub-basin meteorological model can be matched with the sub-

basin in the basin model by using the name of the sub-basin. Precipitation is the most important 

component in a meteorological model. It is the driving factor for watershed responses; as a 

result, a substantial effort was expended to compute the meteorological model to obtain spatially 

and temporally distributed precipitation input data. The gauge weight of the sub-basin is equal to 

the area of the sub-basin that passes through the polygon divided by the area of the polygon. 

Sub-basin precipitation time series data can be obtained by multiplying the gauge weight by 

gauge precipitation for each sub-basin. 

3.7.3. Time Series Data Entry Model 

Input data is required as parameter or boundary conditions in the basin and meteorological 

models. HEC-HMS model requires time series meteorological data for runoff simulation and a 

time series of observed flow data for calibrating a model. The Adaba, Rira, Angetu, Delo Mena, 

and Melka Amana are five-time series precipitation data that can be used to make a precipitation 

gauge. The depicted weight for each rainfall station in the Welmel watershed was divided using 
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Thiessen's Polygon method.  They calculated the average rainfall in each sub-basin using 

Thiessen's Polygon Method and entered it into the precipitation data. 

3.7.4. Control Specification Model 

Control specification is used to control when the simulation starts and stops, as well as what 

time interval is used in the simulation, even though it does not contain much parameter data. 

3.7.5. Simulation Runoff 

The results of the hydrological model can be computed using the simulation run. It is required 

to complete the process in HEC-HMS. One meteorological model, one basin model, and one 

set of control specifications makes up the simulation run. It simulates the hydrologic response 

by combining watershed and meteorology data. Through the basin map or the watershed 

explorer, the simulation results can be visualized as graphs, summary tables, and time series 

tables. 

3.8. Flood prediction 

Flood prediction is a crucial mathematical technique for determining the extent and severity of 

a river's peak discharge. This approach is useful for predicting floods and ensuring that public 

and government resources are not harmed. Flood forecasting can be done in a variety of ways. 

3.8.1. Flood Prediction by HEC-HMS Model 

The HEC-HMS frequency storm system is a meteorological method for estimating flood 

frequency from statistical precipitation data in meteorological models. Probability, intensity 

length, storm duration, intensity duration, storm area, and rainfall depth are all required by the 

method. To measure peak flood frequency, flood frequency analysis was performed using 

rainfall depths of 2, 5, 10, 25, 50, 100, 200, and 500 years return periods. The Ethiopian Roads 

Authority (ERA) divided the country into eight meteorological regions based on rainfall 

pattern similarity and established Intensity Duration Frequency (IDF) curves for each 

meteorological region's 24-hour rainfall depth. According to ERA, (2013), the Welmel 

Watershed is located in Rainfall Region-Three (RR-A3). As shown in Figure 3.15 in Appendix-6 

(figure 6.1 and Table 6.1). 
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The ERA, drainage manual also provided the rainfall depth for each return period for the 

the selected time interval of this study was calculated using the equation (3.16) below, which 

took the 24-hr. maximum rainfall depth is given for RR-A3 in Table 3.10. 

Table 3.10 Rainfall Depth (mm) vs return period (yr.) (Source:  ERA, 2013) 

Return 

Period years 

24hr Rainfall depth (mm) vs frequency (yr.) 

 2 5 10 25 75 100 200 500 

RR-A1 50.30 66.02 76.28 89.13 98.63 108.06 117.48 130.00 

RR-A2 51.92 65.52 74.45 85.70 94.07 102.45 110.91 122.27 

RR-A3 47.54 59.61 67.66 77.92 85.62 93.34 101.13 111.58 

RR-A4 50.39 63.83 72.28 82.55 89.97 97.20 104.32 113.38 

RR-B1 58.87 71.26 79.29 89.35 96.84 104.37 112.02 122.41 

RR-B2 55.26 69.95 79.68 92.03 101.29 110.61 120.07 132.87 

RR-C 56.52 71.04 80.54 92.52 101.48 110.50 119.66 132.06 

RR-D 56.23 76.84 90.37 107.46 120.23 133.05 146.00 163.44 

                                           Note: RR-Rainfall Region 

 

The above Table 3.10 of the 24-hr rainfall depth with rainfall duration was used to develop 

ERA equation can be expressed as; 

RRt =
t(b+24)n

24(b+t)n
   ……………………………………………………………3.16 

Where: RRt= Rainfall depth ratio Rt: R24, Rt = Rainfall depth in a given duration ’t’, R24= 24hr 

Rainfall depth, b and n are constant coefficient in which b = 0.3 and n = (0.78 – 1.09) and t = 

Rainfall duration. For this study the value n = 1 used, to calculate the 24-hr depth for each return 

period. 

3.8.2. Flood Prediction by Probability Distribution Function 

There are a variety of statistical distribution functions that can be used to predict floods caused 

by extreme events. There is currently no universally accepted frequency distribution model for 

frequency analysis of extreme floods (Topaloǧlu, 2002). Using the Easy-Fit software edition, 
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the best-fit statistical distribution function was calculated. Easy Fit is a data analyzer and 

simulation program that allows you to fit probabilistic distributions to given data by selecting 

the best-fitting probability function and putting the results into practice. 

According to Pakgohar et al., (2013), easy fit software is used as a window compatible 

application and as an Excel add-on. It assigns the rank of each statistical distribution based on the 

maximum annual streamflow results. As a result, the maximum annual streamflow data of the 

Welmel watershed was used for 26 years (1990-2015). For this study, Easy Fit software is used 

to evaluate the General Extreme Value (GEV), General Pareto, Log Pearson type-III, Gumbel 

max, Normal, Lognormal, and Lognormal (3P) probability distributions. Because of their 

simplicity, suitability, and efficiency, these statistical distributions were selected. 

