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Abstract 

The growing population, urbanization, industrialization, and the expansion of new irrigation 

schemes have increased the depletion of water resources. Climate change exacerbated the 

situation. Meeting the water supply needs of this fast-growing population requires a new 

generation tool that considers both demand and supply-side perspectives. This research tries to 

test and use WEAP-MODFLOW model linked via an interface created by LinkKitchen for  

integrated water resources management in the Middle Awash sub-basin. The WEAP model 

was first configured to describe the surface water resources of the basin. The MODFLOW 

model was then used to represents the groundwater resources. Finally, the surface water-

WEAP and the groundwater-MODFLOW models were linked with the help of an interface 

created using the LinkKitchen tool. 

The coupled model was calibrated (2000-2005) and validated (2006-2010) with river 

discharge data from five hydrometric stations. A dynamically linked WEAP-MODFLOW 

model was used to forecast water resources' future trends through scenario development up to 

the year 2030. The scenario is structured according to ten scenarios to predict possible impacts 

on the region's water balance and allocation due to varied water demands.  The model 

evaluates projected water demands and unmet water demands for four water sectors: domestic, 

industry, irrigation, and livestock. The model results show that the population growth will 

result in a significant shortage of water in 2030(469.56Mm
3
), resulting in maximum unmet 

water demands between January to March. The effects of climate change were analyzed under 

four climate scenarios: temperature, high precipitation, medium precipitation, and low 

precipitation scenarios. The climate scenario results indicated that huge water deficiency 

would occur after 2020 under low precipitation scenarios, while water deficiency will be 

reduced under medium and high precipitation scenarios. As clearly stated by the groundwater 

abstraction for irrigation scenario, groundwater can supplement surface water irrigate of large 

irrigation schemes with careful inspection not to affect the groundwater resource potential in 

the basin. Finally, the META scenario was analyzed to evaluate the combined effects of 

population growth, precipitation, and groundwater abstraction for irrigation. Water demands 

increase under the meta scenario, and the unmet water demand was maximum between 

January to March. The model result can be used as a basis for better water resource water 

management decision support tools in the basin.  

Keywords: WEAP-MODFLOW, Dynamic Modeling, Surface Water-Groundwater, 

LinkKitchen, Middle Awash basin. 
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1. Introduction 

1.1. Background  

Water is one of the essential natural resources for world economic development(UN, 

2015). Concurrently, the need for the proper management of this priceless resource is 

undeniable. Many developing countries like Ethiopia face daunting water resources 

challenges as the need for domestic water supply, agricultural activities, and hydropower 

grows as water becomes scarcer, quality declines, and environmental and social concerns 

increase(World Bank, 2003). Thus, many municipalities, water resource engineers, 

researchers, and federal analyses have tried to develop water management techniques and 

modeling to understand water-related problems better and overcome the area's 

difficulties(Loon and Droogers, 2015). These management techniques and modeling 

efforts have typically focused on either surface or groundwater resources as a separate 

intitities. This approach's problem is that surface water models are generally unable to 

represent complex groundwater interaction, and the groundwater model cannot 

adequately describe the surface processes(Wible, 2014).  

Water demand increases due to population growth, agricultural expansion, industrial 

development, and higher living standard. The ever-increasing need for water causes 

conflicts in many areas of the worlds among the water user(Aregu, 2018). Notably, 

agricultural activities require a substantial amount of water. The increasing water demand 

is the case for the Middle Awash basin, where the Awash river is the primary source of 

water for irrigation in the Basin. The study area population's increment has spread out 

urban areas, expanded small and large-scale industries, and irrigation schemes(Aregu, 

2018). This expansion and development, in turn, put the water resources under stress. 

Climate change also influences the availability of water resources(CHEN et al., 2007). 

Modeling surface and Groundwater improve water resources management to balance the 

of the basin water supply and demand. Many models have been developed to model 

surface and groundwater resources. WEAP is one of the developing model used to model 

surface water and MODFLOW  is  popular model used to model the subsurface water. 

WEAP model is distinguished by its integrated approach to simulating water resources 

systems and its policy orientation(Sieber et al., 2011). Using WEAP in a groundwater-

dominated system can sometimes fail to represent the heterogeneous groundwater flow 
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processes accurately. For this reason, a dynamic link between WEAP and MODFLOW 

was created in this study. The coupling of WEAP and MODFLOW  was made by using  

software package( linkkitchen(Huber, 2013)) to read and converts the MODFLOW 

outputs into WEAP inputs.  

This research's primary goal is to simulate water resources for the Basin by fully coupling 

surface and Groundwater hydrologic processes at a monthly time step using WEAP-

MODFLOW linked by the LinkKitchen. The coupled WEAP-MODFLOW model's 

performance is tested for Awash, Kessem, Keleta, and Awash Arba Rivers in the Middle 

Awash Basin. The scenarios were developed to evaluate the possible future impacts of the 

natural and anthropogenic stresses on Surface and groundwater resources of the study 

area. 

1.2. Literature Review 

Several researchers have studied the whole Awash river basin or part of it with different 

objectives and methodologies. Some researches that are relevant for this research are 

summarized below(Kebede et al., 2008) investigate groundwater mechanisms, 

groundwater flow patterns, groundwater geochemical evolution, and discharge 

characteristics along Ethiopian plateau-rift transects. This study also addresses 

groundwater recharge's relative importance from highland mountains to the rift and the 

local recharge in feeding the rift aquifers. (Aregu, 2018)studied the interaction of surface 

water and groundwater in the awash river basin using isotopes and physio-chemical 

measurements. This study discussed where the aquifer gets to recharge and discharge the 

water to the river. 

 (Asfawu, 2016) reported groundwater potential of upper Awash Basin and change in 

Groundwater use trends with a particular emphasis on the Koka-Becho area. This study 

partly discussed and characterized the major aquifer systems and shallow aquifers' units 

in the study area. (Teferi et al., 2018) reported the impact of climate change on water 

availability in the Awash basin based on the most regionally representative climate 

models. (Oljira, 2006) studied Akaki catchment with regional groundwater modeling's 

objective to evaluate the hydrologic system's response to different scenarios.  (Gedefaw et 

al., 2019) develop a water allocation model to allocate the water supplies to demanding 

sectors based on an economic parameter to maximize the financial benefits. (Fekersillasie 
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et al., 2017)studied Awash basin water allocation and conflict resolution that ensures the 

dynamic and efficient utilization of available water resources in the basin by considering 

the experience, current situation, and plans. The study also addresses the agricultural 

demand, domestic and municipal demand, industrial water demand, and forecast future 

water demand. (Birhanu et al., 2018)studied Addis Ababa city's surface water and 

groundwater supply using WEAP-MODFLOW Dynamic modeling approach. This study 

demonstrates the possible impact of natural and anthropologic stresses on surface water 

and groundwater, and future water demand coverage was assessed and simulated under 

climate change and three population projection scenarios.  

Most of previous studies (Legesse and Ayenew, 2006),(Kebede et al., 2005),(Ayenew et 

al., 2008), on hydrochemistry focused of lakes(beseka), isotope hydrology, groundwater 

simulation modeling, surface and Groundwater interaction. The previous studies related 

to Groundwater flow dynamic and natural and anthropogenic factors affect both surface 

and groundwater resources as a single objective. Combined modeling of Groundwater and 

surface water reservoirs has never done except one research done in the upper Awash 

river Basin by (Birhanu et al., 2018). This research addresses a multi-objective dynamic 

model for understanding the effect of natural and human-induced impacts on the Middle 

Awash Basin's surface water and groundwater. The Water Planning and Evaluation 

System (WEAP) model uses as a decision support tool system (DSS) to access surface 

water availability and spatial distribution. Processing MODFLOW model was used to 

represent groundwater, and finally, the two models were integrated by the LinkKitchen 

interface to express groundwater table fluctuation 

1.3. Objective of the Study 

1.3.1. General Objective 

The main onjective of this research is to evaluate the hydrologic response system under 

different management scenarios by integrating both surface and groundwater resources of 

the Middle Awash River Basin using the WEAP and MODFLOW linked model via 

linkkitchen. 

1.3.1. Specific Objective  

 this research intended to:  
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 Characterize the Middle Awash groundwater flow system using three-dimensional 

Modular finite-difference flow model (MODFLOW). 

 Simulate surface water hydrology of the middle Awash River basin by using WEAP 

to analyze state of water  supply and demands. 

 Create an interface between surface water (WEAP)–Groundwater (MODFLOW) 

using LinkKitchen 

  to analyze the impacts of anthropogenic and natural problems on both surface and 

groundwater resources under different management scenarios, which would help 

design preliminary water management decision support tools for the basin. 

1.4. Significance of the Research 

The  Middle Awash Basin is one of the drought-prone areas marked by considerable 

water supply problems(Furi, 2010). Population growth, industrialization, and rapid 

expansion of irrigation on the foot zones and along the rivers have dramatically increased 

water demands over the past decades. As a result, water abstraction for irrigation, 

livestock, industries, and domestic use has severely stressed the water resources, 

particularly during dry seasons, causing conflicts between upstream and downstream 

waters users.  Therefore, there is a need to understand the spatial and temporal water 

availability and formulate a planning and decision-making tool to prioritize water 

allocation in the Basin. In these regards, this research would help the decision-makers 

develop water management strategies for coping with future changes in water demands 

and investigate the impacts of different water allocation scenarios. 
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2. Method and material used  

2.1. Material Used  

Several materials and equipment are used to collect the required data this research during 

the fieldwork and office work phases. Field geological equipment like geological 

hammer, compass and GPS were applied during the field visit. A hydrogeological map of 

the study area was used to identify the aquifer type, thickness, and aquifer number. Land 

use and land cover maps of the study area obtained from the Water and Land Resource 

Centre Addis Ababa University. On the other hand, some software was required to 

achieve the study's objective. Processing MODFLOW (pmwin8), WEAP, Surfer v17, 

Global Mapper v20, ArcGIS v10.6, LinkKitchen, Microsoft Word, and Microsoft Excel 

are among the software utilized in this research. 

2.2. Method 

To effectively accomplish the research objectives outlined above, different methodologies 

were adopted. The collection of secondary data and literature reviews relevant for the 

research to understand the past trend of the study area's hydrologic system was the 

primary target. Metrological data, well completion, river discharge data, major water 

users, land use, and land cover data (LULC), which are relevant data required for the 

model inputs, are collected from different institutions. The digital elevation model (DEM) 

SRTM version with the spatial resolution of 30m x 30m was used to delineate the 

catchment, define the study area's boundary, and develop a conceptual model using 

geological map in addition to DEM. Conceptual model development followed by 

parameterization, calibration, and validation of the model using by comparing theoretical 

results with primary data using MODFLOW. Calibrated and validated data in 

MODFLOW used in WEAP as an input coupled with other data like LULC, sectorial 

water user (irrigation, domestic, livestock and industry), hydro metrological data. An 

interface that links the two models, WEAP and MODFLOW, was created by using 

LinkKitchen. Finally, scenarios were developed to evaluate natural and anthropological 

impacts on both surface and groundwater   

2.2.1. Groundwater Model Design 

For this study, MODFLOW(Harbaugh et al., 2000) a modular three-dimensional finite-

difference groundwater model published by the U.S. Geological survey was used. The 

first public version of MODFLOW was resealed in 1988 and referred to as MODFLOW-
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88 and can simulate wells' effects. Rivers, drains, head-dependent boundaries, recharge, 

and evaporation. Modflow-88 and later version of the Groundwater flow through porous 

media. Modflow-2000(Harbaugh et al., 2000) attempts to incorporate the solution of 

multiple related equations into a single code. Each process deals with the groundwater-

flow equation and replaces the original MODFLOW. The latest major version of 

MODFLOW was released in 2005, called MODFLOW-2005(Harbaugh, 2005). In the 

numerical groundwater flow model, this equation is solved in the discrete solutions 

obtained in both space and time domains by using two techniques, either Finite Element 

Model (FEM) or Finite Difference Model (FDM).FDM was used For this research. A 

finite-difference model is constructed by dividing the model domain into square or 

rectangular regions called blocks or cells. Head, drawdown, and concentrations computed 

at discrete points within the model called nodes. The network of cells and nodes forms a 

grid or mesh. The modeling tools in processing MODFLOW include a presentation tool, a 

result extractor, a field interpolator, a field generator, a water budget calculator, and a 

graph viewer(Kinzelbach, 2014). 

2.2.1.1. MODFLOW Modeling Process 

The first steps in the groundwater modeling processes are to define the objective of the 

model, select a computer code, collect necessary data, develop a conceptual model of the 

groundwater system and define the spatial discretization of the model domain(Kresic, 

Neven, 1997). The conceptual model refers to an essential, high-level representation of 

the hydrogeological system modeled. It evolves, identifying and describing the processes 

that control or influence the movement and storage of Groundwater and solutes in the 

hydrogeological system. Conceptual model development requires different parameters.  

These parameters include defining mesh size or model area, layer properties, boundary 

conditions, top elevation and bottom elevation, parameterization (which provides for 

simulation time, initial and prescribed hydraulic heads, hydraulic conductivity, effective 

porosity, etc.). Once the conceptual model is created, model design and construction 

follow. After different flow packages like river, drain, recharges, well, and the general 

head boundary is defined, flow simulation followed. An important part of any 

groundwater model exercise is model calibration process. In order for a groundwater 

model to be used in ant type any predictive role, it must be demonstrated that the model 

can successfully simulate observed aquifer behavior. Calibration is a process wherein 
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certain parameters of the model such as recharge and hydraulic conductivity are altered in 

a systematic fashion and the model is repeatedly run until the computed solution matches 

field-observed values within an acceptable level accuracy(Anderson et al., 2005). 

