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 ABSTRACT 

Understanding the rate of groundwater recharge is crucial to studies of water availability, 

wellhead protection, contaminant transport, ground-water and surface-water interactions, 

effects of urbanization, and aquifer vulnerability to contamination. The aim of this study was 

to determine the rate of groundwater recharge in the study area at long term monthly temporal 

and 250-meter spatial resolutions by applying the WetSpass-M model, recursive digital filter 

base flow separation, and chloride mass balance methods, and by developing a groundwater 

conceptual model before implementing the recharge estimation methods. 

The multi criteria decision analysis (MCDA) combined the rainfall, soil texture, land use/land 

cover (LULC), lithology, lineament density, drainage density, and slope factors in the GIS 

environment to develop a conceptual model of groundwater recharge to the study area and 

evaluate the appropriateness of the recharge estimation methods selected for the estimation.  

The WetSpass-M model requires the land use/land cover (LULC), slope, soil texture, depth to 

groundwater, and climatological variables (rainfall, temperature, potential evapotranspiration, 

and wind speed) for the estimation of physically distributed groundwater recharge in the study 

area. The base flow separation, on the other hand, used river flow data on 18 river gauge 

stations located at the outlets of the major rivers of the study area. The chloride mass balance 

method requires precipitation amount, chloride concentration in rainfall, chloride concentration 

in groundwater as input datasets.  

The MCDA result showed that both the spatial and temporal characteristics of the groundwater 

recharge potential in the study area was highly controlled by the rainfall characteristics in the 

study area. Similarly, the highest estimations of WetSpass-M and base flow separation methods 

were observed in months and areas that receive the highest rainfall.  

Accordingly, the long term average estimation to the rainy months in the study area (June to 

September) by WetSpass-M model was found to be 10.5 mm, 18 mm, 15.7 mm and 10 mm, 

but by the base flow separation method, it was 3 mm, 5.5 mm, 10.9 mm, and 14.2 mm. Some 

particular areas such as Goro in the western part of the study area, due to their higher and 

extended rainfall characteristics, receive higher amount of groundwater recharge almost 

throughout the year. In Goro, groundwater recharge reached up to 400 mm/yr which was 

around 20% of the average rainfall in that particular location. The long term annual average 

groundwater recharge in the study area from WetSpass-M, Base flow separation, and chloride 
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mass balance were found to be 73 mm (81 BCM), 63 mm (40 BCM), 65 mm (72 BCM) 

respectively. 

The outputs of this study, due to its finer spatial and temporal resolution, can be very useful to 

better understand the characteristics of rate of both the spatial and temporal groundwater 

recharge in the country as well as to studies related to groundwater management, contamination 

susceptibility, landslide, and subsidence.    
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CHAPTER ONE 
 

1. BACKGROUND 

 

1.1. Introduction 

Understanding the rate of groundwater recharge is crucial to studies of water availability, wellhead 

protection, contaminant transport, ground-water and surface-water interactions, effects of 

urbanization, and aquifer vulnerability to contamination (Scanlon et al., 2002). Groundwater 

provides more than 90% of the water supply for domestic and industrial uses in Ethiopia (Kebede, 

Hailu, Crane, Ó Dochartaigh and Bellwood-Howard, 2018). Because groundwater is the safest, the 

most easily accessible, and the most resistant water resource to climatic variations, it is the major 

source of fresh water globally (Simmers, 1990; Clarke et al., 1996). The dependency on the 

resource is even increasing due to population growth and the advancement of aridity (Simmers, 

1990). Globally, it is estimated that 1.3 billion people use groundwater for different purposes 

(Clarke et al., 1996). 

Even though groundwater accounts for 97% of the whole fresh water globally (Nace, 1967; 

Shiklomanov and Rodda, 2003), if it is extracted at a higher rate than its replenishing rate, 

groundwater levels can be declined, the amount of water in streams and lakes can be reduced, 

landslides and subsidence can be triggered (Morris et al., 2003), and ultimately, the ecosystems 

that depend on it can permanently be damaged. Therefore, groundwater utilization requires careful 

and efficient ways of groundwater management practices.  

Nevertheless, groundwater recharge is one of the hydrologic components that are inaccessible for 

direct measurement so that it is among the least understood processes in the hydrologic cycle. On 

top of that, due to the spatial and temporal variabilities of the factors that control groundwater 

recharge in an area (such as lithology, lineaments, slope, land use/land cover [LULC], soil and 

rainfall), its magnitude varies in space and time. Therefore, a lot of groundwater recharge 
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estimation methods, that differ each other in several aspects, have been developed (Lerner et al., 

1990; Simmers, 1997; Scanlon et al., 2002b; Healy and Scanlon, 2010). 

Furthermore, estimated values may incorporate uncertainty due to the inherent characteristic of 

estimation methods, and there is no a standard way to quantify the amount of error associated in 

an estimation. Healy and Scanlon (2010) identified several sources of uncertainties in groundwater 

recharge estimation methods:  Incorrect groundwater recharge conceptual model, improper 

application of groundwater recharge estimation methods and measurement errors. It is from the 

incorrect conceptual model that the most serious error associate to recharge estimations. An 

incorrect groundwater recharge conceptual model to an area can lead to a selection of inappropriate 

groundwater recharge estimation techniques and result meaningless estimates. Improper 

application of an estimation method can result from lack of understanding of the method or poor 

representation of the spatial and temporal variabilities of the input data. Thus, minimizing the 

errors arising from these sources can be considered as a reasonable approach to obtain realistic 

recharge estimates to an area.  

In the study area, there are limited national scale studies on groundwater recharge estimation. 

WAPCOS (1990) implemented multiple methods to estimate the annual groundwater recharge in 

the study area. Chernet (1993) also estimated the annual groundwater recharge in the study area 

by using base flow separation method. Kebede (2013), on the other hand, compiled the annual 

recharge estimations in basin master plan projects and different literatures. However, in the study 

area, the groundwater recharge rate at distributed spatial discretization and monthly temporal step 

has never been studied. Additionally, a development of conceptual model of groundwater recharge 

has never guided groundwater recharge estimations in the study area.  

Thus, this paper estimates the long-term monthly groundwater recharge by using the WetSpass-M 

model and digital recursive base flow separation methods and the long-term annual groundwater 

recharge by using chloride mass balance. Prior to the recharge estimation, a conceptual model of 

groundwater recharge is developed to identify the most important factors that control groundwater 

recharge in the study area as well as evaluate the consistency between the assumptions of the 

estimation methods and the conceptual model developed to the study area. The recharge estimation 

is performed at a spatial resolution of 250 m and temporal resolution of long term monthly average. 

The outputs of this study can be very useful to better understand the characteristics of the rate of 
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groundwater recharge in the country both spatially and temporally as well as to studies related to 

groundwater management, contamination susceptibility, landslide, and subsidence.  

  

1.2. Previous studies 

There are limited number of studies on groundwater recharge estimation in the study area at 

national scale, unlike the numerous studies at catchment levels. WAPCOS (1990) estimated that 

the exploitable annual groundwater recharge in the study area is 2.6 billion m3. This figure 

represents 10% of the total recharge in the country. Chernet (1993) estimated the groundwater 

recharge of the study area by using base flow separation method, and he found that the annual 

average groundwater recharge in the country ranges between 0 and 400 mm. According to the 

global estimations of Döll and Fiedler (2008), on the other hand, the annual average groundwater 

recharge in the study area ranges between 0 and 250 mm. Kebede (2013) compiled all the 

groundwater recharge estimations in basin master plan projects and research papers; consequently, 

he found that the annual average groundwater recharge in the country is 39 mm.  Apart from 

national scale estimations, there are various research papers that estimated groundwater recharge 

at catchment scales: By using WetSpass model (Kahsay et al., 2019; Tilahun and Merkel, 2009;  

Yenehun et al., 2017; Gebru and Tesfahunegn, 2019; Dereje and Nedaw, 2019; Gebreyohannes et 

al., 2013; Gebremeskel and Kebede, 2017; Meresa and Taye, 2018), by using environmental 

isotopes, soil-water balance and chloride mass balance (Demlie et al., 2007; Demlie, 2015), by 

using base flow separation (Abiy et al., 2016; Yimam et al., 2019), and by using multiple 

approaches (Berehanu et al., 2017).  

 

1.3. Research Questions 

Water consumption in the study area is increasing due to fast population, irrigation, and industrial 

growth (FAO, 2016). Since groundwater has higher contribution for consumption purposes in the 

study area, its existing and planned usage are needed to be evaluated to assess if it is being used 

and planned environmentally friendly, which is achieved by an efficient and successful 

groundwater management system. Thus, groundwater management is a huge task and holistic 
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approach. One of the tasks is to determine the rate of groundwater recharge in an area, which is an 

important step to understand groundwater systems and determine a safe yield in an area.  

Accurate recharge estimations are crucial inputs for efficient groundwater management system in 

an area. According to the findings in several researches (Lerner et al., 1990; Simmers, 1997; 

Scanlon et al., 2002b; Healy and Scanlon, 2010), recharge estimations approach to real recharge 

rates in an area when uncertainties in estimations are minimized. Thus, this study seeks to 

determine the real amount of groundwater recharge in the study area by implementing methods 

that can minimize uncertainties in estimations. The methods implemented are as follows: 

1) Implementing multiple groundwater recharge estimation methods in the study area. 

Different estimation methods, due to the difference in their conceptual frameworks, input 

datasets and so forth, produce different results that can be considered as different aspects 

of the groundwater recharge characteristics in the study area. This in turn could lead to 

better understanding of the rate of groundwater recharge in the study area.  

2) Developing a conceptual model of groundwater recharge to the study area. The major 

source of uncertainty in an estimation arises from the inconsistency between the conceptual 

model of groundwater recharge and the assumptions inherent to the estimation methods 

applied in the area (Healy and Scanlon, 2010). Therefore, a conceptual model of 

groundwater recharge was developed to the study area, and a comparison was carried out 

between the model and the assumptions of the estimation methods to guide and evaluate 

the output of the groundwater recharge estimations.  

3) Setting finer spatial and temporal resolutions in the estimation methods to achieve a better 

representation of the study area. Lack of a better representation of a study area is identified 

as one the major sources of uncertainty in recharge estimations (Healy and Scanlon, 2010). 

Thus, this study selected a temporal resolution of long term monthly average and a spatial 

resolution of 250-meters. From the monthly recharge outputs, it is possible to obtain 

seasonal and annual recharge rates in the study area. On the other hand, the 250-meter cell 

recharge values provide detailed view of the rate of groundwater recharge characteristics 

in the study area. 
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1.4. Objectives 

 

1.4.1. Main Objective 

The main objective of this study is to estimate the long term average monthly groundwater 

recharge in Ethiopia by using multiple groundwater recharge estimation methods: the WetSpass-

M model, recursive digital filter base flow separation method, chloride mass balance method. 