The Selection of best-fit probability distribution was based on the offered rank by all goodness 

of fit tests Kolmogorov Smirnov, Anderson Darling, and Chi-Squared. Based on the rank of 

the goodness of fit tests in (Table 3.11), Kolmogorov-Smirnov test (KS), and Anderson-Darling 

Test (AD) the statistical value of Gen. Pareto distribution provides a good fit to the 

yearly maximum discharge data at the outlet of the study area while using Kolmogorov 

Smirnov test (D), Anderson-Darling Test (AD), and Chi-squared test (X2) it was observed that 

the General Extreme Value is the second goodness of distribution at the downstream (outlet) of 

the Welmel watershed. 

Table 3.11 Professional and Ranks of Fitting Statistical Distributions Easy Fit 5.6 Output. 

S No. Distributions Kolmogorov 

smirnov 

Anderson Darling Chi-square 

Statistic Rank Statistic Rank Statistic Rank 

1 Gen. Extreme Value 0.11819 2 0.4623 4 2.0444 2 

2 Gen. Pareto 0.08739 1 0.24103 1 1.1486 1 

3 Gumbel Max 0.13547 5 0.54874 6 2.2841 3 

4 Log-Person 3 0.12425 3 0.44756 3 2.4053 4 

5 Lognormal 0.12585 4 0.48988 5 2.478 5 

6 Lognormal (3P) 0.13786 6 0.42157 2 2.9464 6 

7 Normal 0.17188 7 0.72816 7 3.9486 7 
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Therefore, the General Pareto and General Extreme value distribution functions were 

used to calculate the peak floods for 2, 5,10, 25, 50, 100, and 200-year return periods using 

Table 3.12 of the selected statistical parameters and the results were compared to those of the 

HEC-HMS model. The selected statistical parameters were given in Table 3.12. 

Table 3.12  Statistical Parameters for selected distribution methods 

S No Distribution Parameters 

1 Gen. Extreme Value K=-0.02731  =41.713  =86.963 

2 Gen. Pareto K=- 0.36815  =96.134  =41.93 

3 Gumbel Max  =40.634  =88.742 

4 Log Pearson 3 =686.78  =0.0178 =7.6056 

5 Lognormal   =0.45733  =4.6167 

6 Lognormal (3P)   =0.68993  =4.1898 =30.133 

7 Normal   =52.115  =112.2 

  Generalized Pareto Distribution (GPD)  

The generalized Pareto distribution is a special case of the Wake by distribution. It allows a 

continuous range of possible shapes that includes both the exponential and Pareto distributions as 

special cases (Hamed, K. & Rao, 2019).  

The recurrent period flood computation is given by: 

XT=  - 
 δ 

K
(1-Tk)………………………………………….............................................3.17 

Where: K− Continuous shape parameter, δ − continuous scale parameter (δ > 0), − continuous 

location parameter and return period. 

General Extreme Value (GEV) distribution method 

The recurrent period flood computation of GEV is given by: - 

XT =  - 
 δ 

K
[1- {-log (1-

 1 

T
)−𝑘}] ……………………………………………………..….3.18 

Where: K− Continuous shape parameter, δ − continuous scale parameter (δ > 0),  − continuous 

location parameter and return period. 
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3.9. Performance Evaluation 

The accuracy, consistency, and adaptability of a model must all be considered while evaluating 

its performance (Abushandi & Merkel, 2013). The criteria used to evaluate the performance of 

the models are the overall agreement between predicted and measured runoff discharges, and the 

models' ability to predict the time and magnitude of hydrograph peaks, and runoff volume. There 

are six criteria for model evaluation adopted for this study. These are; Nash-Sutcliffe efficiency 

(NSE), Coefficient of determination or correlation (R2), Root mean square error (RMSE), 

Percent bias (PBIAS), and the Percentage error in simulated volume (PEV), and Percentage error 

in simulated peak (PEP). 

Nash-Sutcliffe efficiency (NSE) 

Nash-Sutcliffe efficiency (NSE) is used to assess the overall agreement of the shape of the 

simulated and observed streamflow time series. It calculates the model's effectiveness by 

comparing the simulated data's goodness of fit to the variance of the measured data. In general, 

if the NSE value is 1, the modeled daily stream flows are identical to the observed daily stream 

flows (or a perfect fit), while if the NSE value is less than zero, the model simulations are 

poorer than merely using the mean observed daily streamflow as the streamflow estimate for 

each day. NSE can be expressed as; 

NSE = 1 - 
∑ (𝑄𝑜𝑏𝑠−𝑄𝑠𝑖𝑚)2𝑛

𝑖=1

∑ (𝑄𝑜𝑏𝑠− 𝑄̅𝑜𝑏𝑠)2𝑛
𝑖=1

 ………………………………………………3.19 

Coefficient of Determination (R2) 

It describes the proportion of the variance in measured and simulated data. R2 has a value range 

of 0 to 1. The 1 value means that the simulation model's ability is good and that the error of 

variance is low. R2 has been widely used for model evaluation, expressed as; 

R2 = {
∑ (Qobs−Q̅obs)(Qsim−Q̅sim)n

i=1

(∑ (Qobs−Q̅obs)2n
i=i )1/2(∑ (Qsim−Q̅obs)n

i=1
2

)1/2
}2 ……………………......3.20 

Root Mean Square Error (RMSE) 

The average error between observed and simulated discharges is measured by the RMSE (Root 

Mean Square Error). The model's performance improves as the RMSE value approaches zero. 
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Residues are the individual differences between observed and predicted values. It can be 

expressed as the following equation: 

RMSE = √
∑ (Qobs−Qsim)2n

1

n
  ………………………………………………3.21 

According to Singh et al., (2003), the root means the square error is always greater than zero, and 

closer to the value to zero better model performance. 

Percent error in peak flow (PEPF) 

The percentage error in peak flow only measures consider the magnitude of the computed 

peak flow, but it does not account for the time of peak or total volume. 