2.2.1.2. MODFLOW Inputs Data. 

There are different Data required for developing the MODFLOW model. These data 

consist of aquifer boundary and boundary conditions (no flow, constant head, specified 

head, etc.). Topographic map, geological map, aquifer thickness, bedrock position, initial 

state, wells, discharge rate, and water table also required for developing the model. 

Additionally, the river's area in the region (length, width, hydraulic conductance of the 

river bed sediment), hydraulic conductivity of the aquifer, and recharge rate the primary 

inputs data for MODFLOW model development.  

2.2.2. Surface Water Model Configuration 

There are quite a number of surface water hydrologic models used to represent the surface 

water hydrologic systems. Most of these surface water hydrologic models characterize the 

supply side of a catchment or basin. WEAP(Sieber et al., 2011) is a microcomputer tool 

for integrated water resources planning. It provides comprehension, straightforward, 

flexible, and user-friendly for the policy analysis. WEAP places the demand side of the 

equation-water uses patterns, equipment efficiencies, re-use, prices, hydropower energy 

demand, and allocation on an equal footing with the supply side streamflow, 

groundwater, reservoirs, and water transfers(SEI, 2016) 

As a database, WEAP provides a system for maintaining water demand and supply 

information. As a forecasting tool, WEAP simulates water demand, supply, flow, storage, 

pollution generation, treatment, and discharge. As a policy tool, WEAP evaluates a full 

range of water development and management options and considers the multiple and 

competing uses of water systems.   

Operating on the basic principle of water balance accounting, WEAP applies to municipal 

and agricultural systems, single sub-basins, or complex systems. Moreover, WEAP can 

address a wide range of issues, e.g., sectorial demand analysis, water conservation, water 

rights and allocation priorities, groundwater and streamflow simulations, reservoir 

operations, hydropower generation, and energy demands, pollution tracking, ecosystem 

requirements, and project benefit-cost analysis(Loon and Droogers, 2015)  
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Generally, the WEAP model involves the following steps: first, Problem definitions, 

which include time frame, spatial boundary, system components, and configuration; this 

is done in the schematic. The second step is establishing the 'current accounts' that 

provides a snapshot of actual water demand, pollution load, resources, and supplies for 

the system. Additionally, Key assumptions may be built into account the current accounts 

to represent policies, cost, and factors that affect demand, pollution, and hydrology. The 

third step is Building scenarios based on different sets of future trends-based policies, 

technological development, and other factors that affect demand, supply, and hydrology 

address what if questions such as what if the population growth and economic 

development patterns change? What if the irrigation techniques altered, irrigation land 

expands, the climate changed? What if the best water management techniques 

implemented?. Finally, Evaluating the scenarios concerning criteria such as adequacy of 

water resources, costs benefits, environmental impacts, and sensitivity to uncertainty in 

critical variables. 

Naturally, WEAP simulates natural hydrologic processes like evapotranspiration, runoff, 

infiltration, and anthropogenic activities that affect the water resources' natural 

system(Loon and Droogers, 2015). 

2.2.2.1. WEAP Schematization and Inputs 

WEAP consists of five main views: schematic, data, results, scenario explorer, and notes. 

Schematic is a central feature of WEAP, making it easy to use the "drag and drop" GIS-

based graphical interface used to the layout(Loon and Droogers, 2015). The schematic 

visualizes the physical features comprising the water demand-supply system and their 

spatial relationships, the study period, units, hydrologic patterns, and cost parameters. The 

physical components, such as demand site, groundwater aquifer, reservoir, rivers, 

diversions, transmission links, return flow links, catchment, runoff/infiltration, are 

represented as nodes in the schematic. Data view uses to enter data structures, 

assumptions, modeling relationships, and documentation for the current account and the 

scenario. Once all data have entered, WEAP can simulate its monthly simulation and 

report projections of all aspects of the system, including demand site requirements and 

coverage, streamflow, reservoir, groundwater storage, evaporation, transmission, and 

return flow losses. What-if question answered as aforementioned earlier through scenario 

analysis. WEAP requires several data such as source of supply (Groundwater or surface 
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water), a delivery system (river network), major water users (domestic, irrigation, 

industry, and livestock). The supply component includes river data like streamflow, 

reservoir data, climate data (rainfall, evaporation, temperature). Demand site components 

include domestic demand site (population, per capita water use rate, population growth 

rate), irrigation demand site (irrigated area, water requirement per unit activity), etc. 

2.3. Scenario Development 

After completing the Weap model's calibration, the water resource management plan was 

developed by incorporating all excepted water use changes in the study area with scenario 

analysis. The developed scenario helps us understand the impacts of natural and 

anthropogenic factors that affect the Middle Awash Basin's water resources. 
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Figure 2.1: Workflow and Methodology of the study modified from (Ahmadi et al., 2018). 
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3. General Overview of the Study Area 

3.1. Location and Accessibility 

The awash river basin rises at an elevation of 3000m above mean sea level(m.a.s.l) over 

Ethiopia's central high land about 150km west of Addis Ababa. The Awash river 

generally flows northeastwards along the rift valley and terminates in lake Abe at an 

elevation of 250m (m.a.s.l) near Djibouti after traveling over 1200 km (Halcrow, 1989). 

Basin covers parts of Afar, Amhara, Oromia and Somali regional states, and Addis Ababa 

and Dire Dawa City Administration of the country(Fekersillasie et al., 2017). The Basin 

sub divided into three sub-basin.These are; Upper Awash sub-basin from the headwaters 

down to Koka dam, middle Awash sub-basin, from the Koka Dam to Awash 7, Middle 

Awash, from Awash 7 to lake Abe. The middle Awash Basin is located in the northern-

central part of the Main Ethiopian Rift (MER) within the geographic limits of 7°50' to 9° 

27'N latitude and 38°57' to 40° 48'E longitude and covers an area of about 15734 sq km( 

fig 1).  

 

Figure 3.1: Location Map of the Study Area. 

3.2. Hydrogeomorphology  

3.2.1. Physiography 

The study area recognized as a plateau, escarpment, and rift floor, ranging in altitude 

from 800m to 4000m m.a.s.l(Furi, 2010). The area's physiography is mainly the result of 

volcano-tectonic activities that occurred in the past and the depression of mainly fluvial 
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and lacustrine origin sediments. These volcano-tectonic activities in the area was 

responsible for forming the plateau, the rift floor, and escarpments. The study area is 

mostly belonging to the rift floor, which shares about 72% of the study area with an 

elevation below 1800m m.a.s.l.the rift floor is characterized by relatively flat topography 

with patch of volcanic and domes, caldera. Wonji fault belt(Mohr, 1972) creates horst and 

graben in the rift floor with the general orientation of NNE direction. The plateaus cover 

the northwestern margin, and southeastern margin of the study area. The areal coverage 

of the plateau is shared about 7% of the study area.  

 

Figure 3.2: Physiographic Classes of the Study Area 

3.2.2. Watershed and Drainage 

The study area is subdivided into four sub-basins as delineated in ARCGIS spatial 

analysis tool. Processed digital elevation model(DEM) data used for the watershed 

delineation. The drainage pattern is also delineated in ArcGIS spatial analyst tools from 

DEM data.  Drainage depends on geology, topography, slope, and land cover. The plateau 

and escarpment are characterized by dense drainage patterns depending on slope, 

topography, and geology. Whereas, on the rift floor, the drainage pattern is not developed 

well. 
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Figure 3.3: Watersheds and Drainage of the Study Area. 

3.2.3. Slope Analysis 

Local topographic features such as slope and aspect play a crucial role in morphological, 

ecological, and hydrological processes(Vico and Porporato, 2009). Surface runoff, 

infiltration, and evaporation processes are affected by topographic slope and hillside 

conditions. Therefore, understanding the linkage between hydrologic flow processes and 

the hill slope is essential to realize the area's various hydro-dynamics components (Furi, 

2010). To analyze topographic slope of the study area Digital Elevation Model (DEM) 

was used and processed using global mapper and latter classified by ARC GIS. 

Accordingly, the study area is organised into three major topographic groups: the rift 

floor(slope<3°), escarpments, and plateau. Although rainfall infiltration controlled by 

several factors, including rainfall characteristics, soil hydraulic properties, antecedent soil 

and soil water conditions, infiltration rate increased with increase with slope(Smkens et 
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al., 1995). In this regard, rift floor can be considered as discharging zone where local 

vertical recharge and rock water rock interaction is dominant. This is because the area is 

relatively flat with low hydraulic gradient which in turn control the speed of water 

movement and residence time, On the other hand, rift escarpments and plateaus highlands 

have gentle slope >3° so these areas considered as recharging zones. Moreover, Surface 

runoff can also occur depending on other hydrologic responses like land cover types and 

physical attributes. 

 

Figure 3.4: Classified Topographic Slope of the Study Area 

3.3. Land Use and Land Cover 

Land cover is defined by the ground surface's attributes captured by forest, grassland, 

waterbody, bareland or rock exposures. In contrast, land use reflects human activities like 

land use for industries, residence, and agriculture(Chrysoulakis et al., 2004).  Land use  

land covers is an essential hydrological factor. Type, size, location, and attribute of land 

cover play a significant role on hydrological flow conditions and have an impact on the 

water budget of the area triggering varies hydrologic processes such as runoff, infiltration, 

recharge, discharge, and evapotranspiration(Sikdar et al., 2004). Therefore, identification 

of physical surface features is essential for the proper understanding of the 
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hydrogeological system of the Basin as land cover features are the factors in hydrologic 

processes(Furi, 2010). 

Most of the study area is covered by agricultural land, rock exposure or town, forest, and  

shrub/bushland. Crops in middle catchment area, are food and subsistence crops, and very 

few industrial or cash crops are currently grown. Teff, barley, wheat, beans, maize, and 

sorghum are the essential cereals grown in the study area. Under irrigation number of 

gardens produce vegetable, fruits, and sugarcane(Halcrow, 1965). Agriculture and 

irrigation shares more than 58% of the study area. 

On the other hand, open water bodies, lakes, wetlands, and swamps cover only 1%. Lake 

Koka, an artificial lake used for electric power generation and agriculture, is found in the 

study area. Lake Beseka, a growing lake with growing problems, is one of the remarkable 

water bodies. This lake contributes nothing either to the industries or irrigations due to the 

salinity problem. 

 

Figure 3.5: Land Use and Land Cover Map of the Study Area 
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3.4. Climate 

Basic Climatic parameters include temperature, rainfall, relative humidity, wind speed, 

and evapotranspiration of the region observed over a long period in a given 

region(Boorman and Sefton, 1997). A particular area's climatic condition is mainly 

influenced by various factors such as altitude, latitude, rainfall, density, and type of 

vegetation cover. The traditionally accepted Ethiopian classification for climate regions in 

the awash Basin based on altitude variation and agricultural activities includes KOLLA, 

WIONA DEGA,DEGA and WURCH, as summarized in table 3.1(Hans, 1998). As per 

the physiographic setup of the middle awash basin, the northwestern and southeastern 

parts  of the study area(plateau and rift escarpments) are classified as DEGA,WIONA 

DEGA and WURCH. The plateau can be characterized by humid climate. The rift 

escarpments sited in between the rift floor and plateau and share about 21% of the study 

area. This area can be classified as a moist and characterized by low temperatures and 

relatively higher precipitation. Simultaneously, the rift valley's central lowlands were 

identified as Kolla (semi-arid). The rift floor  shares 72% of the study area and considered 

as hot and arid zone with higher temperature low precipitation. 

Table 3-1:Climatic Classification 

Seasonal movements of the inter-tropical front govern the rainfall conditions in Ethiopia. 

The movements controlled by cyclic variation of the sun's position modified by the 

Egyptian high's somewhat irregular behavior(Halcrow, 1965). The analyses of long term 

rainfall records in the study area depict two rainy seasons. The period from March to May 

recorded minors rainfall, whereas June to September identified as the main rainy season 

(Fig 3.6). The primary rainy season is beginning in June and last in September. Relief and 

seasonal change in atmospheric pressure Affect the study area's rainfall patterns in 
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addition to the intertropical convergence zone(ITCZ), giving irregular and 

discontinuousRainfall in the Basin(Wakgari Furi, 2010). Thus The western, northwestern, 

and southeastern highlands of the study area receive the highest rainfall while the rift 

floor's central lowlands get lower rain. Areas Like Sendafa, Ginagir, Aliyu Amba, the 

northwest area recorded the highest annual average rainfall above 1986mm/year.  On the 

other hand, the rift floor's central lowland receives yearly average precipitation below 507 

mm/year(Table3.2 and Fig 3.7). 

Table 3-2: Average Monthly Rainfall of the Study Area 

 

 

Figure 3.6: Average monthly precipitation of the study area 

Figure 3.7, shows the correlation rainfall, temperature and altitude. As it is clearly 

illusturated the temperature of the study area shows a negative correlation with altitude 

and rainfall. Thus, temperature increases as the we go from plateau to rift floor(high 
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altitude to low altitude).  On the contrary, rainfall increases with the increases of the 

altitude.   

 

Figure 3.7: Correlation of Altitude, Rainfall, and Temperature. 