 

1.4.2. Specific objectives 

 To develop a conceptual model of groundwater recharge for the study area showing the 

groundwater recharge potential both in the spatial and temporal domain. 

 To estimate the long term monthly average groundwater recharge in the study area by using 

the WetSpass-M, recursive digital filtering base flow separation method, and chloride mass 

balance method. 

 To compare the outputs of the estimation methods for the purpose of understanding 

groundwater recharge characteristics in the study area. 

 

1.5. General methodology 

The study implemented multiple recharge estimation methods requiring different input datasets, 

producing different outputs, and being organized in such a way that treating the research question 

logically (Figure 1.1).    

The initial step of the study dealt with developing a conceptual model of groundwater recharge for 

the study area. The model development required the identification and integration of the input 

factors that control groundwater recharge in the study area for the purpose of modelling 

groundwater recharge in the study area: Rainfall, land use/land cover (LULC), soil texture, 

lithology, lineament density, slope, drainage density. Then, the conceptual model was used to 

select the groundwater recharge estimation methods appropriate for the study area based on the 

degree of consistency between the conceptual model and the assumptions inherent to the 

estimation methods.  
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In the next step of the study, the groundwater recharge of the study area was estimated by using 

the estimation methods selected in the previous process. The selected methods (the WetSpass-M 

model, recursive digital filtering base flow separation method, and chloride mass balance method) 

differ in their conceptual framework, data requirement, and the hydrological zones where they are 

applied. The WetSpass-M model, because of its conceptual framework of the water balance 

equation, is applied on the surface of the earth so that it estimates not only groundwater recharge 

in an area but also actual evapotranspiration and surface runoff. It requires land use and land cover 

(LULC), soil texture, slope, groundwater depth and meteorological datasets (rainfall, temperature, 

potential evapotranspiration and wind speed) as model inputs. The recursive digital filter base flow 

separation method, on the other hand, requires the river flow time series data. The chloride mass 

balance method requires precipitation amount, chloride concentration in precipitation, and chloride 

concentration in groundwater as input datasets.   

Lastly, the outputs of the estimation methods were compared each other to understand the 

characteristics of the rate of groundwater recharge in the study area.  

 

1.6. Significance of the research 

The study area is wide and has complex topographical, geological, hydrological and 

meteorological setting (Billi, 2015). Therefore, there are many studies that address the different 

issues in the study area. Similarly, this study would have a lot of significance to the issues related 

to the groundwater resource in the study area. Some of the significances of the study are mentioned 

as follows.  

In the study area, there are limited number of studies on estimating groundwater recharge at 

national scale, and on top of that, there is a huge gap among the estimated values. In fact, huge 

variation is the inherent characteristics of estimated values since there are several uncertainties 

involved in the estimation process. Therefore, a lot of researches that differ in their methodologies 

have to be conducted in the study area to determine the real amount of groundwater recharge in 

the study area. Accordingly, the outputs of this research are believed to have enormous 

contribution to determine the real amount of groundwater recharge rate in the study area. 
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Ethiopia is dubbed as ‘the water tower of east Africa’ because of its enormous water resource 

potential and its large international rivers (Abbay, Tekeze, Baro, Mereb, Omo, Genale and 

Wabishebelle) that originate at the central part of the country and flow out to neighboring countries 

following elevation gradient. On the other hand, the country has been affected by recurrent drought 

and have not met the water needs of its urban and rural population (Berhanu, Seleshi and Melesse, 

2014). The reason for this paradox can be attributed to the limited understanding of the water 

resource of the country which includes its diurnal, seasonal, and annual characteristics as well as 

its dynamics to climate changes. Groundwater resource quantification in an area requires the 

determination of groundwater recharge. Therefore, this study could contribute a lot to the studies 

that aim to quantify the groundwater resource in the study area. 

Currently, groundwater is the dominant source of water for all the water requirements in the study 

area (Kebede, Hailu, Crane, Ó Dochartaigh and Bellwood-Howard, 2018). This reality necessitates 

the implementation of an efficient and scientific groundwater management practices in the study 

area. Otherwise, groundwater systems could be disturbed, and the living things that depend on the 

system could eventually be damaged. Among the immediate consequences of the mismanagement 

of a groundwater system are the lowering of water table, reduction of water in streams and lakes, 

deterioration of groundwater quality, landslide, and subsidence (Morris et al., 2003). Although 

documentation on the effects of groundwater mismanagement is scarce in the study area, the drying 

of the Haromaya lake in 2005 can be considered as an example in this regard. Therefore, since 

groundwater recharge estimation is one of the requirement in efficient groundwater management 

practices, this study could bring a great contribution to groundwater management practices in the 

study area. 
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Figure 1.1: The methodology flowchart.  
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CHAPTER TWO 

 

2. DESCRIPTION OF THE STUDY AREA 

 

2.1. Location and Physiography 

Ethiopia is a landlocked country in the horn of Africa, located within 3 to 15-degree latitude and 

36 to 48-degree longitude, and neighbored by Eritrea to the north, Djibouti and Somalia to the east, 

Kenya and Somalia to the south, and Sudan and South Sudan to the west. Being 1,127,000 Km2, 

it is the 10th widest country in Africa. The 2007 population census counted the population size to 

be 73.9 million, and projected to be 94 million by 2017. 

Overviewing Ethiopia’s physiography shows that it is a country with a wide elevation range having 

the lowest elevation in Afar (-155 m.b.s.l. at Lake Asale) and the highest elevation in Semein 

Gonder (4620 m.a.s.l. at Ras Dejen). The topography of the country exhibits various geomorphical 

features: Large highlands and shield volcanoes, vast plains, and long, deep gorges, and canyons 

(Figure 2.1). The central part of the country is an elevated, flat-topped highland dissected by the 

great rift system stretched from Jordan to Mozambique through Red Sea, Ethiopia, Kenya, and 

Tanzania covering a total distance of around 6000 km. The part of the highland to the west of the 

Rift system is named western highland, and the other side is named southeastern highland which 

is by far smaller than the western highland (Figure 2.1). The highlands occupy 45% of the 

country’s surface area and have an elevation range between 1000 to 4620 meters. Additionally, 

the highlands, hosting 90% of the country’s population, comprise the country’s high mountains 

such as Mount Ras Dejen (4620 m) and Mount Tulu Dimtu (4383 m), mountain chains such as the 

Seimen mountains and the Bale mountains, and deep gorges such as the Blue Nile gorge and the 

Mekele gorge. The rift segment in Ethiopia is 900 km long and 50 to 100 km wide. It generally 

slopes from south to north and is dotted at its middle section by volcano systems (e.g. Ziquala, 

2989m; Boset, 2447m; Fentale, 2007m), and by volcano tectonic lakes (Ziway, Shala, Langano, 

Abijata, Awassa, Abaya and Chamo). The northern part of the Ethiopian rift system, having 

different names (the Afar depression, Afar triangle, and Denakil depression) consists of the lowest 
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elevation in the country. The height is also the lowest in Africa and the second lowest point in the 

world next to the dead sea (Billi, 2015). The peripheral part of the country is a low land that extends 

from the highlands to the neighboring countries in a gradational slope. 

 

2.2. Climate 

The climate of Ethiopia is controlled by the seasonal migration of the Intertropical Convergence 

Zone (ITCZ) and the associated atmospheric circulations: The Subtropical Jet (STJ), Red Sea 

Convergence Zone (RSCZ), Tropical Easterly Jet (TEJ), and Somali Jet (SJ) (Beltrando and 

Camberlin 1993; NMA 1996). The diverse physiographical composition and marked contrast in 

elevation between areas are also important factors in controlling the climate of the country, 

especially in determining local variations (Fazzini, Bisci and Billi, 2015; Berhanu, Seleshi and 

Melesse, 2014). As a result, the country exhibits a wide range of climate types: From equatorial  

 

 

 

 

 

 

 

 

 

Figure 2.1: Location and physiography of the study area. (Data Source: NASA SRTM) 
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desert to hot and cool steppe, from tropical savannah and rain forest to warm temperate, and from 

hot lowland to cool highlands (Abiye, 2006). Moreover, due to the latitudinal effect, rainfall 

decreases and temperature increases as moving from south to north of the country (Fazzini, Bisci 

and Billi, 2015). 

 

2.2.1. Rainfall 

The rainfall pattern in Ethiopia is controlled by the intensity, position and circulation of the multi-

weather systems that include the Intertropical Convergence Zone (ITCZ), Subtropical Jet (STJ), 

Red Sea Convergence Zone (RSCZ), and Tropical Easterly Jet (TEJ) and Somali Jet (SJ) 

(Beltrando and Camberlin 1993; NMA 1996; Fazzini, Bisci and Billi, 2015; Berhanu, Seleshi and 

Melesse, 2014). The country’s diverse topographical composition and wide elevation range further 

define the local rainfall variation in the study area. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2: Annual rainfall distribution in the study area. (Data source: NMA and FAO) 
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Analyzing the mean annual rainfall distribution in the country shows that there is a distinctive 

spatial rainfall pattern. The east, the southeast, and the northeast parts of the country receive low 

mean annual rainfall (as low as 200 mm), and in the Afar depression, it can reach up to 50 mm 

(Fazzini, Bisci and Billi, 2015; Berhanu, Seleshi and Melesse, 2014). On the other hand, the central 

part of the country and the west highland receive mean annual rainfall of 1200 mm, and some 

specific areas in the western part of the country such as Goro receives more than 2000 mm (Fazzini, 

Bisci and Billi, 2015; Berhanu, Seleshi and Melesse, 2014) (Figure 2.2).  

The temporal rainfall pattern in the country is an imprint of the multi-system weather circulations. 

When the circulation zone is ascending from southwest to northwest of the country during mid-

June to mid-September, which is the main rainy season in the study area (called ‘kiremt’ locally), 

provides high rainfall (yielding up to 350 mm per month in the wettest regions) to large portion of 

the study area that includes central, northern and western part of the country (McSweeney et al. 

2010, Berhanu, Seleshi and Melesse, 2014). As the circulation zone migrates to the southern part 

of the country, during October and November, it provides low rainfall (around 100 mm per month) 

to the south and southeastern parts of the country. When the zone reaches to its southern extreme 

position in the study area, during March to May, it provides 100 – 200 mm rainfall to the south 

and southeastern parts, and little rainfall to the central and northern parts of the country 

(McSweeney et al. 2010, Berhanu, Seleshi and Melesse, 2014).  