PEPF = 100 [
𝑄𝑜𝑏𝑠−𝑄𝑠𝑖𝑚

𝑄𝑜𝑏𝑠
] …………………………………………….…...3.22 

Percent error in volume (PEV) 

It considers the inverse of PEPF. Percent error in volume only considers the computed volume 

and does not account for the magnitude or timing of the peak flow. It is expressed as; 

PEP = 100[
𝑉𝑜𝑏𝑠−𝑉𝑠𝑖𝑚

𝑉𝑜𝑏𝑠
] …………………………………………………...3.23 

Percent Bias (PBIAS) 

It evaluates the average tendency of the simulated values to be higher or lower than those 

observed. The ideal value of PBIAS is 0; positive values indicate a model bias toward 

underestimation, and negative values indicate a bias toward overestimation. 

PBIS = [ 
∑ 𝑄𝑜𝑏𝑠−𝑄𝑠𝑖𝑚𝑛

𝑖=1

∑ 𝑄𝑜𝑏𝑠𝑛
𝑖=1

] …………………………………………………3.24 

Where: 𝑄𝑜𝑏𝑠 = Observed flow peak, 𝑄𝑠𝑖𝑚 = simulated flow peak, 𝑉𝑜𝑏𝑠 = volume of observed 

flow and 𝑉𝑠𝑖𝑚 = volume of simulated flow peak, i = time step, and n = the number of 

observations. 

 

 



Rainfall Runoff Simulation using HEC HMS 

 

 

M.Sc. Thesis                                                                                                                                                       56 

Table 3.13  Model performance rating guidelines of RMSE, NSE, R2, PEV, and PEPF 

(Source: Moriasi et al., 2007) 

Performance 

rating 

Very good Good Satisfactory Unsatisfactory 

NSE 0.75 ≤ NSE ≤ 1 0.65 ≤ NSE≤0.75 0.5≤NSE≤0.65 NSE≤0.5 

R2 0.85≤R2≤1 0.7≤R2≤0.85 0.6≤R2≤0 R2<0.6 

RMSE RMSE<0.5 0.5<RMSE≤0.6 0.6<RMSE≤0.7 RMSE>0.7 

PEV <±10% ±10% - 15% ± 15% -±25% ≥±25% 

PEPF <15% 15% - 30% 30% - 40% >40% 

PBIAS PBIAS≤±10% ±10PBIAS<±15 ±15PBIAS<±25 PBIAS ≥ ±25 

 

3.9.1. Sensitivity Analysis 

Sensitivity analysis (SA) is a technique for determining which model parameters have the 

greatest influence on the model's output. It assigns a ranking to model parameters based on 

their contribution to the overall model prediction error. The five parameters curve number, 

initial abstraction, lag-time, Muskingum k, and Muskingum x are used for this study. 

Sensitivity analysis was carried out for these 5 parameters. The method used to determine the 

dominant hydrological parameters and to reduce the number of model parameters that will be 

used in calibration. 

However, parameters that had been not evaluated during sensitivity analysis have to be 

modified during calibration so that the simulated flow model parameters fit that of the observed 

streamflow parameters. Modifying parameters other than those identified during sensitivity 

analysis was carried out by investigating the type of error that occurs in simulated variables. 

Therefore, sensitivity analysis as an instrument for the assessment of the input parameters for 

their impact on model output is useful for model calibration and validation models, and also 

reduction of uncertainty (El-Sayed & Zumwalt, 1991).  

Finally, the sensitivity analyses were run at the outlet of the Welmel watershed. In the analysis, 

the sensitive parameters of the streamflow of the basin were identified. The parameters, which 
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resulted from the study, were ranked according to the magnitudes of the response variable 

sensitivity to each of the model parameters, which divide most and more sensitivities. 

3.9.2. HEC-HMS Model Calibration 

Calibration is the process of adjusting model parameters within acceptable limits and optimizing 

model output until the observed and expected sets of data are identical. The software calculates 

the goodness-of-fit index by comparing the produced and measured hydrographs. The success of 

a hydrologic model's application is determined by how well it is calibrated, which is determined 

by the hydrologic model's technical competence as well as the quality of the input data (Vaze et 

al., 2010).  

The objective function, also known as the algorithm, looks for model parameters that produce 

the best value for the index (USCAE, 2000). In this study, out of different objective functions 

provided in HMS optimization manager, the peak-weighted root means square (PWRMSE) was 

used to get the finally optimized parameter values since, this function gives more weight to large 

errors than small errors and it gives greater overall weight to errors near the volume, peak 

discharge and time of peak discharge.  

Two search methods are available in the HEC-HMS model for minimizing the objective 

functions (USCAE, 2000). Those are the Univariate gradient search Algorithm method (UG), 

Nelder, and Mead Algorithm method. The UG evaluates and adjusts one parameter at a time 

while holding other parameters constant and Nelder and Mead uses a downhill simplex to 

evaluate all parameters simultaneously and determine which parameter to adjust. For the present 

study, the peak-weighted root means square (PWRMSE) method was used as an objective 

function with the Nelder-Mead method as the search method for optimization. 

3.9.3. HEC-HMS Model Validation 

It is the process of determining the degree to which a model accurately represents a set of 

observed facts from the standpoint of the model's intended applications. The model was 

calibrated using the calibration data set for the validation period without modifying the model 

parameters during the validation procedure. Validation requires computing simulated data as 

predicted by the model and comparing it to observed data, as well as statistical testing of error 

functions. 
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3.10. General Framework of the Research 

Data input, process, and analysis were the general procedures followed to achieve the objectives 

of this study. The overall framework of the methodology followed from data collection and 

analysis to the results, throughout the study is shown in Figure 3.19. 
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Figure 3.17 General schematic representations of workflow diagram for the study. 
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4. RESULT AND DISCUSSION 

4.1. Physiographic Characteristics of the Watershed 

The background map file represents the physical watershed under consideration. For this study, a 

background map file that contains about 6 Sub-watersheds with 3 reaches and 3 junctions was 

generated using HEC-GeoHMS in Arc GIS (Figure 4.1). It encompasses the Basin model file, 

the Meteorological model file, and the Gage model file later used as input in HEC-HMS during 

simulation of rainfall-runoff. The basin model file contains sub-watersheds, reaches, junctions, 

and outlets with methods for precipitation loss modeling, excess precipitation transforming, base 

flow modeling, and channel routing methods. 