 

Figure 3.8: the Theisen polygon 

Table 3-3: effective rainfall of the study area computed by arithmetic method and 

theisson polygon method 



 

 

 

19 

 

 

Theisen polygon method and the arithmetic method was employed to calculate the study 

area's aerial rainfall from the point data recorded at different gauging stations. Thus, the 

mean aerial precipitation is 983 mm/yr. At the same time, the aerial rain obtained from 

the Theisen polygon method is 871 mm.yr  

3.5. Geology and Geological Structures. 

3.5.1. Regional Geology 

Ethiopia can be divided into different regions based on physiographic features, like 

plateaus, Main Ethiopian Rift (MER), and afar depression(Nigate, 2012). The highland is 

underlain by A Neoproterozoic crystalline basement rocks, which constitute the crustal 

backbone of the Ethiopian region with broad exposure in the southern and western 

Ethiopia and, to a lesser extent, in the northernmost parts of Ethiopia(Billi, 2015). The 

plateaus basement rocks formed as a result of N-S elongated meta collisional structure 

stretching from Israel to Madagascar, which produced East African Orogen between West 

and East Gondwana by the closure of the Mozambique ocean(Stern, 1994). In the north, 

the East African Orogen constitutes the Arabian-Nubian shield, and in the south, the 

Mozambique belts. In northern Ethiopia, the Nubian portion of the shield is prevalent, 
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with dominantly low-grade volcano-sedimentary rocks overlain by meta-sediments. In 

southern Ethiopia, the Mozambique belt exposes abundant amphibolite and granulite 

facies, metamorphic rocks, and gneiss terrane. A paleozoic period generally marked by a 

non-depositional and erosional period; thus, only a few units of this period as lower 

sandstone and claystone observed in the north, west, and eastern Ogaden 

region(Alemayehu et al., 2006). Following the pene-planation in the Paleozoic period, an 

early Jurassic regional marine transgression invades horn of Africa from the northeast and 

East. This downward crystal movement, associated with a sedimentation process with an 

extensive accumulation of sedimentary layers, consists of different types of sedimentary 

rocks like sandstone (Adigrat sandstone), limestone (Antallo sandstone), shale gypsum, 

and clays. Crustal motion initiated in Miocene was responsible for the formation of the 

Ethiopian rift. It forms a triangular depression of afar in the northeast. It runs across the 

country, splitting the central Ethiopia lands into an eastern and western plateau with low 

lying rift floor in the middle(Furi, 2010). This period was marked by an extensive 

outpouring of fissural flood basalt as the land dissection and spreading continued 

extensional forces(John, 2016). Immediately after the peak of volcanic activity related to 

the flood basalt emplacement, several large shield volcanoes developed on the volcanic 

plateau's surface. MER's rift floor is affected by widespread deformation related to 

faulting, along with the Wonji fault belts (WFB)(Corti, 2009). 

3.5.1.1. The Miocene-Pliocene Formation 

The Miocene-Pliocene formation is characterized primarily by basaltic and pyroclastic 

rock units. This formation consists of different groups includes; Alajae volcanic group, 

Debre Birhan ignimbrite, Anchar basalts, Malba Arba Guracha formation, Nazret 

pyroclastic deposits (Nazret series), Termaber-Megezez formation, Afar series, Chilalo 

formation, Mursi, and Bofa basalts. Ajalae basalts consist of porphyritic basalt lavas with 

large plagioclase and aphyric basalts lava. This formation widely distributed western 

cliffs of sire town, Hula near Arboye town, and in the Kesem river basin.  

Debrebirhan ignimbrite divided into three lithologic facies includes the lower parts 

consists of conglomerate, alternation sands, tuff, and little pumice widely distributed. The 

middle part consists of consolidated to highly welded tuff and unwelded to slightly 

welded pumiceous tuff(ignimbrite). The upper part consists of conglomerate included 

pebble of Debre Birhan ignimbrite, alternation of sands, tuffs, and minor pumice (Upper 



 

 

 

21 

 

Conglomerates). The unit unconformably is overlain by Nazret pyroclast deposits(Nazret 

series) and Termaber-Megezez basalts. This group is widely distributed in the plains 

surrounding the Kessem river, and the Kebena river forms flat plains along with Senafa 

town and Sheno town. 

 Another formation belongs to the Miocene-Pliocene formation is Anchar basalts. It 

consists of massive aphyric basalt lavas and tuff breccia and overlies Debre Birhan 

ignimbrite and overlain by the Nazret series. Anchar basalts were distributed around 

Awash town Asebot town, and also around the Kesem river basin. 

 The oldest formation of this group, Malba Arba Formation, covers the northwest 

mountain chain Sendafa, Ankober, and northeast escarpments of Abomsa and sire 

highlands. While, The Nazret pyroclastic deposits cover Lake Koka's northeastern shore, 

the plains surrounding Ejere town to Arerti town. This unit consists of welded tuff, 

rhyolitic slightly welded tuff, pumice, and tuff. Compositionally alkaline basalts of 

Termaber-Megezez formation covers some localities of northwest highlands of the study 

area. Trachybasalts dominate the Chilalo group, trachyte, peralkaline rhyolite, basaltic 

tuff breccia, and widely covers the northern mountain foot of Chilalo with few exposures 

around Awash town.  

The youngest Mursi and Bofa basalts cover the plains surrounding the southern part of Mt 

Boset, Bofa Town, and Cheleko near Sire Town. Few exposures of Bofa basalts were also 

exposed around the hillside of Mojo to Arerti town. 

3.5.1.2. The Pliocene- Pleistocene formation  

basalt, ignimbrite, pumice fall deposits, and trachyte are the dominant rocks in these 

formations.  Dino ignimbrite, Chefe Donsa pyroclastic deposits, Zikula trachyte Kone 

ignimbrite, Boset-Kone pumice fall deposits, Fentale volcanic, and ignimbrite belongs to 

the Pliocene-Pleistocene formation. Dino ignimbrite consists of rhyolitic to andesitic 

welded tuff, pumice, and rhyolite, typically containing long obsidian lenses(fiamme). 

This group distributed around Mojo town, east of Awash Melkasa town, Koka dam. 

Chefe Donsa pyroclastic deposits also belong to the Pliocene-Pleistocene formation, 

which mainly consists of pumice and tuff. This group is distributed around Mojo, Dire 

town, Sire town, and northeast of Adama town, Chefe Donsa town, and forms a flat plane. 

Zikula trachyte dominated by dark grey, porphyritic trachyte with intercalations of 
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pyroclastic material and covers Mt.Zikuala. Pleistocene basalts consist of aphyric basalt, 

plagioclase basalts, and scoria cones widely distributed around Bofa town, Kone caldera, 

and Arerti town. Fentale volcanic rocks composed of rhyolite and trachyte lavas cover 

Fentale mountain.  

3.5.1.3. Quaternary Formation 

 This formation contains young rocks like pumice, tuff, scoria, and alluvial sediment. 

Extensive and thick Alluvial sediment was distributed widely around the Wonji, Koka, 

and Nazareth area along the Awash River. These deposits are consisting of clay, silt, 

ashes, and pumice. 

3.5.2. Local geology 

Most parts of the study area belong to the rift floor, and its geology is highly diversified 

due to Wonji fault belt(WTF)  (Corti, 2009). Cenozoic rocks dominates the rift floor to 

recent volcanic rock, includes rhyolite domes with obsidian lava flows, pumice, scoria, 

tuff, ignimbrite, and volcanic ashes. The plateau area is characterized by a considerable 

accumulation of a Miocene ignimbrite and rhyolite. The geology and lithostratigraphy of 

the study area were constactured from a combination of various publication like(Bonini et 

al., 2005),(Corti, 2009),(John, 2016),(Stern, 1994),(Chorowicz, 2005),(Abebe et al., 

2007), and summarized below. 

3.5.2.1. Bishoftu Formations 

Pliocene- Pleistocene period Bishoftu formation comprises of alkaline basalts and 

trachyte. This group exposed around nura hera area. 

3.5.2.2. Afar Series 

This formation comprises alkaline basalts with sobordinate peralkaline basalts and covers 

wide area of sire, arboye and aseko. 

3.5.2.3. Chilalo Formations 

Miocene-pliocene age Chilalo formations covers the southern margin of the study area 

and consists of trachyte trachy-basalt, rhyolite and sobordinate alkaline basalts. 
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3.5.2.4. Nazret Series 

The nazret series widely covers the south western of area forming as buffer zone between 

escarpment and rift floor. This group consists of ignimbrite, unwelded tuff, ash flow, 

rhyolite and trachyte and  belongs to Miocene-pliocene formation.  

3.5.2.5. Termber-megezez formations 

Termaber megezez formation cover the north-western highlands eastern rift escarpment, 

this group comprises alkaline and transitional basalts. 

3.5.2.6. Alajae Formations 

Alajae formation observed at the southern eastren mountain chain and consists of 

transitional and sub alkaline basalts with subordinate rhyolite and trachyte eruptive. 

 

Figure 3.9: Simplified Geological and Structural Map of the Study Area (modified 

from the geological map of Ethiopia) 

3.5.3. Geological Structure 

Geological structures are formed due to tectonic activities, which include faults, folds, 

joints, and combinations. These structures can significantly influence groundwater 

movement and accumulation in the surface and subsurface(Elmahdy and Mohamed, 

2013). The area dominated by geological lineaments like faults, folds, and joints within 

the rocks are generally regarded as high permeability zones. These structures may act as a 
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conduit to enhance groundwater flow where they have increased permeability by 

increasing fracture density or structurally weaken the bedrock. Additionally, they may 

trigger the interaction of surface water and Groundwater and also affects the chemistry of 

Groundwater by enhancing rock water interaction. These structures may act as the barrier 

to groundwater movement or divert flow to other horizons in the negative influences. 

Moreover, these structures, especially faults, can force Groundwater to flow along the 

fault planes and brings backwater to the surface may be as springs or geyser. Therefore, it 

is very crucial to understand the intensity, density, location, and orientations of geological 

lineaments under considerations. 

In the study area, two broad class of fault systems are a crucial controlling factor of the 

hydrogeological system. The first faults system is the Wonji faults belt (WFB), the 

principal structural features that affect the regional groundwater flow in the study area, 

specifically, on the rift floor. This fault system separates the study area into two equal 

parts that run the NNE-SSW direction forming an angle of 00° -40°N. a long segment 

characterizes this faults system roughly between 40km and 70km and separated by the 

area where there is no magmatism or deformation. The study area marked by an active 

zone where are several fissures and volcanic activities is taking place. The crack, in turn, 

creates the passage for the migration of gas, heat, and fluids from the deep sources. As a 

result of this, chemistry and hydrogeologic system are positively affected. Moreover, the 

fissure and volcanic activities trigger the interaction between surface water and 

Groundwater(Bonini et al., 2005). 

The second fault system is to boundary faults system-oriented between 25°-40°N that 

bound the rift floor from both sides. The tensional stresses characterized by the extension 

direction-oriented ESE-WNW, supported by local tensions resulted in the sinistral 

component faults which marked by a high angle (>60°) intermittent normal faults 

arranged in an echelon pattern, with massive accumulative vertical throw(Abebe, 

2007)(Corti, 2009). These faults systems are naturally segmented and articulated, and 

characterized by minor transversal structures and local complex geometries. The 

aforementioned structural features have a significant role in controlling ground flow 

systems and lead to the formation of local, intermediate, and regional Groundwater flows 

systems and alters the chemistry of water.  
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3.6. Hydrogeological Characteristics and Aquifer System 

Hydrogeology study about Groundwater with particular emphasis on its occurrence, its 

distributions, its chemistry, mode of circulation, and relation to the geology of the 

environment. the movements and distribution of Groundwater influenced highly by 

geology, geological structural, geomorphology, and climatic conditions(Fetter, 2001). 

Geology control Primary porosity and permeability of aquifer strata, in which the porosity 

and transmissivity control the quantity, and circulation of Groundwater. Geological 

structures may trigger Primary porosity by which the rocks develop secondary porosity, 

which enhances the movement of Groundwater and even can alter the chemistry of 

Groundwater. Groundwaters in the Middle Awash Basin exculusively circulate within the 

extrusive volcanic formation that ranges from the Miocene to recent Quaternary 

sediments(Wakgari Furi, 2010). Depth to groundwater considerably varies from highland 

to rift floor and shows general decreasing trends toward rift floor. The depth to 

groundwater varies from 50m to 500m and locally confined between massive layers and 

fault planes. Depth to groundwater controlled by topography and rock permeability. 

Based on the topographic features , lithology and geological structures the aquifer 

systems in the study area classified in to three aquifer system. These are highland, 

escarpment and rift floor aquifer systems. The highland aquifer system of the study area 

characterized by series of  long  fault system. Rock formation of this area mainly 

composed of silicic and basaltic rocks with fracture which provide effective aquifer 

system. Aquifer system of this area considered as local flow where  the water is trapped 

in local aquifer because water movement are blocked by  large mountain blocks  in this 

area.the area gets its recharge from direct precipation and fracture trigger the recharge of 

the area. 

Aquifer system  in escarpments is almost similar with highland aquifer lithologically 

except more weathering affects is dominant in the escarpment aquifer. This area receive 

recharge from direct precipitation and  from highland area. The flow system these area is 

intermiadiate flow. Aquifer system of rift floor on the other hands, affected by active 

volcanic activities. This area characterized as discharge area where groundwater feed 

surface hydrologic system.  

 



 

 

 

26 

 

4. Conceptual model Development and Numerical Groundwater Modeling 

4.1. Introduction  

Groundwater modeling provides a quantitative framework for synthesizing field 

information and conceptualizing hydrogeologic processes(Anderson et al., 2005). The 

numerical model offers a means to synthesize existing hydrogeologic information into an 

internally consistent mathematical representation of a real system or process. Thus, it is 

useful for testing and improving conceptual models or hypotheses of groundwater flow 

systems(Konikow and Glynn, 2014). Numerical groundwater modeling is an efficient tool 

for groundwater management, groundwater exploitation, protection, and remediation.   