The summer rain provides 50% of the annual rainfall in the study area, and of that, the 80 up to 

85% of the rainfall falls on the highlands. Furthermore, the summer rainfall describes 50% of the 

spatial rainfall variability in the country whereas the spring describes 31% (Billi, 2015). 

 

2.2.2. Temperature 

The dominant factor that determines temperature pattern in the country is the topographic 

variation. Thus, the highland and the lowland areas in the country shows significant difference in 

their temperature. However, the temperature readings at each station are consistent throughout the 

year, and it is among the countries that have the most equilibrate and pleasant temperature setting 

in the African continent, except at the Denakil depression, which is an area with extremely high 

temperature, 34.7oC usually and up to 45.7oC at times (Pedgley, 1967; Fazzini, Bisci and Billi, 

2015) (Figure 2.3). 
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The general setting of the temperature distribution in the country shows that the lowest mean 

temperature (14.2 oC) is recorded in the highlands where elevations are over 2300 up to 2600 m 

a.s.l., irrespective of geographic location (Fazzini, Bisci and Billi, 2015) (Figure 2.3). The lowest 

temperature, however, can go as low as to 8 oC, and a few days of frost is a common experience 

in the highlands. One of the lowest temperature record is obtained in the Bale Mountains which is 

usually around – 7 oC. Higher mean temperature is recorded in the rift valley and the lowlands in 

the peripheral part of the country. In the rift, temperature increases as moving from south to north, 

attaining the maximum in Denakil depression. However, in the elevation range between 1000 and 

1500, mean annual temperature is in the range of 20 – 25 oC (Fazzini, Bisci and Billi, 2015). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3: Average temperature distribution in the study area. (Data source: NMA and 

FAO) 
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2.2.3. Wind Speed and Humidity 

Since the horn of Africa is not a cyclone-genetic area, the country is characterized by nearly 

uniform wind speed (Billi, 2015). The spatial variability of the wind speed is also the result of the 

complex physiography of the country (Figure 2.4). Similarly, humidity is controlled by the position 

of ICTZ and physiography of the country, and it is tightly correlated with the distribution of rainfall 

in the country (Billi, 2015). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4: Average wind speed distribution in the study area. (Data source: NMA and 

FAO) 
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2.3. Geology (Geologic history, stratigraphy, formations) 

Ethiopian landmass constitutes complex formations of igneous, sedimentary, and metamorphic 

rocks and unconsolidated sediments which are formed by the geological events and processes since 

Precambrian (Figure 2.5). The major geologic events that happened in Ethiopia are orogeny in 

Precambrian, peneplanation, glaciation and continental breakup in Paleozoic, cyclic marine 

transgression and regression in Mesozoic, huge continental flood basalt eruption and formation of 

rift valley in Cenozoic, and pluvial-interpluvial sediment accumulation in Quaternary (Figure 2.6).  

 

2.3.1. The Precambrian basement complex (Metamorphic rocks) 

The metamorphic rock formations of the study area are formed by the orogeny process that collided 

the West and East Gondwana by closing the Mozambique ocean to form the N–S elongated mega-

collisional structure, the East African Orogen, stretched from Israel to Madagascar in Precambrian 

(Stern, 1994). It resulted two distinctive types of metamorphic formations: The Arabian-Nubian 

Shield (ANS) and the Mozambique belt. The Arabian-Nubian shield is a zone of dominantly low-

grade volcano-sedimentary rocks overlain by metasediments (stromatolitic carbonates and 

diamictites) associated with “Snowball” (Beyth et al., 2003). It is dominantly exposed in the 

northern part of the country. The Mozambique belt is a zone of dominantly of amphibolite and 

granulite facies and gneiss terranes, and it is dominantly exposed in the southern and western part 

of the country. The metamorphic rock formations form the foundation of the Ethiopian landmass 

and underwent denudation for considerable geologic time (Coltorti et al., 2007).  

 

2.3.2. The Paleozoic Sedimentary Rocks 

The next units in the Ethiopian litho-stratigraphy are the lower Enticho Sandstone of the 

Ordovician to Silurian, and the upper Enticho Sandstone and Edaga Arbi glacials of the Late 

Carboniferous to Early Permian glacial epochs (Bussert and Schrank, 2007). They are of 

glaciations and fluvial activities that interrupted the peneplanation of the metamorphic terrains in 

the country in Paleozoic. Although these formations are patchy outcrops distributed throughout 

the country (Jepson and Athearn 1964; Russo et al. 1994), a greater thickness is exposed 

uncomformably overlaying the metamorphic formations in few places such as in Adigrat, an area 

near the border between Ethiopia and Eritrea.  



16 
 

 

2.3.3.  The Mesozoic Sedimentary Rocks 

The Mesozoic era holds most of the sedimentary formations in the country. The onset of the era is 

marked by the formation of the rifted basins (Blue Nile, Karoo, Ogaden), which is the beginning 

stage of Gondwana breakup (Bosellini 1989; Hunegnaw et al. 1998; Gani et al. 2009). The fluvial, 

fluviolacustrine, and deltaic environments in the basins were responsible for the formation of the 

Adigrat Sandstone in Triassic period (Beauchamp 1977; Bosellini et al. 1997, 2001; Wolela 2008). 

The Adigrat Sandstone formation has light grey to red color and is composed of quartz arenites 

with interbeds of conglomerates and intensely pedogenized red mudstones. Its thickness reaches 

up to 700 m at some places and varies at short distances. In most parts of the country, it is usually 

found unconformably resting on the Precambrian or Paleozoic formations, but in the Ogaden basin, 

a probable conformity with the Permo-Triassic Karoo deposites is reported by Hunegnaw et al. 

(1998).  

The next major event in this era was the marine transgression from the northeastern (Paleotethys) 

and eastern (India/Madagascar nascent ocean) side of the country to the Horn of Africa following 

the breakup of Gondwana. The transgression covered large portion of the country, and after it 

regressed out from most part of the country by the end of Jurassic, it remained in cyclical 

transgression and regression in the Ogaden basin until Tertiary. The event, at the different stages 

of its occurrence, formed different types of rock formations that constitute larger portion of the 

sedimentary formations in the country. While the ocean was transgressing into the country, it 

activated transitional and shallow-water marine systems and formed formations of marls, 

evaporates and shales. In the Blue Nile basin, these formations are named as Gohatsion formation, 

and they conformably overlie the Adigrat Sandstones (Blanford 1870; Russo et al. 1994). While 

the transgressed water was resting as a big water body in the country, it formed the thick limestone 

formations in the country, Antalo Limestones or Hamanlai Limestones; its thickness reaches up to 

1000 m. The regression stage was triggered by the faulting and tilting of the Nubian plate in 

Cretaceous, and it formed the Sandstone formation that unconformably rest on the limestone 

formations (Bosellini et al. 2001). This formation, named as Amba Aradam Sandstone, is 

associated with lenses of quartz conglomerates and red shales and, at its base, shows laterites. Its 

maximum thickness is found to be 200 m (Gortani 1973; Bosellini et al. 1999). These sedimentary 
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successions are a bit different and thicker in the Ogaden basin as the marine transgression stayed 

for a longer time in this area. This region exhibits deposits of shales and sandstones (Jesomma 

Sandstones), carbonates (Auradu Limestone), and evaporates (Taleh Evaporites) that were formed 

by the alternation of transitional, shallow-water marine, and open-sea environments which totally 

reach to a thickness of 1200 m (Barnes 1976; BEICIP 1985; Hunegnaw et al. 1998). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5: Geological Map of the study area. (Data Source: GSE and BGS) 

 

2.3.4. Cenozoic Volcanic rocks 

The next remarkable geological event in the study area was the huge volcanic activity and the rift 

valley formation in Cenozoic. The volcanic activity is subdivided into pre and post with respect to 

the rift valley formation. The pre rift volcanic activity, being supplied by large mantle plume, 

formed the huge pile of flood basalts of the central part of the country that are traditionally called 
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‘Trap series’ (following its stair like land form, ‘trap’ means ‘stair’ in Swedish (Blanford 1870; 

Kazmin 1973)) within short period of time, one million years, predominantly in Oligocene 

(Schilling 1973; White and McKenzie 1989). This formation, according to Mohr (1983), has 750, 

000 m2 surface areal coverage and is 350, 000 m3 in volume.  

The trap series, unconformably overling the basement, Paleozoic or Mesozoic formations, 

according to Abbate and Sagri (1980), is grouped into three major provinces based on their 

lithological development, type of activity, frequency of volcanic centers, and age of effusion: (1) 

volcanites of the northern plateau; this group is further subdivided into two (Ashangi and Magdala) 

by Blanford (1870), into four (Ashengi, Aiba, Alaji and Tarmaber) by Zanettin and Justin Visentin 

(1973) and Gregnanin and Piccirillo (1974), and into four (Basal sequence, Upper sequence, 

Shields and Quaternary basalt sequence) by Kieffer et al (2004). (2) volcanites of the southern 

plateau; this group constitutes the Amaro basalts, Gamo basalts, Omo basalts, and Jima basalts. 

(3) volcanites of the Somali plateau; this group constitutes the Arusi basalts and Bale basalts.  

The formation of the rift valley in this region was commenced 25 Ma ago, and formed the rift 

system and the rocks that constitutes the valley. These rocks were collectively named as Aden 

Series (Blanford 1870; Mohr 1962). The Ethiopian Rift System comprises two distinct sections: 

the Afar and Main Ethiopian Rift (MER). The Afar is a quazi triangular area where the three rifts 

(Gulf of Aden, Red Sea and MER) join together forming a triple junction. In its 25 Ma geological 

history, the Afar triangle experienced two major events: continental rifting that began in the Gulf 

of Aden 24 Ma ago and incipient oceanization commenced 4 Ma ago (Barberi et al. 1975). The 

older volcanites in the Afar triangle are the Adolei Basalts, Mabla Rhyolites, and Dalha Basalts; 

associated with these volcanites are the alkaline and peralkaline granites aged 25–22 Ma that 

indicates first stage of continental rifting (Barberi al. 1975). However, it is the Stratoid Series, the 

transitional basalts, that has largest coverage in the area – two thirds of the Afar depression. The 

Stratoid Series lies unconformably on the Dalha Basalts and marks the second stage of the 

continental breakup. The prominent morphological features in the Afar are the NNW – SSE 

oriented axial volcanic ranges – Erta Ale, Tat Ale, Alayta, and Manda Hararo.  
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Figure 2.6: Geological stratigraphic chart with the main geological events. (Modified after 

Billi, 2015) 
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The MER is a NNE – SSW to N – S trending trough having 1000 Km length and 50 to 100 Km 

average width. It is in turn subdivided into three sectors: Northern, Central and Southern. The 

oldest volcanites in MER are shield volcanoes (Chillalo, Badda, Chike, Kecha) of the Mio-

Pliocene age and mark the early stage of the rifting whereas the dominant rocks are Ignimbrites 

(Nazaret Group) and formed as a result of catastrophic eruptions at large calderas such as the 

Munesa caldera (3.5 Ma) (Corti, 2009). The most recent volcanic activity in MER is concentrated 

in the rift axis, and resulted basalt flows, scoria cones, large silicic central volcanoes known as 

Wonji Group and the associated oblique fault belt known as Wonji fault belt (Mohr 1962). 