 

Figure 4.1 Background map file of the Welmel Watershed 

As discussed in the methodology part, the important watershed characteristics like, Curve 

number, lag time, watershed area, and the initial abstraction from the watershed were determined 

using the HEC-GeoHMS model. Curve number and initial abstraction were used to determine the 

SCS-CN loss method, the lag time used for transformation, and flood routing for Muskingum k 

and x. To transform rainfall to runoff, the SCS-UH method and for channel routing, the 
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Muskingum method was used. In HEC-HMS under time-series data, precipitation, and observed 

streamflow for each sub-watershed from 1990 to 2015 were entered into precipitation gage and 

discharge gage, respectively. All the above parameters are used to simulate rainfall-runoff for the 

Welmel watershed. 

4.2. Simulation Results of the HEC-HMS Model 

4.2.1. Sensitivity Analysis 

Sensitivity analysis was performed by picking one parameter at a time while keeping the others 

constant. Watershed of Welmel Model calibration parameters were lag time, curve number, 

initial abstraction, flood wave traveling time (Muskingum-k), and weighted coefficient of 

discharge (Muskingum-x). The calculated initial values for the parameters were manually 

entered into the HEC-HMS model's analytical components. Following that, the simulation was 

run by adjusting each parameter to separate the most influential parameters. The optimization 

result indicates that all selected parameters were sensitive in optimizing the HEC-HMS model. 

However, Lag time and wave traveling time (Muskingum-k) were the most sensitive parameters 

respectively. By the rank lag time, wave travel time (Muskingum k), Curve Number, Coefficient 

of Discharge (Muskingum X) and Initial abstraction were the most sensitive parameters 

respectively. 

For this study, the impervious area was Zero percent by considering the watershed is found in the 

rural area as well as on land use land cover no indicator of impervious area. From Table 4.1, the 

minimum and maximum initially computed values of Lag time are 420.35min and 1822.9 min 

respectively. After model calibration, these initially computed values were adjusted as 

190.23min and 27687 min respectively. Similarly, for each left parameter values were computed 

and adjusted during model calibration as indicated in Table 4.1 and Table 4.2.  
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Table 4.1  Initial and optimized values of watershed parameters 

Sub-

Waters

hed 

  Curve Number Initial 

abstraction(mm) 

Lag time(min) 

Area (km2) River 

Length 

(m) 

Initial 

Value 

Optimized  

Value 

Initial 

Value 

Optimized  

Value 

Initial 

Value 

Optimize

d value 

W80 317.81 61536.41 68 61 24.32 33.628 1822.9 1175.6 

W90 195.02 51358.57 75 68 16.89 9.5571 922.29 405.03 

W100 288.63 44818.16 66 60 25.76 7.9506 859.99 697.39 

W120 181.32 51358.57 75 67 17.13 1.5861 608.67 190.23 

W130 183.96 61071.04 67 61 24.57 3.64 720.91 27687 

W140 164.64 32507.3 68 61 24.37 24.22 420.35 894.88 

 

Table 4.2  Initial and optimized values of k and x parameters in the routing reach element. 

Reaches Muskingum K (hr.) Muskingum X 

Initial Optimized Initial Optimized 

R40 11.4 82.354 0.25 0.027411 

R50 9.51 34.107 0.25 0.009733 

R70 8.3 14.358 0.25 0.021872 

 

4.2.2. Model Calibration 

The HEC-HMS model calibration was done by auto-calibration (through optimization trials) to 

match the simulated with observed flow data from the Welmel gauging station for the period 

1990 to 2010. Parameter optimization is a method of systematically changing model parameter 

values until the calculated model results agree with the observed data. Optimization of the 

parameter values was carried out within the allowable ranges recommended by the US Army 

corps of Engineers Hydrologic Engineering Center (USCAE 2000). The objective function is a 

quantitative measure of the goodness of fit between the measured result from the model and the 

observed flow. A search method for modifying parameters to minimize objective function value 

and find optimum parameter value is the secret to automated parameter estimation. 
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Figure 4.2 shows the comparison of a close agreement between simulated streamflow and 

observed streamflow in terms of timing of peak and peak value, streamflow distribution, and 

rising and recession of streamflow. The red solid lines denote observed outflow measured at 

gauge stations and the blue solid line denotes the total simulated outflow at that outlet.  

 

Figure 4.2 Simulated and observed runoff hydrograph after calibration 

Table 4.3 The objective function result of model calibration 

Objective functions Values (%) 

Nash Sutcliff efficiency (NSE) 70.2 

Coefficient of determination (R2) 71.6 

Root Mean square error (RMSE) 50 

Percent bias (PBIAS) 5.67 
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Table 4.4  Simulated and Observed values of peak discharge and volume for the entire 

watershed. 

 Simulated value Observed value 

Volume (MM) 11133.77 10535.04 

Peak Discharge (m3/s) 215.7 236.2 

Date/time of peak  28October2007 02November2007 

 

After the model was calibrated for a period, the final peak flow obtained from the model was 

nearly close to the observed peak flow. the peak of simulated and observed stream flow was 

215.7 m3 /s, and 236.2m3 /s, their difference percent was 8.76%. Even though the maximum 

volume was 11133.77MM and 10535.04MM respectively, their difference percent was 5.68%. 