There are two major classes of numerical model methods well accepted for solving the 

groundwater flow equation. These are the finite-difference method and finite-element 

methods. Finite difference methods were the first method for the systematic numerical 

solution of partial differential equations. In the finite difference method, nodes are located 

in 3Dspace using indices(i,j,k) to assign relative locations within a rectangular grid. In the 

finite element methods, the nodes are designed using spatial coordinates (x.y.z) in a mesh. 

Both of them have their limitation and advantage, and for specific problems, one may be 

more appropriate than others. However, because they are easier to design and understand, 

and require much less mathematical involvement, finite difference models have prevailed 

in hydrogeological practice(Konikow and Glynn, 2014) 

To successfully develop accurate and reliable groundwater models, it requires data on 

boundary conditions, fluxes, and hydraulic parameters. The solution of a numeric model 

is the distribution of heads at points representing individual cells.  

4.2. Model Design 

Every groundwater flow model design consists of the following thirteen stages (Kresic, 

Neven, 1997). Figure(4.1) illustrate the flowchart of the conceptual model design. 
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Figure 4.1: Conceptual  Model Design Flow Chart 

The Middle Awash Basin covers 15732.4km
2
. The entire area is modeled by discretizing 

a uniform finite-difference grid of 348 rows and 408 columns with a uniform cell size of 

500m. The extent of the study area in the East-West and North-South is 204000m and 

177000m respectively. Because the finite difference model grid must be rectangular, 

certain cells represents areas outside of te modeled area. Such cells are considered as 

inactive cells and illustrated by "0" to entries in I bound array in the boundary condition. 

The model does not solve the groundwater flow equation of those areas. Cells entries for 

lake/reservoirs in I bound represented by "-1". These areas are areas of the constant head 

where there is no change in groundwater-surface throughout the model simulation. The 

active site is represented by "1" for which the groundwater equation is solved. Constant 

head cells represent inexhaustible source water regardless of changes at the boundary and 

in the aquifer. 
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Figure 4.2: Model Design 

4.3. Governing Equation and MODFLOW Code 

Groundwater flows in three dimensional, but due to the geometry of ground layers and 

differences in hydraulic conductivities, actual groundwater flows tend to concentrate in 

specific directions(Kresic, Neven, 1997). This flow is because the ground layers usually 

extend horizontally over large distances, while the vertical dimensions are somewhat 

restricted. Water flows through porous medium along the path of least resistance, and 

Groundwater moves predominately longitudinally in the permeable formation. The 

movement in Groundwater through porous media is described and solved based on the 

following (equation 4.1) partial differential equation, which is based on Darcy's law and 

the law of mass conservation. A partial differential equation may describe the three-

dimensional movement of Groundwater of constant density through porous earth 

material.  This equation assumes a flow system view that allows both vertical and 

horizontal components of flow throughout the system and allows the treatment of flow in 

`three-dimensional profile. Numerical groundwater flow model simulates the 
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Groundwater flow condition using the equations governing the groundwater 

flow(Anderson et al., 2005). 
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(𝐾𝑧

𝛿ℎ

𝛿𝑧
) − 𝑄 = 𝑆𝑠(

𝛿ℎ

𝛿𝑡
)…………Equation 4.1 

Where, 𝐊𝐱, 𝐊𝐲 and 𝐊𝐳 are hydraulic conductivity (L/T) along the X, Y, Z axes are 

assumed to be parallel to the principal axes. Where h, is the piezometric head (L); Q is 

volumetric flux per unit volume representing the source and sinks terms; 𝐒𝐜 is a specific 

storage coefficient defined as the volume of water released from storage per unit change 

in head per unit volume of porous material, and t is time (T).  

The mathematical code MODFLOW solves a set of the algebraic equation by 

approximating partial differential equations was developed between 1981 and 1983 by 

McDonald and Harbaugh, using the Fortran 66 computer language. Modflow is a 

versatile, modular, three-dimensional finite-difference, groundwater modeling program 

used to construct numerical flow models of a specific area in all aquifer types under 

steady-state and transient conditions. Processing MODFLOW (pmwin8) is utilized in this 

research to study one layer, block center to groundwater water flow under steady-state 

conditions. The groundwater flow process of MODFLOW is divided into a different part 

of the program that deals with a single aspect of a simulation called packages. 

4.4. Conceptual Model  

For a good groundwater model to be accurate, reliable, and robust, it requires an amount 

of data and understanding of the aquifer. The first step to do so is designing a good 

conceptual model. A conceptual groundwater flow model simplifies real-world 

groundwater problems such that it captures the essential features of the real-world 

problem, and it is described mathematically. Four important ingredients go into the design 

of the conceptual model(Haitjema, 1995).  The first one is familiarity with the capabilities 

(and limitations) of available models. Second, insight into the regional and local geology 

is important ingredients in conceptual model designing.other ingredient is well-defined 

modeling objective and  good understand of hydraulics. Conceptul model development 

requires various data such as; geological formations(hydrogeology), groundwater flow 

direction, hydrologic boundaries (recharge, rivers, lake), hydrogeologic parameters 

(conductivity, storage, porosity), and extraction or injection from wells (location, depth, 

screens, rates). 
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4.4.1. Hydrogeology of Middle Awash  

Hydrogeology is the study of the occurrence, distribution, and movement of water in 

addition to physical as well as chemical relationships with the surrounding geological 

environment. It encompasses the interrelationships of geologic materials and processes 

with water(Fetter, 2001). The study area found within the Main Ethiopian rift; hence the 

geological formation of the area characterized by volcanic rocks that originated from 

volcanic eruptions. Generally, volcanic rocks are characterized by having low primary 

porosity and transmissivity (Alemayehu, 2006). As a result, volcanic rocks' water-bearing 

potential depends on a geological structure like faults, joints fractures, and degree of 

weathering.as; water moves from the plateau to the rift floor, it undergoes intensive 

modification and alteration in chemical and physical properties.  

The aquifer system of Middle Awash is categorized into a plateau, escarpment, and rift 

floor aquifer system. The plateau aquifers system is dominated by different rock types 

like Basalt, ignimbrite, and trachybasalt. Those rocks are characterized by having fined 

grained, and their primary porosity is low. The aquifer system of this area highly depends 

on geological structures and weathering. This area produces relatively good quality water 

because it is unaffected by geothermal processes and volcano-tectonic activities. The 

aquifers' system of this area is localized, where the range of mountain blocks traps the 

water and where the aquifers receive its recharge from localized structures and fractures. 

Both shallow aquifers and deep aquifers are present in these areas, with the water table 

generally ranges from 50m to 200m below ground level. The aquifer's systems of the 

plateau get the recharge from direct precipitation. River leakage also plays a significant 

role in recharging the Groundwater. The Geology of Escarpmets aquifer is relatively 

similar to that of the plateau aquifer, but these rocks undergo extensive alteration due to 

weathering. The groundwater circulation is shallower than of plateau. This aquifer gets 

the recharge from the inflow from the highland and direct precipitation.  

The rift floor is the most tectonically active part of the study area. The Groundwater 

undergoes several geochemical and geothermal alteration. The rock type dominate the 

area includes pumice, scoria, scoriaceous basalt, tuff, and lacustrine deposits. The 

interaction of those rocks with Groundwater gives alkalinity to the water in most part of 

the area. The area is characterized by low precipitation and high evapotranspiration; thus, 
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the aquifer system gets the recharge from the inflow flow plateau and escarpments. On 

the other hand, recharge from direct rainfall is low and localized.  

 In general, groundwater circulation In the study area is controlled by geological 

structures. Geological structures like faults, joints, fractures, and rock weathering act as 

conduits or barriers for the groundwater movement.  

 Generally, three crucial aquifer and flow systems, namely high land and rift floor aquifer 

systems, characterize the study area. Highland and escarpments aquifer system comprises 

of basalt, ignimbrite, and trachybasalt. Different geological structures like columnar 

joints. Fractures, veins, and scoria cone enhance water movement within this aquifer, and 

Groundwater in these regions circulates deeper basal within the weathered portion and 

flows towards the rift floor. The rift floor aquifer system is Na rich alkaline composed of 

scoria, pumice, and pyroclastic rocks. Geological structures still play an essential role in 

water circulation. Though the  aquifers system of the study area is complex in terms of  

geology, and structural features, the aquifer system modeled as single layer convertible ( 

transmivities varies / type 3). 

 



 

 

 

32 

 

Figure 4.3: Hydrogeology of the study  area. 

4.4.2. Top Elevation of the Layer  

The study area's top elevation considered in the model is ground surface since the aquifer 

singles a layered aquifer. The digital elevation model is processed and interpolated in 

surfer at the resolution of 500m by 500m and saved as a "surfer grid text6" format.  

Finally, it loaded in the modflow top elevation array.  

4.4.3. Bottom Elevation  

Since it is difficult to know the exact depth aquifer, the employed method to determine 

the bottom elevation was consider the deepest well drilled in the area. As a result, the 

maximum drilled depth of the well in the area is 500m. So the thickness of the aquifer is 

considered as 500m. The thickness of of the aquifer are very rough as the topographic 

features of the area is very raggy and was interpolated based on the top eleavation. Hence 

bottom elevation was obtained by subtracting 500m from top elevation.the relative 

thickness of the of the aquifer is illustrated in the figure 4.3 below. 
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Figure 4.4: Relative Thickness of the Aquifer. 

4.4.4. Hydrogeological Parameters(Hydraulic Conductivity) 

Hydraulic conductivity is a measure of a fluid's ability to move through interconnected 

void spaces in sediments or rocks. It is a function of both the liquid and medium and is 

the most fundamental aquifer parameter affecting Groundwater's movement. Hydraulic 

conductivity is, in many cases, the most critical and sensitive modeling 

parameters(Kresic, Neven, 1997). Hydraulic conductivity is a difficult parameter to 

measured. The measurements involve full penetration of the aquifer materials, proper 

screening of the aquifers with the provision of observation wells, conducting accurate 

pumping tests, which further requires selecting an appropriate pump for the test, precise 

measurement of good yield, drawdown, and well recovery(Furi, 2010). 

Middle Awash dominated by different rocks types with other hydrogeological 

characteristics. As a result, it is difficult to measure exact k values for the area. The study 

area's hydraulic conductivity was calculated from the point wells' hydraulic conductivity 

value and Points values of hydraulic conductivity obtained from pumping test data. 

Different zone of hydraulic conductivity defined by the kriging method. After kriging was 

done in ArcGIS and saved as a "BMP file" and used as a background map in the 
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MODFLOW model. as shown in figure 4.4 hydraulic conductivity value range from 5 to 

58 m/d.  

 

Figure4.5:Hydraulic Conductivity Zones in Middle Awash given in m/d. 

4.5. Model Parameterization 

4.5.1. Time and Prescribed Initial Heads 

The model runs under steady-state conditions for 365 days (1 year). Processing 

MODFLOW requires the initial and prescribed groundwater level to iterate the model. It 

is possible to insert any positive number greater than bottom elevation since it runs under 

a steady-state where the initial head does not affect the model's simulation. But to help the 

model converge faster piezometric surface was interpolated from the wells'(144 wells) 

static water level in surfer and then loaded to MODFLOW. 

4.5.2. Boundary Conditions 

Groundwater model boundaries are generally represented by the underground or over 

ground domains or points at which the head(dependent variable) or the deriviation of 

head (flux) is known, where these boundaries cound be outer and/or inner. According to  
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(Anderson et al., 2005) selecting boundary conditions is the most critical and challenging 

aspect of defining a groundwater system or problem for conceptual analysis or numerical 

simulation. System boundaries are classified into two: physical boundaries and hydraulic 

boundaries. Physical boundaries of groundwater flow system are formed by the physical 

presence of an impermeable body of rock or a large body of surface water. Hydraulic 

boundaries are results of hydrologic conditions, are invisible and they may include 

groundwater divides and streamlines. Boundary conditions may be a combination of a 

specified head, specified flow boundaries, and head-dependent flow boundary(Lehn, 

1987). Constant head boundary cells are specified head where the known head is assigned 

for the head and not changed throughout the model simulation. Lakes or reservoirs may 

represent the defined head boundary. Specified flow boundaries are implemented by 

setting at the periphery, then heads at boundary nodes calculated by the code and changes 

as the simulation progress in time. Specified flow boundary may be represented by using 

no flow, wells, and recharges. The head-dependent flow boundary is a mixed flow 

boundary that is implemented. The code calculates flow across the boundary using the 

hydraulic gradient between a user-specified boundary head. The model calculates head at 

a boundary node and head-dependent flow boundaries best represented in MODFLOW as 

a river, general head boundaries, and streams.All boundary conditions were defined in 

groundwater flow simulation of middle Awash, as mentioned earlier. 

4.5.2.1. Constant head (Dirichlet boundary conditions) 

There are three lakes in the Middle Awash, namely Koka, Beseka, and Kesem. All these 

lakes are represented as the constant head boundary where fixed head values are set at 

nodes along the borders as the water pulled from the edges or discharged water to the 

neighbourhood boundaries. 

4.5.2.2. No flow boundaries 

It is the place where the flux is specified to be zero. These may include a watershed 

divide assumed to coincide with Groundwater and surface water. The study area is suited 

between the Blue Nile basin in the northwest and the Wabeshebele basin in the East. 