 

2.3.5. Quaternary Sediments 

Loose sediment deposits are alluvial, lacustrine and colluvial products that are found filling up 

depressions, foothills and low energy stream portions. In the country’s geomorphological context, 

the rift valley and lowlands at the foot of the highlands are ideal locations for sediment deposition. 

Consequently, sediment depositions have been forming dominantly in the eastern Ogaden, Danakil 

Depression, lower Omo valley, Southern Sidamo, Gambela, and western Gondar (around 25% of 

the surface area of the country) since Miocene (Kebede, 2013). 

 

2.4. Hydrogeological setting 

The aquifers in Ethiopia are of the geological formations of volcanic, sedimentary and 

metamorphic rocks, and loose sediments. The aquifers’ stratigraphy and their spatial distribution 

is determined by the geological events that have formed the country’s landmass since Precambrian. 

The metamorphic aquifers are formed by the process of East African Orogeny in Precambrian 

whereas the sedimentary aquifers are formed by the fluvial, glacial, lacustrine activities in 

Paleozoic as well as the sedimentation in Mesozoic. The volcanic aquifers are rock formations that 

are formed by the process of prolific magmatism in Cenozoic. The loose sediment aquifers 

represent the sediment depositions in different parts of the country by exogenic processes since 

Miocene.  
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In terms of areal coverage, the volcanic aquifers are the largest, but in terms of groundwater 

storage, the loose sediments occupy the largest proportion (Figure 2.7). Kebede (2013) provides 

an exhaustive description of the different aquifers in the country in terms of their formation history, 

hydrological characteristics, groundwater storage potentials, recharge mechanisms, quantity and 

quality of their waters, and the conceptual model that describes the groundwater system.  

Although it differs from place to place, the general hydrostratigraphy in the country shows that 

Metamorphic aquifers and the associated regoliths and wadi bed deposits are the oldest. Next to 

the basement aquifers are the Mesozoic sedimentary rock aquifers, Cenozoic volcanic rock 

aquifers and Quaternary sediments sequentially (Kebede, 2013).  

The metamorphic aquifers in Ethiopia are known for having limited groundwater storage due to 

their limited porosity and permeability (Chernet, 1993). Moreover, larger portion of the 

metamorphic aquifers constitute the country’s peripheral lowlands where there is low rainfall. In 

this formation, groundwater is stored in fractures, shear zones and regolith layers (regolith layers 

are layers of weathering products formed above parent materials and known to enhance storage of 

groundwater in metamorphic terrains such as in Uganda and Central Africa (Kebede, 2013; 

Deyassa et al., 2014). According to Kebede (2013) and Deyassa et al (2014), compared to the 

northern part, metamorphic aquifers of the western and southern part of the country have higher 

potential due to much higher rainfall in the area and their thicker layer of regolith. 

Kebede (2013) identified that the sedimentary aquifers in Ethiopia, unlike their counterparts in 

many other countries, are less significant groundwater storages due to their reduced porosity and 

permeability as a result of an overburden. He also noted that they are less karistified due to their 

high elevation and anticline arrangement, which makes them less suitable for the formation of 

caves.  

As the volcanic rock formations in the country are highly deformed due to the rift valley process 

in Cenozoic, fractures are the most important means of porosity and permeability. Consequently, 

degree of fracture, aperture opening, spacing and length are significant characteristics in 

determining groundwater potentials of the Ethiopian volcanic formation. Systematic fractures in 

some big shield volcanoes form large springs of high yields such as Timket Bahir (1045 l/s), Jiga 

(400 l/s), and Lomi Wuha (120 l/s) (Kebede, 2013). Carrying larger proportion of the country’s 



22 
 

human population, generally, the volcanic aquifers are characterized as having medium 

groundwater potential. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7: Hydrogeological Map of the study area. (Data source: GSE and BGS) 
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Loose sediments in Ethiopia are dominantly found in the Main Ethiopian Rift (MER), grabens of 

the rift escarpments, on river beds, and lake margins (Kebede, 2013). These deposits hold 

groundwater in primary porosity. Water table in this aquifers is very shallow and have the highest 

yield in the country (Kebede, 2013). 
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CHAPTER THREE 
 

3. DEVELOPING A CONCEPTUAL MODEL OF 

GROUNDWATER RECHARGE  

 

3.1. Introduction 

Groundwater recharge is one of the hydrological components that are unsuitable for direct 

measurement. Thus, it is estimated by using different kinds of estimation methods that are 

developed on the basis of the conditions and realities at the different zones of the hydrologic cycle 

(Figure 3.1). However, uncertainties are inherently associated with estimations. Among the 

identified sources of uncertainties, the major contribution is found to be from the inconsistency 

between the conceptual model of groundwater recharge and the assumptions in the estimation 

methods applied in the area (Healy and Scanlon, 2010). To significantly reduce uncertainties in 

groundwater recharge estimations, Scanlon and Healy (2010) suggests that before implementing a 

recharge estimation method in an area, a conceptual model of groundwater recharge has to be 

developed, and it has to be evaluated that the assumptions in the recharge estimation method that 

is about to be implemented are consistent with the conceptual model of groundwater recharge 

developed for the area.  

A conceptual model reveals the fact that where, when and how recharge occurs (Healy and 

Scanlon, 2010; Scanlon et al., 2002). Therefore, conceptual models can be used to evaluate not 

only the appropriateness of an estimation method to an area but also the consistency of its outputs 

with the model. In this study, the Multi Criteria Decision Analysis is used to develop a conceptual 

model of groundwater recharge to the study area by combining factors that significantly control 

groundwater recharge. The MCDA outputs will be monthly groundwater recharge potential maps 

that show groundwater recharge characteristics both in the spatial and temporal dimension.  
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3.2. Multi Criteria Decision Analysis (MCDA) 

According to Malczewski (2006), multi criterial decision analysis (MCDA) is defined as “a rich 

collection of techniques and procedures for structuring decision problems, and designing, 

evaluating and prioritizing alternative decisions”. There are three core elements both in MCDA in 

general and GIS based MCDA in particular: Decision maker (s), alternative decisions, and criteria 

(Zarghami and Szidarovszky, 2011). A decision maker can be an individual, a group of individuals 

or a government body that has a responsibility to make decisions (Malczewski, 2006).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: Schematization that show the different zones and layers in the hydrological cycle 

and the groundwater recharge methods that can be applied in the zones and layers. 
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An alternative decision represents variety of available decision alternatives that decision makers 

have to choose from based on criteria, and it has at least two elements: Action (what to do?) and 

location (where to do it?) (Malczewski 1999; Chakhar and Mousseau, 2008). Criteria in an MCDA 

carries attributes and objectives, and they are comprehensive, measurable, and the basis for the 

evaluation of the decision alternatives (Malczewski, 2006). Objectives and attributes of criteria 

have a hierarchical relationship in which the top most level occupies the most general objectives 

of the decision analysis and the lower levels occupy the attributes. Attributes are quantifiable 

indicators with which the associated objectives are realized (Saaty 1980). 

An MCDA procedure involves three main steps (Figure 3.2): Value scaling or standardization, 

criteria weighting, and combination (decision) rule (Eastman et al., 1993; Thill 1999; Malczewski 

1999, 2006; Greene et al. 2011). Value scaling or standardization is a transformation of raw 

attribute values into comparable units by using the different scaling procedures (Hwang and Yoon, 

1981; Voogd, 1983; Massam, 1988). In this research, the value function method is used to 

standardize the raw criteria values. The value function is a mathematical representation by which 

decision makers’ preferences can be transcribed into a standardized scale (Keeney, 1992; Beinat, 

1997). It is given by Equations (3.1) and (3.2):  

𝑣(𝑎𝑖) =  (
𝑚𝑎𝑥{𝑎}− 𝑎𝑖

𝑚𝑎𝑥{𝑎}−𝑚𝑖𝑛{𝑎}
)

𝜌

  for criteria to be maximized, (3.1) 

𝑣(𝑎𝑖) =  (
𝑎𝑖−𝑚𝑖𝑛{𝑎}

𝑚𝑎𝑥{𝑎}−𝑚𝑖𝑛{𝑎}
)

𝜌

  for criteria to be minimized, (3.2) 

Where, 𝑎𝑖 is a criteria value, 𝑚𝑎𝑥{𝑎} is the maximum criteria value, 𝑚𝑖𝑛{𝑎} is the minimum 

criteria value, 𝜌 is a risk factor parameter and is greater than 0, and 𝑣(𝑎𝑖) is a standardized value 

or score.  

This equation produces standardized values that range between 0 and 1, representing the least-

desirable and the most-desirable scores respectively. The 𝜌 parameter is used to include a risk 

factor in the analysis (Bodily 1985; Ligmann-Zielinska 2009), and a 𝜌 value of 1 constructs a linear 

transformation between the raw and standardized values. In ArcGIS, this transformation is 

performed by the ‘Fuzzy membership’ tool.  
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The Criterion weighting refers to the value assignment to each criterion according to its importance 

to the objective under consideration. A higher value to a criterion indicate a greater importance to 

the objective under consideration. The pairwise comparison method, which was developed by 

Saaty (1980), was used in this research to assign weights to the criteria considered. The pairwise 

comparison employs a rating scale of 1 up to 9 to rate all the possible pairs that can be obtained 

from the criteria (Table 3.1). A pair wise comparison matrix is then formed. Then, the entries of 

the matrix are normalized (Equation 3.3) and averaged (Equation 3.4) over the normalized columns 

to get weight values for each criterion.  