Similarly, the Time to the peak of the simulated and observed event occurred in the same year. 

the date/time of peak discharge was 28 October 2007 and 04 November 2007 respectively. the 

model tended to overestimate the runoff and the total volume before optimization. However, the 

calibration of the model improved the results greatly by decreasing the overestimated volume 

and the runoff. Therefore, after optimization, the peak flow, total volume, and date/time of peak 

were close to the observations with a very small error in peak, volume, and date as it has been 

seen in Table 4.4.  

From Table 4.3 the objective function Nash Sutcliff efficiency (0.702), Coefficient of 

determination (0.716), Root Mean Square Error (0.5), and Percent bias (5.67%) are recorded. 

Hussain et al., (2021) Study showed the three statically evaluation criteria with values of NSE 

=0.706, R2 = 0.706, and Pbias =11.6% showed good simulation between the estimated and 

observed values for calibration. As studies reported by Arnolod et al, (2007); Dawson et al., 

(2007), the HEC-HMS result showed that NSE and R2 values should between 0.7 to 1.0, the 

RMSE value should be 0 to 0.5 and PBIAS should be ≤±10%, a model to be quite good. 

Therefore, for this study, all of the applied statistical error tests were found to be within 

appropriate ranges, indicating that the expected calibration result was confirmed. 

Legesse, (2009), also recommended that the HEC-HMS model shows a good and very good 

agreement between simulated and observed flow during model calibration and validation on the 

study of the Blue Nile Basin. With (NSE and R2 were found to be above 0.7, while RMSE was 
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found to be 0 to 0.5) for both model calibration and validation periods. Hence, for this study, the 

value of NSE, R2, and RMSE was 0.702, 0.716, and 0.5 during model calibration and 0.735, 

0.756, and 0.5 during model validation, respectively. Therefore, the simulated and observed flow 

of model calibration and validation period was a good agreement relationship in terms of NSE, 

and R2), and a very good agreement relationship in terms of RMSE. Therefore, the HEC-HMS 

model was well performed. 

The calibration model was further evaluated using a scatter plot (R2) between simulated and 

observed Figure 4.3 shows the scatter plot of the calibrated year from 1990 to 2015. In the graph, 

the straight solid line denotes a linear line and the dots denote flow. correlation coefficient (R2) of 

0.716 indicates that there was a good correlation between the simulated and observed stream data. 

 

Figure 4.3 Coefficient of determination of observed and simulated value after calibration 

4.2.3. Model validation 

After the calibration was completed and all model parameters were updated, the simulated runoff 

should be compared to the observed runoff using the same parameters that were used for model 

calibration during model validation. The model is validated directly using the parameter values 

obtained from model calibrations. Based on the determined parameters, the model was run for 

the validation period (2011 to 2015) to check the capability of the model to predict runoff at the 
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Welmel gaging station. In the same way, the comparison between observed and simulated 

streamflow graphs is shown in Figure 4.4. For the validation period (2014 to 2015).  

 

Figure 4.4 Simulated and observed runoff hydrographs after Validation  

Table 4.5  The objective function results of model validation 

Objective functions Values (%) 

Nash Sutcliff efficiency (NSE) 73.5 

Coefficient of determination (R2) 75.59 

Root Mean square error (RMSE) 50 

Percent bias (PBIAS) -2.32 
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Table 4.6  Simulated and Observed values of peak discharge and volume for the entire 

watershed. 

 Simulated value Observed value 

Volume (MM) 2669.32 2732.21 

Peak Discharge (m3/s) 160.3 182.7 

Date/time of peak  23October2014 06 May 2013 

 

During model validation, the observed and simulated peak flows were 182.7 m3/s and 

160.3m3/s, also the volume was 2669.32MM and 2732.21MM. The comparison illustrates an 

acceptable agreement between the simulated streamflow and the observed streamflow in terms of 

timing of peak and peak value, streamflow distribution, and rising and recession of streamflow. 

According to Moriasi et al., (2007), a model's performance rating is rated as good if the NSE and 

R2 values during calibration and validation are between 0.7 and 1 and RMSE 0 to 0.5. Hence, 

Table 4.5. of the objective function results shows, that the model performance was found to be 

within appropriate ranges, indicating that the expected validation result was confirmed. 

The scatter plot of measured and simulated flow during the validation period shows a fair linear 

correlation between the simulated and observed data during the calibration period Figure 4.5. 

correlation coefficient (R2) of 0.756 indicates that there was a good correlation between the 

simulated and observed stream data. 
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Figure 4.5 Coefficient of determination of observed and simulated value after validation 

4.3. Performance Evaluation 

The performance of the model should be evaluated for its correctness, consistency, and 

adaptability (Belayneh et al., 2020). In this study, the performance evaluation criteria during 

calibration and validation model were Nash Sutcliff efficiency (NSE), Coefficient of 

determination (R2), Root mean square error (RMSE), Percent bias (PBIAS), Percent error in 

peak flow (PEPF), and Percent error in volume (PEV). NSE and R2 were used to evaluate the 

model's ability to reproduce the pattern of the observed hydrographs. The percent error peak flow 

measures the agreement between the magnitudes of observed and simulated peak values. 

 Arnold, et al, (2015) investigated model evaluation criteria for systematic quantification of 

accuracy in Watershed simulations, concluding that for a model to be successful and very 

successful, the NSE and R2 values to be between 0.7 to 1, the RMSE value to be 0 to 0.5, and 

PBIAS is between the range of ≤±10%, respectively. Hence, the NSE and R2 values in this study 

were 0.702 and 0.716, and 0.735 and 0.7559, during the calibration and validation periods, while 

also in terms of RMSE and PBIAS, the value of RMSE (0.5) and PBIAS (5.67% and -2.32%) 

during model calibration and validation. Therefore, the HECHMS model's output rating was 

rated as successful (good) and very successful (very good) based on these statistical error test 
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parameters. The result obtained concludes that the model worked well based on the critical 

values. 