Water divides along the Blue Nile basin are wholly considered a no-flow boundary. In 

contrast, some parts of the Wabeshebele and middle awash basin water divide were 

considered the study area's general head boundary.  
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4.5.2.3. Wells 

 Pumping water from aquifers which are connected to the bodies of surface water will 

have a crutial effect on water movement between these two bodies of water. The effect of 

withdrawal wells on the regime will be local in scale if the withdrawals were presented by 

a single well or smaal group of wells. However, when the withdrawing wells are many 

over large areas, the effect will be regional in scale(Hamilton, 2005). There are 144 wells 

in the study area in which the water pumped for domestic water supply. Some wells 

pumped to meet domestic demands are not used in this model because only the regional 

groundwater flow system is considered. The well's recharge is negative to indicate water 

abstraction from the system and assign it to a cell according to field coordinates (UTM). 

There are no injection wells(artificial recharge) in the study area. The potentiometric 

surfaces measured in these wells were essential to interpolate the initial prescribed 

hydraulic head in model input parameters. 

4.5.2.4. Rivers 

There are four rivers in the study area: Awash, Kessem, Keleta, and Arba Abomsa. In a 

model, the cell contains river parameters. The flow rate 𝑄_𝑟𝑖𝑣 between the river and 

Groundwater is calculated by the equation.  

𝑸_𝒓𝒊𝒗=𝑪_𝒓𝒊𝒗*(𝑯_𝒓𝒊𝒗-H)  h>𝑩_𝒓𝒊𝒗……………………………………….……. Equation4.2 

Or  𝑸_𝒓𝒊𝒗=𝑪_𝒓𝒊𝒗*(𝑯_𝒓𝒊𝒗-𝑩_𝒓𝒊𝒗)  if h<𝑩_𝒓𝒊𝒗 ………………………………………………Equation 4.3   

Where 

 𝑄_𝑟𝑖𝑣 is flow rate; 

 𝐻_𝑟𝑖𝑣 head in a river; 

 𝐵_𝑟𝑖𝑣 is an elevation of riverb ed bottom; 

 H head in the aquifer; 

 𝐶_𝑟𝑖𝑣 is hydraulic conductance of riverbed, computed by 

𝐶_𝑟𝑖𝑣=(𝑘 ∗ 𝐿 ∗ 𝑊_𝑟𝑖𝑣)/𝑀_𝑟𝑖𝑣  where, 

𝑊_𝑟𝑖𝑣 is the width of the river; 

𝑀_𝑟𝑖𝑣 is the thickness of the river bed 

𝐿 is the length of the river within the cell 
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K is hydraulic conductivity of riverbed 

4.5.2.5. General head boundaries 

The general head boundary is a package used to simulate head-dependent boundaries, 

where the flow into or out of a General head cell from an external source is provided in 

proportion to the difference between the head in the section and the head assigned to the 

external source(Harbaugh, 2005). In the study area, the general head boundary is defined 

in southwestern parts where the Groundwater from the upper awash flows to the Middle 

Awash. Another available head boundary specified in the northeastern region where 

Groundwater is possibly drained to the lower awash plain.  Moreover, GHB is assigned 

along the surface water divide between the awash Basin and the Wabeshebele basin, 

where maybe Groundwater inter transfer occurs in the southeastern part of the study area. 

4.5.2.6. Recharge 

Although it is one of the most important components in groundwater studies, recharge is 

one of the least understood, largerly because recharge rates vary widely in space and time, 

and rates are difficult to directly measure. The recharge often associated with climatic 

trends, land use, geology, and geological structure  are important(Healy R.W., 

2010).Natural recharge flowing to saturated area of the groundwater reservoir results 

from the vertical percolation of rainfall over an area and also from the leakage losses of 

rivers, lakes, and streas after heavy rainfall is falling in the upper part of the catchment. 

Direct recharge refers to large amounts of rainfall, some of which contribute to the 

provision of suffiecent moisture content of the soil, and the remaining parts crosses the 

groundwater table to become part of the groundwater flow system. (Furi, 2010) calculated 

the recharge for the study area using Soil Water Balance method and  river hydrograph 

analysis. Accordingly, the results depicts that the aquifers system of the  highland area 

gets  fast recharge, while the the rift floor characterzed by low recharge due to high 

evapotranspiration and low precipitation.for this research the initial recharge value 

obtained from previous(Furi, 2010) study was used as the model inputs and modified later 

during the calibration processes. 

4.6. Solvers  

Every MODFLOW model must include one of the solver's packages to calculate the head 

in each cell. Modflow prepares one finite difference equation for each section, expressing 
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the relationship between the head at a node and the six adjacent nodes' heads at the end of 

a time step. Every solver has convergence criteria that control when the model solution is 

considered adequate(Harbaugh et al., 2000). preconditioned conjugate gradient with 

improved nonlinear control(PCGN) solver package used in this model to determine the 

equilibrium situation. The maximum number of internal iterations is set to 500m and the 

head change criterion to 0.01m. when the maximum absolute value of head change from 

all nodes during an iteraction is less than or equal to this value, iteration stops. 

4.7. Model Results and Calibration 

The primary output MODFLOW model is the head. The first results of model output are 

always unsatisfactory. It is necessary to calibrate the model to get satisfactory results. 

Calibration of a flow model refers to a demonstration that the model can produce filed 

measured heads and flow, which are the calibration values. Calibration accomplished by 

finding a set of parameters, boundary conditions, and stresses that make simulated heads 

and fluxes that field measured values within a pre-established range of error(Anderson et 

al., 2005). calibration is the most crucial part of the modeling effort to obtain the desired 

results that fit the field data. It requires to alter some parameters to get the minimum 

residual between observed and calculated values. For this research, simulation is defined 

as a test using the most sensitive hydrologic data (recharge) and hydrogeologic 

parameters (hydraulic conductivity) in which the results, in this case, the hydraulic head 

is computed with a mathematical groundwater flow model.   

One can do Model calibration by an inverse problem-solving method, which is called 

parameter estimation. Kriging is a method of estimating the spatial distribution of 

parameters(heads), but it generally recognized that kriging should to combined with an 

inverse solution(Anderson et al., 2005). Parameter estimation or inverse problem solving 

is done automatically by using PEST (automatic parameter estimation techniques). 

Another calibration is forward model Calibration techniques traditional manual trial and 

error, commonly used by all modelers. In this study, the forward solution method and 

Model calibration were done by manual trial and error adjustments of the parameters with 

reasonable limits of existing data and field hydrogeological observation to achieve the 

model's best fit.  
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Figure 4.6: Trial and Error Calibration Procedure Adopted from(Anderson et al., 

2005). 

The model calibration was performed by using 32 Observation points and the 

potentiometric surface of the wells. The groundwater head in the aquifer is computed by 

processing MODFLOW. Model inputs parameters, especially recharge and hydraulic 

conductivity, were adjusted to obtain the best fit during model calibration processes. The 

recharge rate's Adopted values range from 2.56E-04 m/d to 3.53E-04 m/d for the model. 

While hydraulic conductivity values range from 5.4m/d to 58.16 m/d was used in the final 

calibrated model. As it is shown in figure 4.9 below groundwater flow contours of the 

simulated model indicate groundwater movement follows SSW-NNE trends. 

Additionally, in som parts of the study area groundwater movement follows SE-NW and 

NW-SE trends and then later joins the main SSW-NNE flow. 

The results of the calibration should be evaluated both qualitatively and quantatitavely. 

The computed water level accuracy was judged by analyzing the head residual using the 

statistical method. The difference between simulated and calculated head calculated using 

the following three statistical methods(Anderson et al., 2005). 

1) The Mean error(ME) is the mean difference of the residual errors (measured heads 

ℎ𝑚 minus simulated heads ℎ𝑠): 
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ME=
𝟏

𝒏
∑ (𝒉𝒎 − 𝒉𝒔)𝒊

𝒏
𝒊=𝟏 …………………………………….Equation 4.4 

Where n is the number of targets, the ME is simple to calculate but is not an ideal 

statistic. It provides a general description of model bias. Still, because both negative and 

positive differences in the mean included, the errors may cancel each other, reducing the 

overall error reported.  

For this model calibration, the ME of all observation measurements considered was -4.22 

m. the results indicate that the overall head level in the observed head was less than the 

calibrated head by  4.22m. 

The mean absolute error(MAE) is the mean of the total value of the residual.  

MAE=
𝟏

𝒏
∑ |(𝒉𝒏 − 𝒉𝟓)|𝒊

𝒏
𝒊=𝟏 …………………..Equation4.5 

Taking the absolute value of the residuals ensures that positive and negative residuals do 

not cancel. As a result, the MAE is usually more significant than the ME, and generally a 

better indicator of model fit than the ME. The MAE value is 9.35m. 

2) The root means square error (RMSE) is the average of the squared residuals. 

RMSE=[
𝟏

𝒏
∑ (𝒉𝒏 − 𝒉𝟓)𝟐𝒏

𝒊=𝟏
]

𝟎⋅𝟓

…………….Equation 4.6 

RMSE is less robust to other effects of the residuals; the RMSE is typically higher than 

the MAE. RMSE was 11.53 m.  

The scatter plot of the simulated versus measured head shows the effectiveness of 

calibration. The results indicate the majority of scatter plots falls almost near the 45-

degree line with correlation coefficients(𝑅2 ) of 0.9977 in observed versus simulated plot, 

as shown in figure 17. The histogram diagram(fig 4.6) shows the distribution of the 

absolute value of the difference between observed and simulated hydraulic heads and the 

frequency of occurrence. 84% of the frequency distribution of absolute residuals heads 

were within 15m, and 16% of the observed head was above 15m, with the maximum 

difference of 23.83m which indicates the model calibration was good. 
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Table 4-1: Calculated and observed Head in Observation Wells 
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Figure 4.7: histogram shows error distributions. 

 

Figure 4.8: scatter plot for observation head distribution 
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4.8. Model Sensitivity Analysis  

Sensitivity analysis involves varying model input parameters and evaluating how model 

results change with these variations. Sensitivity analysis provides a valuable 

understanding of both model implementation and the underlying physical processes, thus 

giving insight into both system and model behaviour (Sravanthi et al., 2015). A 

sensitivity analysis was carried out in the study area to understand the model's uncertainty 

tested through sensitivity analysis.  As model input parameters vary, the hydraulic head 

may also vary. Little change in some input parameters may bring high variation or 

residual from the observed value. It implies that the model is sensitive to those 

parameters. .for this study, the recharge and hydraulic conductivity were considered to 

evaluate the sensitivity analysis. During the model simulation, while one parameter is 

estimated, the other parameters are kept constant. For example, in this work, hydraulic 

conductivity was held steady when evaluating the effects recharge on the model results. 

Figure 18 shows the model's detailed sensitivity analysis to increasing or decreasing the 

input parameters(recharge and hydraulic conductivity). Sensitivity analysis was tested by 

reducing or increasing Hydraulic conductivity and recharge by 25%,50%, and 75%. The 

results show that hydraulic conductivity is a more sensitive parameter than recharge. The 

most significant deviation of heads observed when the hydraulic conductivity was 

reduced by 75%.  

 

Figure 4.9: Plots of the Results of the Sensitivity Analysis Test on Heads 
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4.9. Head Distributions and  Water Budget Analysis 

4.9.1. Head Distributions 

The results of calibrated mathematical groundwater model produces the head distribution. 

Figure (4.9) shows the calculated potentiometric surface in meters above mean sea level 

demonstrating spatial drift of groundwater head toward the direction of flow. the arrows 

inside the field dominstrate the pathway which groundwater could probably follows 

through the aquifers system of the study area. Generally groundwater flow follows the 

topographic elevation of the site and flow towards the rift floor.  

 

Figure 4.10:Simulated Potentiometric Surface (m.a.s.l) from calibrated model 

4.9.2. Water Budget 

The water budget package calculates the water budget using the results of the model in 

processing MODFLOW pro. Water budget computed by the model provide valuable 

information on the mass balance of individual flow terms useful to comprehend  

groundwater and surface water flow direction. Table 4 below shows the results of the 
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water budget of the model area under steady-state conditions. The direct recharge is about 

4.74E+06m/d. the total abstraction of groundwater through pumping is about 1.1E+05 

m/d. the natural river leakage to the groundwater is 1.76E+03 m/d while the river gets 

about 2.8E+05 m/d of water from groundwater. Constant head inflow and outflow 

components are about 8.03E+05 m/d and 9.35E+06 m/d, respectively. Both constant head 

and river leakage outflow components are more remarkable than inflow components, 

indicating surface water gets much more water from groundwater. inflow and outflow 

components of head-dependent boundary about 8.45E+06, and 4.54E+06 m/d, 

respectively. The value suggests that the study area receives more groundwater inflow 

than the water leaves the Basin. The water budget provides quantitative information on 

the mass balance of individual flow terms.  The flow budget is also a critical calibration 

process of the model. The discrepancy is -2.01, which suggests the model calibration was 

best to fit the filed observation data. Theoretically the differences between the inflow and 

out flow(change in storage) in the steady state condition within the model domain is zero. 

However, in the model analysis result the difference is not zero. This is due to the 

uncertainty and data gap during the analysis of hydraulic parameters. 

Table 4-2: Water Budget of the whole Model Domain 

 



 

 

 

46 

 

4.9.2.1. Water Budget at the Sub-catchment Level 

It is possible to calculate the water budget of different sub-catchments found in the model 

by defining subregions in the water budget package. Accordingly, water budget for the 

subregions(sub-catchments) was calculated.The study area is subdivided into four sub-

catchments(fig 4.10): Awash-Awash, Kessem, Keleta, Arba Abomsa. Among these sub-

catchement Awash-Awash is the largest sub-basin in the area. water budget components 

like recharges, river leakage well abstraction and head dependent flow are analyzed for all 

sub-basin. Table 4.11(A to D) depicts water budget computed from calibrated model for 

each sub-catchment. The river leakage component shows that river gets water from 

groundwater. As groundwater flow follows the topography and geological structure there 

is an exchange of groundwater between sub-catchment discussed below. There is 

horizontal groundwater exchange between kessem(region1) and Awash-Awash(region4 ). 