𝐶𝑘𝑝
∗ =  

𝐶𝑘𝑝

∑ 𝐶𝑘𝑝
𝑛
𝑘=1

, for all 𝑘= 1,2,3, …, 𝑛. (3.3) 

𝑤𝑘 =
∑ 𝐶𝑘𝑝

∗𝑛
𝑝=1

𝑛
, for all 𝑘= 1,2,3, …, 𝑛. (3.4) 

Where, 𝐶𝑘𝑝 is the pairwise comparison rating matrix for the 𝑘-th and 𝑝-th criteria and 𝑤𝑘 is a 

weight value. The pairwise comparison test also measures its consistency by the Equation (3.5): 

𝐶𝑅 =  
𝜆𝑚𝑎𝑥−𝑛

𝑅𝐼 (𝑛−1)
 (3.5) 

where 𝑅𝐼 is random index, which is the consistency index of a randomly generated pairwise 

comparison matrix, and 𝐶𝑅 is the consistency ratio. It can be shown that RI depends on the quantity 

of criteria being compared. For example, for n = 2, 3, 4, 5, 6, 7, and 8, RI = 0.00, 0.52, 0.89, 1.11, 

1.25, 1.35, and 1.40, respectively (Saaty, 1980). 

The Combination rule refers the integration of the standardized criteria according to their weight 

to get the possible alternative decisions. In ArcGIS, the overlay tool operates this function.  

 

1/9 1/7 1/5 1/3 1 3 5 7 9 

Extremely Very 

Strongly 

Strongly Moderately Equally 

Important 

Moderately Strongly Very 

Strongly 

Extremely 

Less Important More Important 

 

Table 3.1: Saaty’s scale of relative importance (Saaty, 1980) 
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3.3. Criteria selection 

This research implemented certain guiding principles to select important criteria (factors) that 

control groundwater recharge in the study area. The guiding principles are infiltration capacity, 

residence time, and the amount of available water. These guiding variables vary both spatially and 

temporally, and their importance in controlling groundwater recharge in the area was incorporated 

in the MCDA by using factors that can be quantified and qualified (Table 3.2).  

The amount of available water represents the amount of water availed in an area in several possible 

forms such as rainfall, snow, dew and so on. In this study, it was represented by the rainfall 

variable, and its amount was quantified and its spatial and temporal variability was determined 

from the rainfall time series data obtained from weather stations distributed over the study area. 

Infiltration capacity refers the characteristics of an area to infiltrate water into the subsurface. It 

determines how much of the available water could possibly be infiltrated. Although there are 

several variables that can be used to evaluate the infiltration characteristics of an area, in this study, 

only the significantly important and easily available variables are used: lithology, lineament 

density, drainage density and soil texture. Overland-flow resistance, on the other hand, represents 

resistance generated on surfaces due to their roughness characteristics such as topography and 

vegetation (Bergkamp, 1998). 

 

Table 3.2: Identified variables (factors) that control groundwater recharge in an area.  

 

Guiding variables Refers to Quantifiable variables 

Water Availability The amount of water available in the study area Rainfall 

Infiltration Capacity The characteristics of the area to infiltrate 

water 

Soil texture 

  Lithology 

  Lineament density 

  Drainage density 

Overland-flow 

resistance 

The roughness characteristics of land surfaces Land use/land cover 

(LULC) 

  Slope 



29 
 

3.3.1. Groundwater recharge factors and their Standardization 

The input datasets of MCDA were collected from different sources (Table 3.3), and besides 

characterizing the study area in different aspects, they have different spatial resolution. Therefore, 

for the purpose of optimization and consistency, an average spatial resolution was calculated, 

which is found to be 250 meters.   

 

3.3.1.1. Rainfall 

For the existence of groundwater recharge in an area, availability of water is the first requirement. 

Although it needs the consideration of the other factors, areas with greater amount of available 

water usually have higher groundwater recharge. In Ethiopia, rainfall is the major source of water 

in almost all areas, and it has variable distribution both spatially and temporally. The analysis of 

the spatio-temporal rainfall pattern in the country identifies three regimes (Figure 3.3) (Berhanu, 

Seleshi and Melesse, 2014). Regime A is the northern, central and eastern part of the country and 

is characterized by bimodal monthly rainfall pattern, receiving high rainfall from the month of 

June to September (named ‘Kiremt’ season locally) and a little rain from March to May (named 

‘Belg’ season locally). Regime B represents the western part of the country and is characterized 

by unimodal monthly rainfall, receiving rainfall for longer period – from February to November. 

Regime C represents the south and southeastern part of the country, and it is characterized by a 

distinctive bimodal rainfall pattern receiving high rainfall from February to May (named ‘Bega’ 

season locally) and from October to November.  The largest amount of rainfall in the country is 

obtained in kiremt season amounting up to 350 mm/month in the wettest regions. Following that 

is of belg (100 – 200 mm/ month). The least amount is obtained in bega season (100 mm/month), 

and in this season, most part of the country is dry.  

The long-term average rainfall raster maps for each of the months of the year were prepared from 

weather station data obtained from the National Meteorological Agency (NMA) (Table 4.1) and 

the FAO LocClim database (Figure 4.6) by using the geostatistical kriging interpolation method 

in ArcGIS (Figure 3.4). The interpolated layers were standardized into the range of values between 

0 and 1 for the multi-criteria analysis by using the Fuzzy member tool in ArcGIS (Figure 3.5). One 

represented all areas that receive highest rainfall during the month under consideration.  
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 Time Period Resolution (meters) Source 

Rainfall 2000-2018 250 

NMA and 

FAO/New_LocClim_1.10 

Soil Texture 2015 250 AfSIS 

Land use/Land cover 2016 30 WLRC 

Lithology 1993 and 2002 250 GSE and BGS 

Lineament Density 1996 250 GSE 

Slope 2014 30 NASA SRTM 

Drainage Density 2016 250 WLRC 

 

Table 3.3: Time periods, resolutions, sources of input datasets of MCDA. 

 

3.3.1.2. Lithology 

Ethiopian landmass, composed of lithologies that are formed by different geological processes 

since 850 Ma, is highly variable both horizontally and vertically, and is compartmented and 

dissected in relatively shorter distances. The infiltration properties of lithologies is directly related 

to their permeability. Chernet (1993), based on field measurements and pump test analysis 

conducted on more than 300 wells across the country, categorizes lithology of the county into three 

permeability rating groups – high, medium and low. The British Geological Survey (BGS), on the 

other hand, suggests six rating classes according to its analysis by using satellite remote sensing 

techniques, reviewing national and sub-national hydrogeological maps, papers, reports, and 

analyzing borehole yields: Very high (VH), high (H), moderate (M), low to moderate (LM), low 

(L) and very low (VL).  

This study adopted the permeability classification scheme of the BGS due to its elaborated 

characterization (Figure 3.6). The highest permeable class in the study area was found to be the 

unconsolidated sediments; however, when evaluated in terms of surface area coverage, it was the 

volcanic rocks that had the largest coverage (55%). The volcanic rock formations, since they 

constitute the highlands of the country, host around 90% of the total population of the country 

(Taddese, 2001). On the other hand, the ‘very low’ rating class in both of the classification schemes 

was given to the metamorphic formations in the northern part of the country. Kebede (2013) and 
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Deyassa et al (2014) have identified that these formations are low groundwater storages due to 

their thin regolith layer compared to the similar formations in the other parts of the country.  

The dataset was transformed to the common scale of 0 to 1 by using the ‘fuzzy membership tool’ 

in ArcGIS, 1 representing the highest permeable class and 0 the lowest (Figure 3.7).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: Flow chart of the methods implemented in the MCDA. 
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3.3.1.3.  Soil 

Since soil forms the top most part of the terrestrial earth in most areas, it significantly controls the 

quantity and distribution of groundwater recharge in an area. Among the different characteristics 

of soils, it is with the soil texture that groundwater recharge has the most obvious relationship. Soil 

texture is a physical property of soils and refers to the sizes of the grains that compose a soil type 

(Brady and Well, 2002). Normally, a soil class is made up of several textural classes. When big 

grains come together to form a soil class, larger void spaces are formed among their contacts so 

that the infiltration property of the soil becomes higher. With small grains, conversely, infiltration 

property of soils decreases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3: Annual rainfall distribution and spatio – temporal rainfall regimes in the study area. 
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Figure 3.4: Monthly rainfall inputs to MCDA.  
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Figure 3.5: Standardized monthly rainfall inputs to MCDA. 
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Figure 3.6: Lithological input to MCDA. 
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This study used the ‘SoilGrids250m’ dataset (Hengl et al., 2017). This dataset is preferred to the 

other available datasets not only because it has soil texture attribute but also due to its finer 

resolution (250m) and easily manageable preparation. The dataset, implementing the United States 

Department of Agriculture (USDA) system of soil classification, shows four dominant textural 

classes in the study area: Clay, Clay Loam, Sandy Clay Loam and Loam (Figure 3.8). The Clay 

and Clay Loam textural classes dominantly occupy the highlands whereas the Sandy Clay Loam 

textural class occupy the northern and south eastern part of the country. The rift valley and northern 

part of the country is dominantly occupied by the Loam texture.  

The dataset is transformed to the standardized range of the model, which is between 0 and 1, by 

using the ArcGIS software. The standardized value of 1 represents the coarsest soil texture in the 

study area, and 0 the finest (Figure 3.9).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7: Standardized lithological input to MCDA. 



39 
 

3.3.1.4. Lineament Density 

Lineament density is the total length of linear geological structures within a square unit area. As 

linear geological structures are among the types of void spaces in which groundwater is stored and 

flows, high density of lineament in an area can indicate high groundwater recharge potential. The 

study area possesses a lot of geological structures that are formed by different geological processes 

since Precambrian. Among them, the NNW – SSE trending structures that were formed by the East 

African Orogeny in Precambrian, multiply oriented structures that were formed by the rifting 

process along with the rifted basins (Ogaden, Blue Nile and Karoo) in Paleozoic, and the N-S to 

NE-SW oriented structures that were formed by the East African Rift system in Cenozoic are the 

dominant and densely populated geological structures in the study area (GSE, 1996).  

Figure 3.10 depicts the geological structures that are identified through extensive field 

investigation and the application of GIS and remote sensing techniques (GSE, 1996). As the figure 

shows, the Afar depression, broadly rifted zone, and Main Ethiopian Rift (MER) are areas where 

the highest lineament density is observed.  

The dataset was transformed to the standardized values, which is between 0 and 1, by using the 

fuzzification process in ArcGIS. 1 represents areas with highest density lineament whereas 0 with 

lowest density (Figure 3.11).  

 

3.3.1.5. Land use/Land cover (LULC) 

Overland flow in different LULC classes encounters different overland-flow resistance since each 

LULC class has unique textural and compositional setting (Bergkamp, 1998). Higher overland-

flow resistance favors higher quantity of groundwater infiltration in an area. Usually, overland 

flow in forest LULC types is slower than that in bare lands since forest LULC types generate 

higher flow resistance due to greater vegetation coverage (Prosser et al., 1995; Dunkerly, 2003). 