The summary of the performance evaluation of HEC-HMS models during calibration and 

validation were presented in Table 4.7. These performances were evaluated in terms of different 

performance indices such as Coefficient of Determination (R2), Nash Sutcliffe efficiency (NSE), 

Root Mean Square Error (RMSE), and Percentage of bias (PBIAS). 

Table 4.7 Summary of Performance Evaluation Model 

Performance Evaluators After Calibration After Validation Remarks 

Nash Sutcliff efficiency (NSE) 0.702 0.735 Good 

Coefficient of determination (R2) 0.7157 0.7559 Good  

Root mean square error (RMSE) 0.5 0.5 Very Good 

Percentage of bias (PBIAS). 5.67 -2.32 Very Good 

Percent error in peak flow (PEPF) 8.76 12.21 Very good 

Percent error in Volume (PEV) -5.68 2.32 Very Good 

 

According to Moriasi et al., (2007), Suggested that the performance of the coefficient of 

determination was from 0.85-1.0 very good, 0.7-0.85 good, 0.6-0.7 satisfactory, and 0-0.6 

unsatisfactory. Table 4.7 shows the coefficient of determination of 0.702 and 0.735 for 

calibration and validation which were good performances. (Bhuiyan et al., 2017), the study 

recommends that values of Ns between 0.5 and 0.65 are good; 0.65–0.85 are very good and 

>0.85 are excellent. (Belayneh et al., 2020), suggested that the values between 0.6 and 1.0 are 

generally viewed as acceptable levels of performance. Therefore, in this study, the statistical 

evaluation criteria with the values of NSE= 0.702 and 0.735 after calibration and validation 

showed good and acceptable simulation between the simulated and observed values. 

The agreement of magnitude between observed and simulated flow was satisfactory percent error 

in peak flow of 8.76% calibration and percent error in peak flow of 12.21% for the validation 

period and the result showed very good performance according to Moriasi et al., (2007). The 

model performance is very good for percent error in volume between -6 and 6%, but between -10 

and -6% and 6-10% suggest satisfaction (Belayneh et al., 2020). Therefore, in terms of this study 
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the observed and simulated flow volume with percent error in the volume of 5.68% during 

calibration and 2.32% during Validation periods. Hence, the performance was very good for both 

calibration and validation. Even though, the result was good (Najim et al., 2006; Sabzevari et al, 

2009), recommended that the acceptable ranges of relative percent errors between the observed 

and simulated values should be below ±20%. The study Cheng et al., (2002) also indicated that 

the runoff model is considered good if the percentage error of the runoff volume is less than 20% 

according to the criteria for flood forecasting in China.  As Table 4.7 shows the model captured 

well the daily time series of stream flow as well as the trend during both calibration and 

validation periods. Even though observed and simulated outputs matched tolerably for 

calibration and validation periods, there was an average magnitude underestimation and 

overestimation of the observed stream flow with PBIAS of 5.67% for calibration and -2.32% for 

validation period. 

As the study reported by Roy et al, (2013), the NSE, R2, RMSE, PEV, and PEPF were used for 

performance evaluation, and have been found to range from (0.7-0.84), (0.7-1.0), (0-0.5), (4.39- 

19.47%), (1.9 to 19%), respectively, indicating the good performance of the model for simulation 

of streamflow and thereby quantification of available water.  For this study, the performance 

evaluation criteria were found to be within the recommended ranges, based on these statistical 

test error parameters, and the model was well predicted for both calibration and validation. The 

observed and simulated streamflow values were relatively similar to each other, as shown by the 

calibration and validation results, which indicate a good relationship. All of the performance 

assessment parameters prove that the simulation is within the recommended ranges, which 

contributes to the modeling goal. In general, the model's performance evaluation revealed a good 

correlation between the simulated and observed flows, indicating that the model worked well for 

the Welmel watershed. 

4.4. Daily Runoff Potential of the Watershed 

The goal of evaluating any run-off hydrological model is to calculate the Watershed runoff 

output on a daily, monthly, or annual basis. The quantity of runoff from a watershed must be 

determined before hydraulic infrastructure such as storm sewers, ditches, culverts, dams, weirs, 

and detention basins at the watershed's exit can be designed. From January 1, 1990, to December 
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31, 2015, the normal watershed runoff was developed through HEC-HMS model calibration and 

validation. 

The maximum peak discharge for different hydrologic elements such as watershed, reach, 

junction and outlet were computed using the validated HEC HMS model. The result indicates the 

maximum simulated value of runoff was 215.5m3/s in 2007. The minimum simulated runoff was 

6.3m3/s in 1990. The average value of daily catchment runoff was 22.399m3/therefore, 

depending on this daily Discharge it is possible to manage water resources in the watershed. 

The trend of simulated runoff throughout the simulation period was presented in figure 4.6. 

Therefore, as seen from figure 4.6 one year increased the next decreased, and so on. Site 

observations at different times and the different years of land use land cover information 

obtained at different sources like Yadeta et al., (2020), indicated that there is a rapid change in 

land use a land cover change of study area which brought significant effect on runoff. 

 

 

Figure 4.6 Daily flow potential of Welmel watershed. 
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4.5. Frequency Storm Method Analysis 

The 0.083hr, 0.25hr,1hr,2hr,6hr,12hr, and 24hr duration rainfall depth for the corresponding 

return period was (equation 3.16 and Table 4.8) computed from the ERA drainage manual. As it 

can be seen from Table 4.8, every return period under consideration has maximum rainfall depth 

during the 24hr. 

Table 4.8  Rainfall depth (mm) vs Return period (yr.) for the Welmel watershed 

Rainfall intensity 

duration(hr.) 

Rainfall Depth (mm) versus Return Periods (yrs.) 