Kessem one catchement receive 7.22E+06m3 of water from region four. While Awash-

Awash receive 4.087E+06m3 of water from kessem.  Arba abomsa(Region 2 ) exchange 

water with region 3(Keleta) and 4. Region 2 gets 5.97E+05m3 and 2.234E+06m3 of 

water from region 3 and 4 respectively. On the other hand, it loose 1.06E+05m3 and 

3.259E+06m3 of water to keleta and Awash-Awash sub-catchement.Finally, the 

horizontal exchange between region 3 and 4 is calculated. horizontal groundwater 

exchange between the sub-catchmement summarized in table 4.11 E.  
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Figure 4.11: Location Map of Sub-catchment in Middle Awash 

 

 

 

 

 

Table 4-3(A to D): water budget for each sub-catchements 
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From the summary of the water budget given in table 4.3 (A-D) above, the Calculated 

recharge from the calibrated model is about1.05E+05 m/d, 5.34E+05 m/d,5.72E+05 m/d, 

and 2.59E+06 m/d for Kessem, Arba Abomsa, Keleta, and Awash-awash catchment, 

respectively. The abstraction of groundwater through pumping wells in sub-region 1,2,3 

and 4 calculated to be 1.79E+04, 1.13E+03, 9.43E+02, and 9.4E+04 m/d, respectively. 

The inflow components of both constant head and river leakage of all sub-regions are less 

than outflow components, suggesting that the surface gets water from groundwater.  

Table (4.3E) shows the horizontal exchange of groundwater between the subregion. 
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5. WEAP Model Setup and Data Processing 

5.1. Introduction  

WEAP model operates on the basic principle of water balance accounting, which can 

model single watershed or complex river basin systems(Stockholm Environment Institute 

(SEI), 2015). WEAP evaluates different water-related issues integrating both the demand 

and supply sides to simulate the water balance equation, enabling us to develop other 

water management alternatives and strategies. It can model demand management's effects 

on water systems, including water use patterns for various sectors like agriculture, 

industry, domestic, and livestock. WEAP also can model hydropower water demands and 

the allocation of water priorities for different needs from sources. On the other hand, 

Weap considers various supply-side sources like rivers, groundwater, and reservoirs.in 

addition the model addresses water conservation, water rights, water quality, analysis of 

water pricing, etc. 

Moreover, the Weap model enables us to examine and understand future water challenges 

through scenario development and analysis. The model has configured for the middle 

Awash basins in the forms of four sub-catchments by using the WEAP 2019.02 software 

version. It was then dynamically linked with MODFLOW using a LinkKitchen to analyze 

the groundwater table's response concerning the abstraction. After linking two models, 

the current account, the calibration step of the model defined. Different Scenarios were 

built on the current account to assess the possible future impacts of development and 

management policies. 

5.2. Define the Study Area  

WEAP generally consists of several steps.  The first steps are studied area definition, set 

up the time frame, set spatial boundaries, system components, and configuration. The 

study area or area in Weap represents the water resource system configuration and its 

components. It contains a set of data and assumptions about the system and described in 

Weap schematic view. This system consists of linked demand and supplies such as rivers, 

reservoirs, groundwater, demand nodes, etc. The water resources system's components 

consist of nodes and links between the node. A node represents a physical component 

such as; rivers, diversions, reservoirs, and groundwater. Moreover, a node represents 

Other supply, demand site, catchment, wastewater treatment plant, runoff/infiltration, 
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transmission link, return flow, run of river hydropower plants, flow requirement, and 

stream gage. 

The second step is to define the current account, which represents the basic definition of 

the water system as it currently exists. Defining the current account includes the 

specification of supply and demand data such as actual water demand, pollution load, 

water quality, treatment plant, resources, and reservoirs, for the first year of the study 

every month. The current account is also assumed to be the starting year of all scenarios. 

In the case of the middle awash basin, the starting time of simulation was 2000. The third 

stage of Weap model development is system configuration and input data entry. 

Configuration of the middle awash basin presented graphically in the figure below and 

consists of four sub-catchment with four river systems (Awash, Kessem, Keleta, and Arba 

Abomsa river). the input data required for the model  explained as follows 

 

Figure 5.1:Schematic View of the Study Area 

5.2.1. Sub-catchments and Land Use Land Cover 

The Middle Awash Basin subdivided into four sub-catchments, namely Awash Awash, 

Keleta, Kessem, and Awash Arba, and climate data assigned to each sub-catchment. Land 

use and cover data used in the model. Cultivated land, forest, grassland, shrubland, urban 

and exposed rocks, waterbody identified land classes Within sub-catchment. Additionally, 

irrigation schemes where also mapped. 
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5.2.2. Demand Site  

Various water users like irrigation, domestic, industry, and livestock for 18 years (2000-

2018) represented in the model. Thus, demand sites' water demand computed using the 

annual activity level, the yearly water use rate, and the monthly variation. A population 

connected to water supply systems and specific water demand represents domestic 

demand. Domestic needs include all water used for drinking, cooking food, washing 

clothes, bathing, etc. For the domestic water demand projection of population statistics of 

2013 are used data for the annual activity level. The yearly water use rate adopted from 

GTP2 was 9.125 and 18.25 cubic meters per year, respectively, for rural and urban and 

water loss from domestic water use is about 25%.  

The significant Irrigation water demand in the basin comes from the sugarcane plantation 

around Wonji, Metehara, Sodere, Nura Hera, vegetables, pulses, root crops, and grown in 

the area sugarcane which is owned by private and government. An annual activity level 

for the irrigation land uses the areal extent of the irrigated land. Irrigation water demand 

(Annual water use rate) for the irrigated land calculated by using CROPWAT software. 

Industrial water demands in basins come from different factories like sugar factories, 

flour, food processing factories, and multipurpose industrial parks. It is challenging to get 

reliable data for the industrial water use rate since the measuring instruments in different 

factories missed. All sectors’ water use rate aggregated into one, and the average value 

considered in the model.  

Livestock water demand includes water required to fed cattle, sheep, goats, equine, 

camels, and poultry and the population data of the livestock of middle awash from the 

respective livestock bureau. The estimated water use rate for cattle, sheep, goats, equine, 

camels, and poultry are 9.13,1.46,1.46,7.3,18.25 and 0.05 cubic meters per year, 

respectively(Fekersillasie et al., 2017).  

Table 5-1: Variables Related to the Demands Site. 

Demand type Weap variables Description and comments 

Domestic water supply Annual activity 

level 

Number of populations connected to 

the water supply system 

Annual water use 

rate 

Water demand per capita 

Monthly variation Intra-annual distributions of specific 

demand 
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consumption % of inflow consumed (lost from the 

system) 

Loss rate Losses include leakage and 

unmetered water in % 

Irrigation water supply Annual activity 

level 

Area of irrigated land 

Annual water use 

rate 

Specific irrigation water demand 

(volume per area) Estimated from 

CROPWAT 

consumption % of inflow consumed (lost from the 

system) 

Loss rate Losses include leakage due to 

irrigation inefficiency in % 

Industrial water supply Annual water use 

rate 

Industrial water demand for each site 

Monthly variation Default value  

consumption Assumed to be 100% 

Livestock water supply Annual activity 

level 

the number of livestock population:  

Annual water use 

rate 

Specific water demand per capita for 

each livestock type 

consumption Assumed to be 100% 

5.2.3. Hydrology, the Supply, and Resources  

The hydrology, the supply, and resource determine the availability and allocation of 

supplies, simulating the monthly river flows, including surface and groundwater 

interactions and instream flow requirements, hydropower generation, and tracks reservoir 

and groundwater storage  (SEI, 2016). The following rivers: Awash, Kessem, Keleta, 

Arba Abomsa considered in the model. Groundwater sources are described in the Weap 

schematic by groundwater nodes. The output from the MODFLOW model used as an 

input in the Weap model. the linkage file prepared in LinkKitchen software helps 

communicate the two models (i.e., Weap and Modflow). Transmission links that carry 

from local and river supplies to demand sites and connected to each demand site. Return 

flow carries wastewater from water supply sources back to rivers, groundwater. 

5.2.4. Climate Data  

 metrological data collected from the national metrological agency from the year 2000-

2019 used to determine basic hydrologic parameters in the study area. The collected data 

consists of daily precipitation, temperature, wind speed, and humidity. Collected data 

processed into monthly average rainfall, temperature, humidity, and wind speed 
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calculated in WEAP from daily data for Awash Awash, Keleta, Kessem, and Awash Arba 

sub-basin  

5.3. Dynamic Link Between WEAP and MODFLOW Model 

The modeling components MODFLOW and WEAP are dynamically linked so that for 

each time step, results of the one model are transferred as input data to the other. 

MODFLOW calculates groundwater recharge, river stage, and the remaining water 

balance components. Contrary to MODFLOW, WEAP does not consider any spatial 

relationship between its interior model elements like groundwater nodes, sub-catchments, 

land use classes, or rivers.  

To link these two models, LinkKitchen developed by Federal Institute for Geosciences 

and Natural Resources (BGR) in Hannover, Germany, and uses as the dynamic link 

between WEAP and MODFLOW based on a lookup table which acts as a dictionary 

between elements in both modeling software. Linkage shapefile or linkage file created in 

link kitchen as  GIS shapefile. The linkage file must contain both models' information and 

act as a dictionary between  WEAP and MODFLOW to address the correct MODFLOW 

grid cells, and that MODFLOW results are assigned to its corresponding WEAPelements  

The linkage file is filled with all necessary parameters before linking the MODFLOW 

model to the WEAP model. LinkKitchen permanently designed to assist the setup of the 

linkage shape file without the need of further GIS and spreadsheet-software. It provides 

all necessary functionality for producing the linkage file and for its attribution. 

Furthermore, it allows direct parameterization of the WEAP-model based on linkage file 

attributes. 

LinkKitchen is permanently connected to WEAP and provides direct access to WEAP 

elements used for the setup. Thus, the linkage file's parameterization is done with a few 

mouse clicks and makes manual typing redundant(Huber, 2013). After the link file 

created and all necessary information has given to it, the link file has been copied together 

with the MODFLOW model files underneath the WEAP areas’ subdirectory and loaded 

as a vector layer in the GUI’s “schematic “view. Now the link file is added as a 

background layer, and the MODFLOW name file is specified, MODFLOW and WEAP 

are ready to be linked by activating the link to the MODFLOW groundwater model 

screen. As a convenience for the models that include the MODFLOW river (RIV), drain 
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(DRN) packages, WEAP can try to guess which WEAP river reaches correspond to each 

river or drain cell, based on proximity to the digitized rivers in the schematic view.  

After the link, a file has been chosen, and fields within it containing the linkage 

information have specified, WEAP will link the MODFLOW cells to the WEAP modules. 

Linking WEAP and  MODFLOW models have an advantage that instead of in simulating 

an aquifer as a reservoir in the WEAP model,all the details from the mudflow can be fed 

into WEAP model. The water table and drawdown and aquifer levels are traced at 

different time steps and an additional allocation of the surface and groundwater 

resources(Ahmadi et al., 2018).   

 

Figure 5.2: MODFLOW- Linkage File Report in WEAP 

5.4. Model Calibration and Validation 

 After all, the system represented in the schematic and all data entered, model results 

calculated. Then the calibration process commenced to compare WEAP results with 

historical observation and modifying model parameters to improve its accuracy. The 

calibration process performed by the WEAP linkage called PEST (parameter estimation 

tool). The simulated results have compared for the naturalized flow at each gauging 
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station (Awash, Keleta, Kessem, and Awash Arba) and model-simulated and observed 

streamflow for calibration for the significant control streamflow gauging stations have 

shown in the figure below. The model's calibration process was performed for 2000-2005, 

and the validation performed for the year 2006 to 2010. The simulated and observed 

streamflow data shows a good correlation whose correlation coefficients (R² ) vary from 

0.5625,0.5836, 0.5267, 0.4638, Kessem, awash Arba, Keleta, and Awash at Melka Sedi, 

respectively. The results of the model calibration and validation are presented in the 

figure 5.3 to 5.10 below.   

 

Figure 5.3: Calibrated Streamflow for Kessem River at Awara Melka Sation(2000-

2005 ) 
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Figure 5.4: Calibrated Flow for Keleta River(2000-2005 )  

 

Figure 5.5:Calibrated Streamflow for the Awash River at (Melka Sedi station) 

(2000-2005 ). 

 

Figure 5.6:Calibrated Streamflow for Awash Arba River at Nura Hera 

Station(2000-2005 ). 
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Figure 5.7: Validated Streamflow at Awash Arba River for year(2006-2010 ) 

 

Figure 5.8: Validated Streamflow for the Awash River at Melka Sedi gauging 

Station for the year (2006-2008) 
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Figure 5.9: Validated Streamflow for Keleta River from the year (2006-2008) 

 

Figure 5.10: Validated Streamflow for Kessem River at Awara Melka Gauging 

station for the year (2006-2008 ) 

5.5. Model Results: Reference Condition(2010-2015) 

The reference scenario is established from the “current account” (is a chosen year to serve 

as a baseline year for the model), to simulate likely evaluation of the system without 

intervention. The reference scenario represents the starting point of the model, which 
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defines the system's current situations. The reference scenario represents the current 

actual situation modeled and projected under the current situation/conditions. The 

WEAP-MODFLOW model results run its monthly simulation for the reference scenario 

from 2010 to 2015 and report future effects on the system. Additionally, Dynamically 

linked WEAP-MODFLOW groundwater balance and hydraulic head for the reference 

year of 2010-2015 calculated and the results visualized by the WEAP. The effects of 

abstraction on the hydraulic head better visualized in WEAP. Figure (5.11) shows the 

three-dimensional groundwater head. The calculated water demands for each demand site 

under the reference scenario is 1.59 BCM. However, the supply source of the water does 

not provide adequate water to meet the demands. Calculated Unmet water demand for the 

reference scenario (2010-2015) is about 435.95, 431.46,430.81,425.53,422.99 and 420.89 

MCM for 2010,2011,2012,2013,2014 and 2015 respectively.the result indicates that the 

unmet water demand slightly reduced between 2010 and 2015. it is due to relatively 

higher rainfall during these years. 