Taking groundwater infiltration into consideration, a general categorization of LULC classes into 

four groups is possible: Vegetation, bare lands, impervious surfaces and water bodies (Batelaan 

and Smedt, 2001). Obviously, water bodies are groundwater discharge points where groundwater 

infiltration barely occur. Similarly, at impervious surfaces, due to low porosity, groundwater 

infiltration is minimum. Bare lands include rocky surfaces and soil surfaces without vegetation.  



40 
 

The LULC dataset used in this analysis was obtained from Water and Land Resource Center 

(WLRC), and according to the dataset, ten major LULC classes were identified (Figure 3.12). The 

dataset was standardized to the MCDA by the fuzzy membership tool in ArcGIS (Figure 3.13) 

(Table 3.4). The forest LULC was standardized to the value of 1 implying an excellent condition 

for groundwater infiltration. On the other hand, the standardization rate of 0 was given to water 

bodies implying a minimum occurrence of infiltration. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8: Soil texture input to MCDA. 

 

3.3.1.6. Slope 

Slope is a physical variable that can characterize ground surfaces in terms of resistance to overland-

flow provided that the other factors remaining constant. Overland-flow on surfaces having higher 

slopes encounters lower resistance from surface roughness features so that it usually has shorter 

infiltration time than on lower slopes, indicating less favorable condition for the occurrence 
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groundwater infiltration. Rodier and Ribstein (1988) showed an increase of runoff coefficient from 

0.25 to 0.30 for a growth of slope by 5%.  

The slope data of the country is calculated from the 30 m spatial resolution DEM of SRTM by the 

slope tool in ArcGIS (Figure 3.14). The quality of the data was assessed by making a comparison 

with the 250,000 topographic map of the Ethiopian Mapping Agency (EMA), and showed no 

significant discrepancy. The data shows a slope range between 0 and 77 degrees. Lower degree 

slopes are flat tops of the highlands, floor of the rift, and the low lands of the peripheral part of the 

country radially adjoined with the highland. High slopes on the other hand are dominantly the 

highland margins, the rift margin, and the lineament scarps.  

The dataset is standardized to the common scale of the model (0 to 1) by the fuzzy membership 

tool in ArcGIS. One represents areas with the lowest slope, zero with the highest slope (Figure 

3.15).   

 

 

 

 

 

 

 

 

Table 3.4: Infiltration ratings to the different LULC classes in the study area. 

 

 

Land use classes Area 

(%) 

Characteristics Fuzzy 

membership 

Vegetated  Forest 10 Higher overland-flow 

resistance so that 

groundwater infiltration is 

more facilitated. 

 

Woodland 24.5 

Shrub land 24.5 

Cropland 20 

Grassland 10 

Bare land Bare land 10.4 Lower overland-flow 

resistance due to absence 

of vegetation. 

Impervious Settlement 0.2 Absence of groundwater 

recharge due to absence 

of porosity. 

Waterbody Wetland 0.4 It is rather a discharge 

area. 
Waterbody 

0 

1 
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3.3.1.7. Drainage Density 

Drainage density is defined as the total length of drainage channels per square unit area (Horton, 

1945). Areas with high drainage density tend to have high surface runoff. Conversely, areas with 

lower drainage densities can be characterized as recharge areas.  

The dataset of the drainage network of the study area is obtained from the WLRC EthioGIS II 

dataset collections, and its drainage density was calculated by using the Line Density tool in 

ArcGIS (Figure 3.16). The dataset was transformed to the common standardization range of values 

(0 to 1) by ArcGIS. One represents recharge areas (lower drainage density areas), zero discharge 

areas (higher drainage density areas) (Figure 3.17). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9: Standardized soil texture input to MCDA. 
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Figure 3.10: Lineament density input to MCDA. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11: Standardized lineament density input to MCDA. 
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Figure 3.12:  LULC input to MCDA. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.13: Standardized LULC input to MCDA. 
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Figure 3.14: Slope input to MCDA. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.15: Standardized slope input to MCDA. 
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Figure 3.16: Drainage density input to MCDA. 

 

 

 

 

 

 

 

 

 

 

Figure 3.17: Standardized drainage density input to MCDA. 



47 
 

3.3.2. The Pairwise Comparison and weight assignment  

Although the pairwise comparison method is a subjective decision process, findings from other 

professionals were included in the decision process from literatures to minimize personal biases 

(Yeh et al., 2009; Senanayake et al., 2016; Selvam et al., 2015; Saraf et al., 2004). According to 

the pairwise comparison and weight assignment that was carried out on the factors, it is the rainfall 

factor (41.16%) that has the highest weight of controlling groundwater recharge in the study area 

(Table 3.6). Following that are LULC (22.34%) and soil texture (14.71%) respectively. The lowest 

influential factor was found to be drainage density (2.49%).   

 

3.3.3. Combining the factors 

The factors that control groundwater recharge in the study area were combined according to the 

assigned weight by the overlay tool in ArcGIS. The combination operation was performed for each 

of the months; the only dynamic variable across the months was the rainfall. The combination 

operation resulted a conceptual model of groundwater recharge that shows both temporal and 

spatial recharge characteristics in the study area (Figure 3.18). 

 

 

 

 

 

 

 

 

 

 

Table 3.5: The pairwise comparison among the input variables and relative weight of each input 

variables. 

 

 

 Rainfall Lulc Soil Lithology Lineament 

Density 

Slope Drainage 

Density 

Weight 

Rainfall 1 3 4 5 7 8 9 0.4116 

Lulc 1/3 1 2 3 5 6 7 0.2234 

Soil ¼ 1/2 1 2 3 5 6 0.1472 

Lithology 1/5 1/3 1/2 1 3 4 5 0.1042 

Lineament 

Density 

1/7 1/5 1/3 1/3 1 2 3 0.0535 

Slope 1/8 1/6 1/5 1/4 1/2 1 2 0.0353 

Drainage 

Density 

1/9 1/7 1/6 1/5 1/3 1/2 1 0.0248 

Consistency Ratio (CR)  = 0.03 
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3.4.  Result and Discussion 

This study implemented MCDA to develop a conceptual model of groundwater recharge to the 

study area. The MCDA resulted a groundwater recharge conceptual model that showed recharge 

characteristics both in the spatial and temporal domain (Figure 3.18). The temporal characteristics 

of the model was represented by the long term monthly outputs of MCDA. The spatial 

characteristics, on the other hand, was represented by the relative recharge potential in each pixel 

in each monthly output.   
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Figure 3.18: Spatial and temporal characteristics of the conceptual model of groundwater 

recharge of the study area. 

 

3.4.1. Temporal groundwater recharge characteristics in the study area. 

The model showed a temporal variability of groundwater recharge in each cell (Figure 3.18). 

Among the input variables of the MCDA, because it was the rainfall factor that was varying across 

the months of the year, the temporal variability of groundwater recharge in the study area could be 

attributed to the control of the rainfall factor. Thus, the temporal pattern of groundwater recharge 

potential in the country followed that of the rainfall. Hence, the western part of the country 

(labelled “A” in Figure 3.18) showed unimodal monthly pattern, having peak recharge potentials 

from February up to November whereas the northern, central and eastern part of the country 

(labelled “B” in Figure 3.18) showed two high recharge potential periods, from June to September 

and from March to May, of which the former was higher. On the other hand, the southern and the 

southeastern part of the country (labelled “C” in Figure 3.18) showed a strictly bimodal pattern, 

higher recharge potential from February to May and from October to November. Apart from that, 

some areas such as Goro (labelled “D” in Figure 3.18), and the Afar depression (labelled “E” in 

Figure 3.18), due to their specific rainfall characteristics, showed specific groundwater recharge 

patterns. The former areas, because they receive large amount of rainfall for longer period, showed 

higher groundwater recharge potential almost throughout the year. Conversely, the latter areas, 

because they receive a little rainfall in their rainy period, showed lower groundwater recharge 

potential for longer period.  
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3.4.2. Spatial groundwater recharge characteristics in the study area 

The conceptual model, like the temporal pattern, showed high spatial variation of groundwater 

recharge in the study area. To understand the degree of influence that the input factors have on the 

spatial characteristics of groundwater recharge, the Cramer’s correlation (Eastman, 1999) test was 

carried out between the input factors and the annual recharge potential dataset (the annual recharge 

potential dataset is the sum of all the monthly recharge potential datasets). The Cramer’s 

correlation can be applied on images that have nominal values, and its coefficient ranges between 

0 and 1 in which 0 represents absence of overlap between two images and 1 perfect overlap. The 

input factors and the annual recharge potential datasets were reclassified into equal number of 

classes by the reclassify tool in ArcGIS. Then, the Cramer’s V correlation coefficients were 

determined by the CROSSTAB tool in IDRISI32 (Eastman, 1999). 

According to the correlation test (Table 3.6), the most important factor in determining the spatial 

variation of groundwater recharge in the study area was found to be the rainfall. Thus, it was due 

to their high rainfall that some specific areas such as Goro in southwestern part of the country 

showed high groundwater recharge potential. The mean annual rainfall in Goro is more than 2000 

mm (Fazzini, Bisci and Billi, 2015). Conversely, it was due to their low annual rainfall that the 

Afar depression and Ogaden areas showed low groundwater recharge potential.  

 Conceptual Model 

Drainage Density 0.3244 

Lineament Density 0.322 

Slope 0.3202 

Soil texture 0.4315 

Land use/Land cover 0.3234 

Rainfall 0.4435 

Lithology 0.3908 

 

Table 3.6: Cramer’s V correlation coefficient between the annual MCDA result (annual 

conceptual model map) and annual input variables to MCDA. 
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Next to the rainfall factor, the soil texture was found to be the most important factor in determining 

the spatial variation of groundwater recharge in the study area (Table 3.6). However, unlike what 

is expected theoretically, groundwater recharge potential decreased as soil texture increased in the 

study area. Thus, areas with the finest soil texture class exhibited the highest potential recharge. 

As Figure 3.19 shows, the reason to that could be attributed the influence of rainfall since the finest 

soil texture class constitutes the high rainfall receiving areas. 

According to the correlation, slope has the least influence on groundwater recharge in the study 

area. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.19: Annual rainfall and groundwater recharge potential in each of the soil texture 

classes. 
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3.4.3. Selecting appropriate estimation methods 

The conceptual model of groundwater recharge developed for the study area showed high spatial 

and temporal variation. This variation was resulted from the spatial and temporal variation of the 

input variables (Figure 3.3 up to Figure 3.17). Thus, the methods that would be selected to estimate 

groundwater recharge in the study area should have the capability to consider the spatial and 

temporal variation of groundwater recharge in the study area. As Healy and Scanlon (2010) 

recommends, selection and application of recharge estimation methods in an area has to be 

preceded and guided by development of a conceptual model of groundwater recharge.  