2 5 10 25 50 100 200 500 

0.083 10.46 13.12 14.89 17.15 18.85 20.54 22.26 24.56 

0.25 21.88 27.43 31.14 35.86 39.40 42.96 46.54 51.35 

1 37.03 46.43 52.70 60.69 66.68 72.70 78.76 86.90 

2 41.86 52.48 59.57 68.60 75.38 82.92 89.04 98.24 

3 43.76 54.87 62.28 71.72 78.81 85.92 93.09 102.70 

6 45.84 57.48 65.24 75.14 82.56 90.01 97.52 107.60 

12 46.96 58.88 66.83 76.97 84.58 92.20 99.90 110.22 

24 47.54 59.61 67.66 77.92 85.62 93.34 101.13 111.58 

 

The computed rainfall depth for each rainfall duration corresponding to the return period was 

used in HEC-HMS to generate peak discharge for each return period. After the model setup was 

adjusted using different parameters and model validation was carried out using daily time series 

data a 0.083hr, 0.25hr, 1hr, 2hr, 3hr, 6hr, 12hr, and 24hr rainfall depth provided in (Table 4.8) 

was inserted into HEC-HMS for the computation of 2,5, 10, 25, 50,100, 200 and 500-year return 

period peak flood. 

 

 

 

 

 



Rainfall Runoff Simulation using HEC HMS 

 

 

M.Sc. Thesis                                                                                                                                                       73 

Table 4.9  HEC-HMS Result of Peak Discharge Obtained for Different Return Periods 

S. No Return Period Peak flow (m3/s) 

1 2 139.7 

2 5 176.1 

3 10 203.1 

4 25 243.8 

5 50 287.6 

6 100 322.8 

7 200 365.9 

8 500 418.8 

 

From Table 4.9 results the minimum and maximum peak flow for the Welmel watershed 

occurred in a 2-year return period and 500-year return period for 24-hour storm duration was 

139.7 m3/s, and 418.8 m3/s, respectively. Using the HEC-HMS model the graph of storm flow 

hydrograph for 2-year return period and 500-year return period shown in figure 4.7 and figure 

4.8 are the sample. The remaining graphs of 5-year, 10-year, 25-year, 50-year, 100-year, and 

200-year flood storms are shown in Appendix-4 (figure 4.3). 

Figure 4.7. 2-Year Storm Flow Hydrograph of Welmel Watershed 



Rainfall Runoff Simulation using HEC HMS 

 

 

M.Sc. Thesis                                                                                                                                                       74 

 

Figure 4.8. 500-Year Storm Flow Hydrograph of Welmel Watershed 

As can be seen from figure 4.8 and Table 4.9 the frequency of storms estimated to be occurring 

in the coming 500 years is very big compared to the discharges obtained from other years. So, it 

is recommended that the design of the hydraulic structure that will be constructed across the river 

should consider this maximum flood, to minimize the negative impact that comes from the flood. 

Finally, using the parameters obtained on a daily basis the model results in peak flows for 

different return periods, the output peak streamflow from the HEC-HMS provides from the daily 

basis of rainfall depth of 24-hour the model predicts peak flows for the return periods of 2-year, 

5-Year, 10-year, 25-year, 50-year, 100-year, 200-year, and 500-year, and the analyzed flow 

values are shown in (figure 4.9). 
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 Figure 4.9 Analysis of Peak Flood by HEC-HMS. 

4.5.1. Comparison of HEC-HMS Result with other Frequency Analysis Methods 

The HEC- HMS result found is compared with different techniques of frequency analysis like 

General Extreme Value, and General Pareto are selected for this study, based on the statistical 

distribution methods using easy fit software discussed under the methodology section. Therefore, 

the peak discharge for each return period for the selected distribution methods was compared 

with HEC-HMS frequency analysis methods in Table 4.10.  

Table 4.10  Flood frequency analysis and results of HEC-HMS comparison 

Return period                                        Discharge (m3/s) 

HEC-HMS Gen. Extreme Value Gen. Pareto 

2 139.7 136.23 100.74 

5 176.1 181.28 158.68 

10 203.1 210.35 191.19 
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25 243.8 246.24 223.22 

50 287.6 272.27 241.20 

100 322.8 297.62 255.13 

200 365.9 322.40 265.93 

500 418.8 354.38 276.56 

 

 

Figure 4.10 HEC-HMS and flood frequency methods comparison analysis 

As is seen from Table 4.10 and figure 4.10 the frequency discharge value derived using General 

Extreme Value method show high similarity than the General Pareto distribution method to 

HEC-HMS. This implies the HEC-HMS model shows a good performance of Frequency analysis 

for the Welmel watershed. However, the peak flood predicted by HEC-HMS was greater than the 

peak flood computed by the General Pareto method. This indicates that the simulated peak 

discharge by the HEC-HMS model can be further used for water resource and flood 

management. 
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5. CONCLUSION AND RECOMMENDATION 

5.1. Conclusion  

Rainfall-runoff modeling is critical for simulating a watershed's response to rainfall and 

producing a flow hydrograph, which is widely used in flood forecasting and water resource 

planning. The HEC-HMS model was used to simulate streamflow in the Welmel watershed in 

this study. The required Hydro-metrological, soil, LULC, and DEM data were used for this 

study. ArcGIS extensions: Arc Hydro Tools and HEC-GeoHMS were used to produce basin 

model and input parameters like curve number and a basin lag time. Before using the rainfall 

data, the missed value was completed by XLSTAT where areal rainfall was computed by 

Thiessen polygon methods and also its homogeneity and consistency were tested by using 

rainbow software and double mass curve methods respectively. In addition to this, the missed 

value of streamflow was filled by XLSTAT. 