 

Figure 5.11: 3D View of Computed Groundwater-surface 

5.5.1. Total Water Demand Under the Reference Scenario   

The model results provide the estimation of monthly and annual water demand for 

different sectors. Domestic, irrigation, livestock, and industry are among the primary 
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water users in the basin. The total annual water demand for the sectors mentioned above 

is discussed below. 

5.5.2. Irrigation Demand 

In this study, ten major irrigation schemes were considered. In these irrigation schemes, 

plants like sugarcane, fruit, vegetable, cotton are the main plant's varieties produced in the 

study area owned by private farmers and state-owned companies. WEAP calculated the 

annual water demands for the reference condition (2010-2015) for each irrigation site in 

the catchment. The results show that irrigation is the primary water user in the study area, 

which comprises 96% of the total water demands (1.53BCM). Figure (5.12)shows the 

WEAP modeling result of annual irrigation water demands under the reference scenario. 

Most of the irrigation sites belong to the Awash-Awash sub-catchment(the largest sub-

basin in the study area). Irrigation sites found in this sub-basin shares about 

86%(1.31BCM) of water from the total annual water needs for irrigation. The other 

14%(0.22BCM) used by other irrigation sites in Keleta, Awash-Arba, and Kessem. Sub-

basin. Among the irrigation sites, Wonji Irrigation schemes use a considerable amount of 

water(472.6MCM). On the contrary, Kessem irrigation requires the lowest amount of 

water(22.11MCM). 

 

Figure 5.12: Total Annual Irrigation Water Demand (not including lost)  Under 

Reference Condition 
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5.5.3. Domestic Water Demands 

Domestic demands include water requires for household, schools, hospitals, hotels, public 

facilities, offices, etc., and calculated as an aggregate in this research. In the study area 

water is drawn from both surface and groundwater to meet the domestic needs of rural 

and urban areas. WEAP calculated the annual domestic water demands during the 

reference condition (2010-2015) for rural and urban areas in the catchment. Annual water 

use rate of 9.125cubic meter/year and 29.96 cubic meter/year used for rural and urban 

respectively to calculate the total domestic demand of the catchment. The result shows 

that the domestic water use sector comprises three percent(41.42MCM) of the total water 

demands (1.59BCM). From total domestic demand (41.42MCM), Awash Awash Sub-

basin domestic demand shares  about 12.59MCM of water, Awash Arba sub-basin shares 

6.48Mm3, Keleta takes 7.42MCM, Kessem sub-basin needs 4.77MCM of water to meet 

the dometic needs, and Adama town(domestic + industrial) water demands is 10.16MCM. 

table(5.2) shows total annual domestic demands of rural and uran area for each 

catchement  and adama town.although the population of urban areas is lower as half of 

rural populatin, domestic demand for the rural and urban areas is almost equal. This is 

because the water use rate of urban is higher than rural area.  

 

Table 5-2: Total Annual Domestic Demand at Sub-catchmement Level.
 

Sub-

catchment 

 Population(2015) Annual water demand 

(MCM) 

Awash 

Awash 

Urban 156339 4.68 

Rural 866039 7.91 

Awash Arba Urban 57490 1.72 

Rural 521822 4.76 

Keleta Urban 106416 3.19 

rural 464012 4.23 

Kessem urban 66069 1.98 

rural 306165 2.79 

Adam  town 338,940 10.16 

Sub-total  urban 725,254 21.73 

rural 2158038 19.69 

Total(Urban+rural) 2883292 41.42 

5.5.4. Livestock Demands 

In this research the total water requirement for the basin livestock was calculated by 

taking the average annual drinking water requirement for each livestock and multiplying 
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it with each animal type. The consumption rate and the number of animals kept constant 

for the model simulation. Calculated Annual livestock water demand was 5.11MCM, 

5.09MCM,5.44MCM, and 5.34MCM for Awash Arba, Awash Awash Awash, Keleta, and 

Kessem sub-catchments, respectively. Thus, 21MCM.of water is required to feed the total 

livestock population of  5202947. 

Table 5-3:Average Annual Water Use Rate for each Livestock Type. 

Average annual water demand for each livestock type 

Livestock type Total pop. Of 

livestock (2015) 

Average annual Water 

use rate(cubic meter) 

Average annual water 

demand(MCM) 

Cattle 1531734 9.13 14 

Sheep 1023819 1.46 1.49 

Goat 827710 1.46 1.21 

Equines 414870 7.3 3.03 

Camels 66081 18.25 1.21 

Poultry 1338733 0.05 0.067 

Total  5202947 - 21 

5.5.1.4 Industrial water demands 

 Food processing, packing, and sugar factory are among the leading industry that 

consumed water in the study area. Calculated annual industrial water demands for the 

basin was about 1.35MCM. 

5.5.5. Supply Delivered  

The number of water supplied to demands, listed by the source or destination (demand 

sites). When listed by destination, the amounts reported are the actual amounts reaching 

the demand sites, after subtracting any transmission losses(Sieber et al., 2011).  About 

74% of water was delivered to demand sites. The annual amount of water delivered to all 

demand sites for the year 2010 was 1.18BCM. in the results of the figure 5.13, the 

maximum water supply delivered in September(130.13 MCM) and minimum water 

delivered to demand sites in February(36.95).  
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Figure 5.13 Reference Scenario :Average Monthly Water Delivered to the Demand 

Sites. 

5.5.6. Unmet Water Demands  

Unmet water demand is the amount of water required but not supplied from the source. It 

is useful to know the magnitude of the water shortage(Sieber et al., 2011). Unmet 

demands occur due to the amount of water used by the other sector, supply source 

prbolems, and water use disparity in the upstream and downstream water users.. Water 

allocation to demand sites in WEAP is done through linear programming solution of the 

water allocation problem. Therefore demand site satisfaction is maximized subject to the 

the mass balance, supply preferences, demand priority and other constraints. In the the 

result of figure 5.14, all demands are not met and the calculated unmet water demand for 

the study area was 435.95, 431.46,430.81,425.53,422,99, and 420.89 MCM for year 

2010, 2011, 2012, 2013,  2014, and 2015. On an average, maximum water shortage 

demand registered from January to April for demand sites(figure 5.15). as it is clearly 

shown in figure 5.14 Kessem irrigation uses need extra source of water to overcome huge 

water defieceny throughout the year.  
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Figure 5.14:Annual Water Demand Under Reference Condition(2010-15) 

 

Figure 5.15:Monthly Unmet Demand for the Reference Condition (2010-15). 
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6. Model Results:  Scenarios 

6.1. Introduction 

the scenario is the central part of the WEAP model. It is defined as an assumption that 

forms the basis for the projections, and Scenarios are self-consistent story-lines of how a 

future system evolves in a socio-economic setting and under a set of policy and 

technology conditions.  The scenario addresses a broad range of “what if” questions, such 

as what if population growth and economic development pattern change, what if 

groundwater fully utilized, what climate change alters the hydrology, what if a more 

efficient irrigation technique implemented(Stockholm Environment Institute (SEI), 2015).  

The study's different management strategies were defined in the scenario, and the impacts 

they impose on the water system were evaluated in a 30-year time horizon (2001-2030).  

6.2. Why and Which Scenario 

The current population in Ethiopioa counts over 100 million, and the number of people is 

increasing at an alarming rate(UNDP, 2018). Population growth affects the water 

resources system of the country(OPM, 1993). Hence, it is essential to analyze the effects 

of the population growth scenario. In addition to population growth, the country 

experiences good advancement in economic growth. As the need for economic 

development increases, water utilization also increases. For instance, in different parts of 

the study area, the expansion of existing irrigation schemes and new irrigation schemes 

require more water utilization of both surface water and groundwater. In this study, the 

effects of the development of irrigation schemes on groundwater are evaluated. Climate 

variability also dramatically affects the water resource system. as a result, a change in 

temperature and precipitation pattern over time assessed in scenario analysis. This study 

tries to answer the question “what if “the regulation of water resources is applied. And 

finally, a Meta scenario was developed to analyze the effects of multiple conditions that 

put water resources under stress. The results of all management plan defined below 
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Figure 6.1.1: Scenario Diagram 

6.2.1. scenarion one: Population Growth scenario 

One of the dominant factors affecting the water supply and demand is population. The 

trend of population growth in the future may not be the same as today. Hence it is 

essential to consider the effects of population growth on the supply-demand of water 

resources. Population growth affects water supply system of both rural and urban. In this 

study the population growth rate was set to 2.62% (CSA) per year to evaluate the 

population growth scenario. The domestic water demand for the rural and urban 

population is determined by applying a per-capital consumption rate of 9.13 and 29.96 

cubic meters per month. The total domestic water demand was calculated for each sub-

catchment by adding rural and urban water consumption. WEAP calculates the projected 

total water demands under the population growth rate for the basin. The results show a 

significant increment of water demands about 3% after 2020 as a result of population 

growth relative to reference (figure6.2). at the current rate of demand, the study area 

requires approximately 1.64 BCM yer year by the end of 2030. 
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Figure 6.1.2 Population growth scenario: total water demand 

additionally, As it is shown in the figure(fig 6.3) the needs for domestic porpose increase 

significantly in the study area as the population is presently growing on a higher basis. 

Water demands for the domestic purpose computed in the WEAP model at sub-catchment 

level shows the largest sub-basin which is Awash-Awash sub-catchment needs huge 

amount of water to meet the domestic demands. There is an increment of domestic water 

demands in 2030 under a high population growth scenario relative to reference scenario. 

Accordingly, the projected domestic water demand for Awash Arba, Awash Awash, 

Keleta, Kessem, and Adama town is 14.09, 27.34, 16.22, 10.3, and 22.06MCM per year, 

respectively for 2030. Total domestic demand under population growth scenario 

estimated to increase about 23% relative to reference scenario after 2020. 
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Figure 6.1.3 Population growth scenario: Total Annual Domestic Demand 

Projection Under Population Growth Scenario at the Sub-catchment Level. 

An increase in the number of Population in the study area increases the water demands 

which causes water defieciency. Computed unmet demands under Population growth 

scenario rises from 451.02 to 469.56 MCM between year 2020 to 2030. The average 

annual unmet water demand under population growth is 57.9 MCM more than reference 

by the end of 2030.  In Figure 6.4 january recorded the highest water deficit of 100.33 

MCM for the whole carchment in 2030,  and followed by February and march at 90.01 

and 80.3MCM respectively. On ther hand the lowest unmet water demand recorded in 

September wchich 3.43 MCM. 
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Figure 6.1.4 Population growth scenario: monthly unmet water demand 

Most parts of the catchment is marked by arid to semi-arid climatic conditions in which 

the groundwater is the main source of drinking water especially during dry season. As a 

results the population growth greatly affects groundwater resources of the catchments. In  

the resuts of figure 6.5 the groundwater storage decline relative to reference. 

 

Figure 6.1.5 Population Growth: Groundwater storage relative to reference 

6.2.2. Scenario two: No infrastructural Limitation 

In order to manage water resources of certain area it is important to look at the over all 

basin and include all the elements in the basin that can affects and affected by water. 

Among the major aims of managing water resources is to safeguard human health whilst 

maintaining sustainable aquatic and associated terrestrial ecosystems. It is therefore 

important to quantify and identify the current state of, and impacts on, water environment 

and how these are changing with time(Kristensen, 2004)  in the study  area, water 

availability problems occur when demand for water exceeds the amount available during 

a certain period. The sectorial water users (driving force) from agriculture, livestock 

industry and households put pressure on water availability of the catchment. Measures( 

response) to increase the amount available water include the construction of storage 

reservoirs to safeguard supplies when the oother sources are stressed. Other measures are 

aimed at water use restrictions, Alternative supplies, subsidized water prices, demand side 
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management, planting waste water treatment or reducing of water leakage in distribution 

in distribution systems. In this study the responses are modeled as various scenario( No 

infrastructural limitation scenario , and alternative supplies for irrigation( groundwater for 

irrigation scenario). Koka reservoir and Kessem reservoir are multifunctional 

Infrastructure that are constracted  to regulate the water flow and control flooding risk 

during rainy season. the first one constructed for hydropower production and the latter 

one built for the irrigation purposes. The effects of these structure analyzed under No 

infrastructural limation scenario and the result shows great reduction in monthly average 

unmet demand in the catchment for the simulated period as compared to the results 

obtained from the reference scenario (figure 6.6). on average, unmet water demand 

dropped more than 5%  from 412.1 to 391MCM in this scenario, which is experienced in 

in 2030. This indicates that the construction of those dam reduce water scarcity situations 

downstream of the catchment. 