Since modelling methods are based on the water balance equation, they are generally universal 

and adaptable so that they are unbounded by attributes such as area limitation and recharge 

mechanism. Similarly, the chloride mass balance and base flow separation methods have universal 

and adaptable characteristics since they can be applied in areas where their input data are available. 

Thus, the WetSpass-M model, recursive digital filter base flow separation, chloride mass balance 

methods were found to be appropriate for capturing the characteristics of rate of groundwater 

recharge in the study area. 
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CHAPTER FOUR 

 

4. GROUNDWATER RECHARGE ESTIMATION BY 

USING WETSPASS-M MODEL 

 

4.1. Introduction 

Advancements in remote sensing, geographical information system (GIS), and computing systems 

have enormously supplemented data production and distribution as well as model development in 

many disciplines (Li et al., 2009; Geza and McCray, 2008; Chen et al., 2005). Although models 

oversimplify reality so that they might result wrong outputs, if used with appropriate procedures, 

they can produce better estimations than conventional methods alone do, and be applied over larger 

spatial extents and temporal domains to analyze trends and make forecasts.  

WetSpass is the acronym for the model name “Water and Energy Transfer between Soil, Plants 

and Atmosphere under quasi Steady State”. It is a distributed water balance model that estimates 

groundwater recharge, actual evapotranspiration and surface runoff for an area. Batelaan and 

Smedt (2001) first developed WetSpass for estimating long term average groundwater recharge in 

an area having humid temporal condition. It was also applied for estimating actual 

evapotranspiration and surface runoff in an area (Batelaan and Smedt, 2007). Asefa et al (2000) 

and Batelaan et al (2000) applied it in scenario modelling to simulate the impact of land use/land 

cover (LULC) change on groundwater recharge and discharge in Grote-Nete river basin, Belgium. 

Rossum et al., (2001) applied the WetSpass model to assess the hydrological characteristics of 

Kikbeek sub-basin, Belgium. Moreover, several studies have been conducted by using the 

WetSpass model for different kinds of purposes in different climatic zones (Gebreyohannes et al., 

2013; Armanuos et al., 2016; Tilahun and Merkel, 2009; Meresa and Taye, 2018; Wang et al., 

2012; Gebremeskel and Kebede, 2017; Kahsay et al., 2019; Zhang et al., 2017).  
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Originally, WetSpass was designed to estimate groundwater recharge at seasonal time step, but as 

more refined input datasets become available due to the advancements in remote sensing and GIS 

capabilities, WetSpass has been upgraded to WetSpass-M to accommodate estimation at monthly 

step by Abdollahi et al (2017). Unlike the previous version which was scripted in Avenue and 

implemented as an extension in ArcView-GIS, this version of the model is scripted in IronPython 

v2.7 (open-source implementation of Python for Microsoft.NET Framework v4.0, 

www.ironpython.net) and is made to be a standalone model. It uses the Hydrology and Hydraulic 

Programming Library (H2PL) developed by Abdollahi (2015). Apart from the refined temporal 

capability, this version of the model runs faster and has the capacity of handling larger area 

(Abdollahi et al., 2017).  

 

4.2. Working principle of WetSpass-M model 

WetSpass-M is a distributed model and calculates the water balance of an area by accounting the 

water and energy transfer among soil, plants and atmosphere. Thus, it first requires an optimal 

spatial resolution to be set to the model based on the characteristics of each of the input datasets, 

and the preparation of parameter lookup tables for certain input variables. In the model, each raster 

cell is subdivided into fractions of four major land use/cover (LULC) types for the purpose of 

water balance computation: Vegetated area, bare-soil, open-water, and impervious area. The 

Vegetation LULC class represents all the vegetation types in the study area such as forests, shrubs, 

woodlands, croplands and so on. The Bare-soil LULC class represents land covers of un-vegetated 

and bare soil types. The Open water LULC represents all surface water bodies including lakes, 

rivers, reservoirs and so on. Impervious land cover types dominantly refer human made 

constructions in urban areas and land cover types that have the lowest infiltration.  

The input datasets of the model are land use/land cover (LULC), soil texture, elevation, slope, 

groundwater depth and climate data (rainfall, potential evapotranspiration and temperature). 

Among the input datasets, some of them such as LULC, soil texture, elevation, and slope are 

essentially single frequency input variables whereas the climatic variables are monthly input 

variables. Lookup tables are prepared for LULC and soil texture. 

The water balance of the study area is calculated by summing the water balance calculations for 

each cell in the order of calculating interception, runoff, evapotranspiration, and recharge 

http://www.ironpython.net/
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respectively. Additionally, each input datasets of the model, has to be prepared with the same 

spatial coordinate system and spatial resolution, and each cell of the input datasets has to perfectly 

overlap each other. The water balance equation is given as follows (Equation 3.1): 

𝐸𝑇𝑟𝑎𝑠𝑡𝑒𝑟 = 𝑎𝑣𝐸𝑇𝑣 + 𝑎𝑎𝐸𝑇𝑠 +  𝑎𝑜𝐸𝑇𝑜 +  𝑎𝑖𝐸𝑇𝑖 

𝑆𝑟𝑎𝑠𝑡𝑒𝑟 = 𝑎𝑣𝑆𝑣 + 𝑎𝑎𝑆𝑠 +  𝑎𝑜𝑆𝑜 +  𝑎𝑖𝑆𝑖 

𝑅𝑟𝑎𝑠𝑡𝑒𝑟 = 𝑎𝑣𝑅𝑣 + 𝑎𝑎𝑅𝑠 + 𝑎𝑜𝑅𝑜 +  𝑎𝑖𝑅𝑖 (3.1) 

Where 𝐸𝑇𝑟𝑎𝑠𝑡𝑒𝑟, 𝑆𝑟𝑎𝑠𝑡𝑒𝑟, and  𝑅𝑟𝑎𝑠𝑡𝑒𝑟 are the total evapotranspiration, surface runoff, and 

groundwater recharge of a raster cell respectively, and 𝑎𝑣, 𝑎𝑎, 𝑎𝑜, and 𝑎𝑖 are ratios of vegetated, 

bare-soil, open-water and impervious area components respectively. 

 

4.2.1. Interception 

Interception is defined as the part of rainfall retained on vegetation surfaces and evaporated back 

to the atmosphere without falling to the ground surface (Hamilton and Rowe, 1949). Thus, 

interception varies with land use/land cover (LULC) types since each LULC types have different 

leaf area indices (LAI). Interception is determined in the model by the following Equation (3.2):  

𝐼𝑚 = 𝑃𝑚𝐼𝑅 (3.2) 

Where 𝐼𝑚 is interception (mm/month), 𝑃𝑚 is monthly precipitation (mm/month), and 𝐼𝑅 is 

interception ratio which in turn is given by Equation (3.3) (De Groen and Savenije, 2006) :  

𝐼𝑅 =
𝐼𝑚

𝑃𝑚
= 1 − exp (

−𝐼𝐷𝑑𝑝

𝑃𝑚
)  (3.3) 

Where 𝑑𝑝 is the number of rainy days per month (day/month) and 𝐼𝐷 is the daily interception 

threshold that depends on LULC (Sutanto et al. 2012) (Equation 3.4): 

𝐼𝐷 = 𝑎𝐿𝐴𝐼 (1 −  
1

1+ 
𝑃𝑚[1−𝑒𝑥𝑝(−0.463𝐿𝐴𝐼)]

𝑎𝐿𝐴𝐼

) (3.4) 

Where 𝑎 is the interception parameter, determined by calibrating with observed surface runoff. 

Sutanto et al (2012) determined for a clipped grass to be 4.5. According to De Groen and Savenije 

(2006), the amount of interception in an area can be determined by calculating the daily 
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interception threshold. If the amount of rainfall in the area is below the threshold, then the specified 

threshold is considered as an interception, otherwise, the interception is determined by using the 

Equation (3.4). Because each LULC type has different leaf area index, the determination of the 

daily interception threshold to an area is controlled by LULC types (Simunek et al., 2008).  

 

4.2.2. Surface runoff 

Runoff is estimated by using rational method that includes two coefficients (Equation 3.5): 𝐶𝑠𝑟 

and 𝐶ℎ. 𝐶ℎ is the coefficient of soil moisture condition and 𝐶𝑠𝑟 is the actual runoff coefficient.  

𝑆𝑅𝑚 =  𝐶𝑠𝑟𝐶ℎ(𝑃𝑚 − 𝐼𝑚) (3.5) 

The coefficient of soil moisture designates the amount of runoff generated over an area due to soil 

moisture condition (Behremand et al., 2007) and is given by the following Equation (3.6).  

𝐶ℎ =  (
𝜃𝑠

𝜃𝑠𝑎𝑡
)

𝑏

 (3.6) 

Where 𝜃𝑠 is soil moisture content (m3/m3), 𝜃𝑠𝑎𝑡 is soil porosity (m3/m3), and 𝑏 defines the 

relationship between 𝐶ℎ and soil moisture content. When 𝑏 = 1, the relationship is linear. 

Although Equation (3.6) can be used to capture the effect of soil moisture on surface runoff, it is 

difficult to find monthly soil moisture data. Therefore, 𝐶ℎ is determined by the equation of 

evaporative efficiency ratio that incorporates the effect of precipitation and potential 

evapotranspiration (Equation 3.7 and 3.8) (Zhang and Lindstrom, 1997; Guntner et al., 1999; 

Creutzfeldt et al., 2010) into the adapted method of Turc (1955) at monthly scale (Pistocchi et al., 

2008).  

𝐶ℎ =  
𝑃𝑚

𝐿𝑃(𝑃𝑚
𝛼 + 𝐸𝑇𝑚

𝛼)
1
𝛼

  if 𝐸𝑇𝑚 > 𝑃𝑚 (3.7) 

𝐶ℎ = 1   if 𝐸𝑇𝑚 ≤  𝑃𝑚 (3.8) 

Where 𝐿𝑃 and 𝛼 are calibration parameters that regulate an overestimation of surface runoff in 

arid and semi-arid areas by controlling the potential evapotranspiration depending on the soil 

moisture condition. The default values of 𝐿𝑃 and 𝛼 are 0.65 and 1.5 respectively (Abodollahi et 

al, 2017). 
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The actual runoff coefficient is determined by combining the coefficients estimated for permeable 

(𝐶𝑝𝑒𝑟)  and impermeable (𝐶𝐼𝑚𝑝) parts. The potential runoff coefficient for the permeable part is 

calculated from the weighted sum of land use, soil, and slope factors as given by the Equation 

(3.9): 

𝐶𝑝𝑒𝑟 = 𝑤1 (
0.02

𝑛
) + 𝑤2 (

𝜃𝑤

1−𝜃𝑤
) + 𝑤3 (

𝑆

10+𝑆
) (3.9) 

where 𝑛 is the Manning’s roughness coefficient, and its value varies according to LULC type 

(Kalyanapu et al., 2010; Dhakal et al., 2011), 𝜃𝑤 is the volumetric soil water content at wilting 

point (Saxton and Rawls, 2006; USDA-NRCS, 1993), and 𝑆 is the land surface slope in percentage. 