The Soil Conservation Service Curve Number (SCS-CN), Soil Conservation Service Unit 

Hydrograph (SCS-UH), constant monthly, and Muskingum method were used to compute the 

rainfall loss component, runoff component, base flow modeling, and channel routing, 

respectively. To know the most influential parameter in the simulation, a sensitivity analysis was 

carried out and the results showed that time lag and Muskingum k were the most sensitive. The 

model was calibrated using 21 years (1990-2010) and validated using 5 years (2011-2015) daily 

streamflow data, respectively. The Statistical test of error functions for rainfall-runoff simulation 

in the Welmel watershed like Nash-Sutcliffe efficiency (NSE), Coefficient of determination 

(R2), Root mean square error (RMSE), Percent bias (PBIAS), Percent error in volume (PEV), 

and Percent error in peak flow (PEPF) were used to check the model performance in HEC-HMS 

by graphical and visual interpretation.  

The overall Nash-Sutcliffe Efficiency criteria were 0.702 and 0.735 for the calibration and 

validation periods, respectively, indicating a good model fit. Percentage errors in volume (PEV) 

for the calibration and validation periods were found to be -5.68% and 2.32%, respectively, 

indicating a very good fit. The percentage errors in peak (PEPF) were found to be 8.76% and 

12.21% for the calibration and validation periods, respectively, with the performance of the 

model being rated as very good. The coefficients of determination (R2) for the calibration and 
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validation periods were 0.7156 and 0.7559, respectively, indicating a good and very good model 

fit. Similarly, the percent bias (PBIAS) was discovered to be 5.67 and -2.32 during the 

calibration and validation periods, respectively, indicating a very good model fit. The RMSE 

which assesses the appropriateness of the model was found to be 0.50 during the calibration and 

validation periods, respectively, indicating very good performance. The minimuma and 

maximum of simulated daily flow potential  was 6.3m3/s and 215.7m3/s respectively. 

The flood discharge of different return periods of 2, 5, 10, 25, 50, 100,200, and 500 years were 

calculated using different statistical methods such as General Pareto and General Extreme Value 

and compared to HEC-HMS result, with General Extreme Value (GEV) showing a high degree 

of similarity to HEC-HMS.  Accordingly, the forecasted peak flood by HEC-HMS, General 

Extreme Value (GEV), and General Pareto distribution (GDP) distribution method at 2, 5, 10, 

25, 50, 100, 200, and 500-year return periods were Estimated.  

According to the findings of the flood frequency analysis, the peak flow in the Welmel 

watershed may increase. This could have both positive and negative implications for the region's 

socio-economic situation. The increased flow would aid in the capture of a considerable amount 

of water for agricultural purposes, whether for irrigation or other purposes. However, it may 

exacerbate the study area's recurring flooding problems, especially for those who live on the 

downstream sides. 
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5.2. Recommendation  

According to the findings of this study, the following recommendations are forwarded for future 

or further study: 

➢ The lack of appropriate and quality data is the main problem with the HEC HMS model.  

appropriate full data and the quality of data available is more important than anything else in 

model calibration and improve the model consistency, Therefore, to overcome such a problem 

the number of meteorological stations inside and outside the basin should be increased as well 

as new data record techniques should be considered. 

➢ Even if the best simulation result is obtained from each model, it is necessary to investigate 

the performance of other hydrologic models to compare catchment behavior and impact 

statistics. Then it can be used for runoff estimation of other catchments or at a basin level with 

similar physical characteristics to the study area. Effective watershed management strategies 

should be implemented to minimize the effect of man-made activities and natural phenomena 

on daily watershed runoff.  

➢ Instead of using tabular standardized curve number values, it is preferable to develop the local 

and regional curve number of the watershed and identify regional valid unit hydrographs to 

improve the model's performance in modeling runoff with combinations. 

➢ For this study, the land use land cover was assumed constant. But, in reality, the land use land 

cover of the watershed may not remain constant for a long period. Therefore, future studies 

should consider the effects of the dynamic change in major categories of land use land cover 

on curve number and runoff. similarly, in the watershed, a thorough assessment of flood 

inundation and mapping should be carried out to determine the region that is likely to be 

impacted by historical floods and to provide accurate time measurements. 
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                                    APPENDIXES 

APPENDIX-1: RESULTS OF CONSISTENCY CHECK 
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Figure 1.1. Consistency Check Results of Adaba, Angetu, Delo Mena, Rira and Melka Amana 

Stations, respectively. 

APPENDIX-2: RESULTS OF HOMOGENEITY TESTS 
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Figure 2.1: Homogeneity test results of Adaba, Angetu, Melka Amana, and Rira Stations, 

respectively. 
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APPENDIX 3:  RESULTS OF TERRAIN PREPROCESSING 

 

A, DEM B, Fill 

C, Flow Direction D, Flow Accumulation 
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Figure 3.1: The steps and results of Terrain preprocessing 

 

E, Stream Definition 
F, Stream segmentation 

G, Drainage Line 
H, Catchment 
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APPENDIX-4: HEC-HMS OUTPUT RESULTS 
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Figure 5.1: Calibration Results of Simulated and Observed Streamflow Hydrograph 

 

 

Figure 4.2: Validation Result of Simulated and observed Streamflow Hydrograph 
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Figure 4.3. The Peak Flood of 5,10, 25, 50, 100, and 200-Years, respectively 
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APPENDIX-5: ETHIOPIA RAINFALL REGION 

Appendix- 5.1: Ethiopia Rainfall region. 

 

Figure 5..1. Ethiopian Rainfall Regions 

Table5.1: Meteorological Stations (years of record through 2010) 

Source: ERA Drainage manual, 2013 
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APPENDIX- 6: SCS –CN FOR DIFFERENT LU/LC AND HYDROLOGIC SOIL GROUP  

Table 6.1: Runoff curve number for urban area 

 

Table 2.2: Runoff curve number for another agricultural area 
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Source; (Subramanya, 2008) 

 

 