 

Figure 6.1.6:No infrastructural limitation Scenario: Unmet water demand 

6.2.3. Scenario three: Population growth and No infrastructural Limitation 

The effects of population growth on the availability of water resources of basin was 

analyzed separately under section 6.2.1  and the measure( responses) to the pressure on 

water resources was analyzed under no infrastructural limitation scenario(section 6.2.2). 

in this section the combined effects of  two scenario will be discussed.this scenario 

answer the question “ what will happen if the measures or responses has be taken to the 

growing  population). population growth is the driving forces that put water resources 

under pressure and infrastructure is the response measures to compacts the pressures 
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arisen on the water.The results in figure 6.7 shows that water demand of the basin 

increase under this scerario. There is change in Water demand under no infrastructural 

limitation scenario and it is similar with reference scenario.but water demand 

significantly increase under population growth scenario. Generally, water demand under 

combined scenario is similar with water demands under population growth scenario. On 

the other hand, analysis of this scenario indicates that the water scarcity situation will be 

reduced compared to reference (figure 6.8).  

Additionally, the likely effects of combined scenario (population growth and no 

infrastructural limitation scenario) on groundwater resources of the basin was analyzed. 

The result depicts that the increase in groundwater abstraction causes a remarkable 

decline in water level. About 17m reduction in groundwater level will occur under this 

scenario( figure 6.17). in the results of figure 6.18 groundwater storage is declined in this 

scenario with repect to reference. 

 

Figure 6.1.7 Population growth and No infrastructural Limitation: water demand 
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Figure 6.1.8 Population growth and No infrastructural Limitation: water demand 

6.2.4. Scenario four: Climate Scenario 

Climate change refers to changes in the mean and or variability of climate’s properties 

that persist for an extended period, typically decades or longer, due to natural variability 

or as a result of human activity(Oakes, 2009). The increased frequency of extreme 

climatic events like intense storms, heavy rainfall, and droughts impacts water resources 

availability and demand. Climate change affects the rate of evaporation, groundwater 

storage, and runoff components. Climate change scenarios were incorporated in the 

WEAP-MODFLOW dynamic linkage using change factors for temperature and 

precipitation projections for the sub-basin for the period of the 2030s representing near 

future scenarios. Scenarios draw from the analysis by  (Taye et al., 2018) using global 

climate models selected for representativeness for the Awash basin for the period 1981-

2005. In the study, average monthly change factor for temperature and three precipitation 

projections representing high, medium and low precipitation scenarios were used based 

on 75
th

, 50
th

, and 25
th

 percentile from climate model outputs (Table 6.1).  

Table 6.1-1 Projected change factors for Precipitation and Temperature for 2030s 

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

High 25% 22% 25% -6% -6% 8% 6% 7% 6% 25% 25% 20% 

Medium 19% 8% 20% -10% -8% 7% 5% 5% 2% 25% 25% 8% 

Low -5% -24% 0% -13% -10% -10% 4% 4% -11% 18% 6% -25% 

T change 

(°C) 0.89 0.87 0.72 0.90 1.11 0.89 0.87 0.88 0.66 0.85 0.70 0.73 

Rainfall and temperature along with other factors, significantly affect the hydrology of 

the basin, which in turn affects the availability of water for various water sectors. In this 

study, three rainfall scenarios and one temperature scenario analyzed for the study area. 



 

 

 

75 

 

The model result illustrates that total water demand under the climate scenario is the same 

as the reference scenario. Projected annual water demands is  1.59 BCM  for all climate 

scenarios. On the other hands, the results of unmet water demands analysis shows that the  

water defiecency is reduced under HPPT scenario and MPPT scenario also reduce water 

defiecency while, LPPT scenario excarbate the water defiecncy.in case of temperature 

scenario unmet water demand is almost similar with the reference scenario(figure 6.9).  

 

Figure 6.1.9 Climate scenario: Unmet water demand 

6.2.5. Scenario five: Meta Scenario 

The combined effects of population growth, precipitation, and groundwater abstraction 

for irrigation was analyzed under META scenarios, and the results show water demand 

increases significantly from 2020 to 2030. Figure 6.10 illustrate the comprasion of total 

water demand of Meta scenarios, with reference scenario. Thus, water demand forcasted 

to rises for period of 2020 to 2030.  The result of unmet water demands under this 

scenario depicts that the water deficit will be increases(figure 6.11).  
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Figure 6.1.10META Scenario: water demand 

 

Figure 6.1.11: Meta Scenario:Umet water Demand 

6.2.6. Scenario six: Groundwater for Irrigation Scenario 

Irrigation is the most crucial water use sector accounting for about 70% of the global 

freshwater withdrawal, and 90% of consumptive water uses(Siebert et al., 2010). in the 

middle awash, surface water is the most dominant source of water used for irrigation 

purposes. The expansion of irrigation schemes and climate variability shifts the water 

usage to groundwater. The increasing demand for water for irrigation increases 

groundwater abstraction in the Basin. Groundwater abstraction for irrigation is an 

excellent boost for the water demands of the basin; thus, The projected total water 

demands under groundwater for irrigation reduced from 1.59MCM to 1.26BCM(figure 
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6.12)  which means 21% of surface water will be saved relative to the reference scenario. 

The saved water (330MCM) will supply other demand sectors downstream of the 

catchment. The analysis of unmet water demand for this scenario indicates that  

alternative water supplies for irrigation (groundwater) will significantaly reduce water 

stress in all other sectors in the in catchment. Thus, annual unmet will be decreased from 

411.63MCM to 284.47 MCM at the end of 2030 (figure 6.14) . On the other hand, the 

abstraction of groundwater for irrigation causes a decline in groundwater storage. 

However, uncontrolled groundwater abstraction causes a decline in groundwater storage 

in figure 6.13. 

 

Figure 6.1.12: Groundwater for irrigation Scenario: Annual Water Demand  

 

Figure 6.1.13: Groundwater for Irrigation Scenario:Groundwater storage decline 
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Figure 6.1.14 Groundwater for irrigation Scenario: unmet demand 

6.3. Comprasion of all Scenario  

The analyses if WEAP model results the clearly indicates that the water demand of the 

catchments is projected to rise until 2030 as a results of population growths. Figure 6.15 

and Table 6.2 illustrates that incase of scenario one (population growth scenario) and 

scenario three (population growth and No infrastructural limitation scenario) the entire 

basins would requires the highest amount of water for the forcast period of 2020 to 2030. 

Water demand forcasted to rises from 1.62 to 1.64 BCM between 2020 to 2030  under 

scnarion one (population growth) and scenario three (population growth and no 

infrastructural limitation)  which means water demands rises at the rate of  about 3% per 

yaer with respect of reference. Additionally, water demands will be increases by 2% ( 

from 1.59 to 1.62) per year under Meta Scenario.Scenario two( No infrastructural 

Limitation Scenario) and scenario four (Climate Scenario) would require the similar 

water quantities (1.59BCM yer year) with the reference scenario for the forcas period of 

2020 to 2030.On ther hands, scenario six(groundwater for irrigation sceanrio) requires the 

least water demand(1.26BCM  per year). From the analysis of unmet water demands of 

the basin sever water scarcity will be occur under Meta scenario. This would followed by 

Population growth scenario and LPPT scenario. On the contrary, minimum water deficit 

will be occur under groundwater for irrigation scenario. Water scarcity problems will 

solved to some extent next to groundwater for irrigation scenario if high pricepitation 

registered(HPPT scenario) in the future. Generally, the demands for water in the area will 

not filled  100% in all cases figure 6.16.  
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Figure 6.1.15: Forcasted Water Demand under all Scenario for 2020 to 2030 

Table 6.1-2: Forcasted Water Demand under all Scenario for 2020 to 2030 

 

Figure 6.1.16:  Projected umet water demand for period of 2020 to 2030 
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the impacts of water abstraction for different purpose was analyzed by linking WEAP and 

MODFLOW. The coupled model helps WEAP model improve the results of water 

abstraction on the aquifer level and shows them in the form of distribution.groundwater 

levels and groundwater storage. Thus, the result shows that the maximum of 17m 

groundwater level decline of about of 17m  under population growth combined with no 

infrastructural limitation scenario. Additionally,decline of groundwater level by about 

14m forcasted under META scenario. Figure 6.17 shows the likely impacts of 

groundwater abstraction on groundwater levels. Abstraction of groundwater also causes 

decline in groundwater storage. Although using groundwater for irrigation as an 

alternation supplies sources boosts the availibility  of water for sectorial users, 

uncontrolled abstraction will cause severe decline in groundwater storage as shown in 

figure 6.18. 
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Figure 6.1.17 (A and B): likely impacts of groundwater abstraction on groundwater 

levels.   

Figure 6.1.18: groundwater storage decline 

6.4. Model Limitation 

Every model has its limitation. The model's primary drawback is that they are 

“idealizations “or “simplification” of reality and cannot replace reality. Although the 

model selected address most relevant problems related to water resources in the study 

area, the models’ intrinsic characteristics limit the realistic representation of specific 

elements of water scarcity and water management  

The types of uncertainties presented throughout the model process can be associated with 

data quality. The hydrologic modeling applied (the calibration parameters may not 

represent the actual catchment) with simplified model assumptions.  

One of the model's uncertainties is associated with data quality is the poor-quality 

metrological data with missing data need to be filled by the extended simplified methods; 

this, in turn, increases the uncertainties to the model. 

Although irrigation water requirement calculated by cropwat  software considering all 

irrigation scheme uses furrow irrigation, some irrigation schemes like sugar plantation 

uses sprinker and pivot. So the water requirement for these irrigation may be lower than 

that of furrow irrigation. 
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During the model's calibration, only a few sensitive model parameters were used, which 

may not represent the actual catchment, and this also leads to the uncertainty on the 

model results. 
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7. Conclusion and Recommendation 

7.1. Conclusion 

The analysis and simulation of dynamic surface and groundwater modeling conducted in 

the Middle Awash basin through the primary function of the MODFLOW-WEAP model 

to explore the impacts of natural and anthropogenic problems on surface water 

groundwater resources. The first model, MODFLOW, generates outputs of hydraulic 

head and groundwater budget. The results of the sensitivity analysis indicate that the 

model was sensitive to hydraulic conductivity. The calibration for the MODFLOW model 

uses the observed head in the observation wells. The calibration results give good 

correlation coefficients (𝑅2 ) of 0.9977 and RMSE was 11.53 m. the second model, 

WEAP, performs the water balance computations with a monthly time step. Different 

water users like agriculture, Domestic, industrial, and livestock are considered in the 

model. The calibration processes of the WEAP model use streamflow data from four 

rivers: the Awash main river, Keleta, Kessem, and Awash Arba river from 2000 to 2010. 

The domestic and agricultural demand increase to the year 2030. Population growth 

scenario and population growth, coupled with no infrastructure limitation scenario, were 

analyzed. The total water demand for different water users calculated under different 

scenarios. The model results under reference scenario indicate that the overall domestic 

needs, industrial needs, livestock demands, and irrigation demands were 

41.42MCM/year,1.35MCM/year, 21MCM/year, and 1.53BCM/year Respectively. On the 

other hand, the monthly and annual unmet water demand analyzed for all demand sites 

under different scenarios.   

 The future water supply-demand projection was estimated through analysis of different 

management scenario. Water demand shows an increasing trends under population 

growth, META scenarios, and population growth coupled with no infrastructural 

limitation sceanrio  on the other hands, water demands decreased subsentially under 

groundwater abstruction for irrigation scenario. The climate scenario was analyzed to 

assess the impacts of climate changes on the middle awash basin's water resources. The 

effects of climate change investigated under four climate scenarios: three precipitation 

scenarios (high, middle, and low precipitation) and one temperature scenario. unmet 

water demand decreased in high and medium precipitation scenarios. On the other hand, 

unmet needs increase in the case of low precipitation scenarios. 
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Unmet water demand calculated was 313.01,358.81,445.25,416.65 and 411.63 MCM for 

high precipitation, medium precipitation, low precipitation, temperature, and reference. 

The impacts of groundwater abstraction for irrigation on the groundwater storage and 

hydraulic head analyzed, and the results show a significant decline in groundwater 

storage. 

Generally, the model's result indicated the projected demands not fully met, and the water 

supply coverage will become lessen and lessen over time. Increasing water demands due 

to increased population and expanding irrigation schemes are the driving force in creating 

the water scarcity in the catchment. The abstraction of groundwater for irrigation adds the 

values to water demands but leads to immediate decline to groundwater storage and head.  

7.2. Recommendation 

The study provided valuable information on future water resources management and 

planning in the middle awash basin. Based on the results and analysis of different 

parameters, the recommendation draws as follows.  

 Irrigation schemes uses excessive amount of water so it is necessary to improve 

irrigation effieciency to reduce reduce water loss. 

 Population growth, expansion  of industrial and irrigation schemes ecreases water 

demand and may cause conflict between upstream and down stream water users 

specially during dry season, so there is need to balance water supply and demand 

in the catchment. 

 There is a need to control the unregulated abstraction of surface water and 

groundwater in the catchment to reduce water scarcity. Effective, sustainable, and 

coordinated water management should implement. 

 Capturing water during wet season is important to reduce flooding risk and helps 

to reduce water scarcity during dry season. 

 Conjuctive use of surface and groundwater is vital to reduce water deficit, an at 

the same time careful inspection groundwater  is important as excessive usage of 

groundwater cause groundwater storage decline. 

 Different water user users like domestic, agricultural, livestock and industrial 

were considered in the model. Wild animals also use a significant amount of 

water and are not considered in this study. So, the future researcher can evaluate 

the effects of wild animals on the basin's water supply. 
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9. Appendix  

Appendix 1 modflow model inputs  

 A: initial and prescribed hydraulic  head 

 

B: Hydraulic conductivity 
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C: recharge  

 



 

 

 

92 

 

D: Wells  
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Appendix 1 : population projection  
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Appendix 2: river flows  
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Appendix 3: rainfall data 
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Appendix 4: Temperature data 
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