𝑤1, 𝑤2 and 𝑤3 are the weights for the three components contributing to 𝐶𝑝𝑒𝑟. In the original 

WetSpass model, the weight combination of 𝑤1 = 0.4, 𝑤2 = 0.3, and 𝑤1 = 0.3 has been found 

acceptable; therefore, it is adopted in this model too. The manning coefficient, soil moisture at 

wilting point, and slope parameter values are supplied to the model as parameter look up tables. 

The weighted potential runoff coefficient (𝐶𝑤𝑝) for a specific grid cell is, therefore, calculated by 

dividing a grid cell into permeable and impermeable surfaces as given in the Equation (3.10): 

𝐶𝑤𝑝 =  (1 −  
𝐴𝐼𝑚𝑝

100
) 𝐶𝑝𝑒𝑟 +  

𝐴𝐼𝑚𝑝

100
𝐶𝐼𝑚𝑝 (3.10) 

where 𝐶𝐼𝑚𝑝 is the potential runoff coefficient of the impervious area; it is obtained from 

Nationwide Urban Runoff Program (NURP US EPA 1983) according to the relationship between 

impervious areas and runoff coefficient. 𝐴𝐼𝑚𝑝 is the percentage of impervious surface per grid cell.  

The actual runoff coefficient is determined by incorporating the effect of rainfall depth into the 

potential runoff coefficient, and adjusting 𝐶𝑤𝑝 by the average daily rainfall in rainy days [𝑃̅24 

(mm/day per month)] (Critchley and Siegert 1991; Merz et al. 2006). It is given by Equation (3.11). 

𝐶𝑠𝑟 =  
𝐶𝑤𝑝𝑃̅24

𝐶𝑤𝑝𝑃̅24−𝑅𝐶𝐷 × 𝐶𝑤𝑝+𝑅𝐶𝐷
 (3.11) 

Where RCD [regional consecutive dryness level (mm)] represents the intensity of rain and the 

number of consecutive rainy days. RCD ranges between 1 and 10. One represents very heavy or 

torrential rainfall and more than 10 consecutive rainy days per month, and ten represents a low 
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regional intensity rainfall and less than 2 consecutive rainy days per month. No adjustment is 

needed if the rainfall is less than the RCD range; in this case 𝐶𝑠𝑟 =  𝐶𝑤𝑝. 

Monthly volumetric runoff is calculated by incorporating the effect of surface storage in Equation 

(3.12): 

𝑄(𝑡) = 𝑥𝑄(𝑡−1) + 0.001(1 − 𝑥)𝐴𝑆𝑅𝑚 (3.12) 

where 𝑥 is delay factor (values range between 0–1), 𝑄(𝑡) volumetric runoff of the current month, 

𝑄(𝑡−1) volumetric runoff of the previous month (m3/month) contributing to the current month and 

A is area (m2). The constant 0.001 is applied for unit conversion. 

 

4.2.3. Evapotranspiration 

WetSpass-M estimates actual evapotranspiration from potential evaporation and reference 

transpiration. Reference transpiration (𝑇𝑟𝑣) is calculated from potential evapotranspiration (𝐸𝑇𝑝) 

and vegetation coefficient (𝑐) by using Equation (3.13): 

𝑇𝑟𝑣 = 𝑐𝐸𝑇𝑝 (3.13) 

A vegetation coefficient is given by (Equation 3.14): 

𝑐 =  
1+ 

𝛾

∆

1+ 
𝛾

∆
 (1+ 

𝑟𝑐
𝑟𝑎

)
 (3.14) 

Where 𝛾 is the psychrometric constant (KPa/oC), which is the gradient of the first derivative of 

saturated vapor pressure curve (slope of saturation vapor pressure at the temperature of 

atmosphere), 𝑟𝑐 (bulk) surface resistance (s m-1), and 𝑟𝑎 aerodynamic resistance (s m-1) (Equation 

3.15).  

𝑟𝑎 =  
1

𝐾2𝑈𝑎𝑍𝑎
(𝑙𝑛 (

𝑍𝑎− 𝑍𝑑

𝑍0
))

2

 (3.15) 

where 𝐾 is the von Karman constant (0.41), 𝑈𝑎 (m/s) is the wind speed at elevation 𝑍𝑎 (m), 𝑍𝑑 is 

zero displacement elevation (m), and 𝑍0 is the aerodynamic roughness height of surface (m). 
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In vegetated groundwater discharge areas, due to the insignificant effect of soil surfaces and an 

abundance of water, the reference transpiration is equal to the potential evapotranspiration – 

meaning that the vegetation coefficient is equal to 1. However, in vegetated areas where 

groundwater is below groundwater level, actual transpiration (𝑇𝑣) is given by Equation (3.16): 

𝑇𝑣  =  (1 −  𝑎1
𝑤 𝑇𝑟𝑣⁄

) 𝑇𝑟𝑣 (3.16) 

where 𝑎1 is a calibrated parameter (adopted from WetSpass) that is related to the sand content of 

the soil type, and  𝑤 is the available water for transpiration that is defined by Equation (3.17): 

𝑤 =  𝑃𝑚 +  (𝜃𝑓𝑐 −  𝜃𝑝𝑤𝑝)𝑅𝑑 (3.17) 

where 𝑅𝑑 is the rooting depth, 𝜃𝑓𝑐 − 𝜃𝑝𝑤𝑝 is the plant available water content per time step, stated 

as the difference in water content at field capacity and at permanent wilting point. 

 

4.2.4. Recharge 

The groundwater recharge (𝑅𝑚) calculation takes place at the last step of the modelling process, 

and it is determined as a residual term in the water balance equation given by the Equation (3.18). 

𝑅𝑚 =  𝑃𝑚 −  𝑆𝑅𝑚 −  𝐸𝑇𝑚 (3.18) 

The estimated monthly groundwater recharge is incorporated in the calculation of the volumetric 

base flow (𝑄𝑏(𝑡)) which is given by Equation (3.19):  

𝑄𝑏(𝑡) =  𝛽𝑄𝑏(𝑡−1) + 0.001𝑁𝑚(1 −  𝛽)∅𝑅𝑚 (3.19) 

where 𝛽 is a storage parameter (between 0 and 1), 𝑄𝑏(𝑡−1) is the base-flow from the previous 

month (m3/month), 𝑁𝑚 is number of days per month, and ∅ (m2/day) is the recharge contribution 

parameter to the current base flow. For a grid cell area 𝐴 (m2) and the recession index 𝑘 (day), the 

recharge contribution parameter is given as Equation (3.20) (after Arnold and Allen 1999): 

∅ =  
1.15𝐴

𝑘
 (3.20) 

The model provides the monthly volumetric runoff and base flow estimates as a text file for 

calibration purpose. 
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4.3. The input Data of the WetSpass-M model 

The input data of the WetSpass-M model are land use/land cover (LULC), soil texture, slope, 

groundwater depth, and climate variables (precipitation, temperature, potential evapotranspiration 

and wind speed). To integrate the input datasets for the estimation of water balance of the study 

area, the model first requires each of the datasets to perfectly overlap each other, by having the 

same coordinate system and spatial resolution. The spatial resolution of the model was calculated 

from the average of all the spatial resolutions of the input datasets, and accordingly, it was found 

to be 250 meters (Table 4.1). The input datasets are obtained from different organizations (Table 

4.1) and largely span in the time range between 2000 and 2018.  

 

 

Table 4.1: WetSpass-M input datasets with their time span, resolution, and source.  

 

 

Dataset Time period 
Resolution 

(m) 
Source 

Rainfall 2000-2018 250 NMA + FAO/New_LocClim_1.10 

LAI 2000-2018 500 NASA LP DAAC at the USGS EROS 

Center 

GW depth  2002-2018 5500 BGS & NASA-USDA SMAP Global 

Soil Moisture Data 

Temperature 2000-2018 110 NMA + FAO/New_LocClim_1.10 

PET  2000-2018 110 NMA + FAO/New_LocClim_1.10 

Wind speed 2000-2018 110 NMA + FAO/New_LocClim_1.10 

Land use /Land 

cover 

2016 30 WLRC 

Elevation 2014 30 NASA SRTM 

Slope 2014 30 NASA SRTM 

Soil  2008 250 AfSIS 
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4.3.1. Slope 

The slope of the study area is calculated from the DEM of the NASA SRTM (3 arc-second [90 m 

by 90 m]) by the slope tool of ArcGIS. The quality of the data was assessed by making a 

comparison with the 250,000 topographic map of the Ethiopian Mapping Agency (EMA). The 

assessment showed that there is no significant discrepancy between the datasets. The slope map 

(Figure 4.1) shows that the study area has a slope range between 0 and 77 degrees, 77% of which 

is below 9 degrees and largely constitutes the low lands in the rift and peripheral parts of the 

country. On the other hand, the higher slopes constitute the edges that formed the rift escarpments, 

the highlands, and deeply incised gorges in the highlands (Figure 4.1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1:  Slope of the study area. 
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4.3.2. Soil texture 

There are several soil datasets of the study area: The Woody Biomass Study Projects in Amhara, 

Oromia, SNNPR and Tigray Regional States (WBSP, 2000, 2002), the Integrated River Basin 

Master Plan Studies carried out during 1989–2007 (MoWR, 1996, 1997, 1998a, b; PDRE, 1989), 

and the different project based feasibility studies. However, they lack the soil texture attribute. 

Thus, in this study, due to its soil texture attribute and finer spatial resolution (250m), the 

‘SoilGrids250m’ soil dataset was selected to supply the soil texture input data to the model (Hengel 

et al., 2015). ‘SoilGrids250m’ is a soil dataset produced by the Africa Soil Information Service 

(AfSIS) project for the African continent by using the Africa Soil Profiles (legacy) database and 

the AfSIS Sentinel Site database. These datasets contain over 28 thousand sampling locations and 

represent the most comprehensive soil sample datasets of the African continent to date. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2: Soil texture map of the study area to WetSpass-M model. 
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Figure 4.3: LULC map of the study area and the areal coverage of the major LULC classes. 
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Extracting the SoilGrids250m dataset by the boundary of the study area shows that there are nine 

different USDA soil texture classes in the study area (Figure 4.2), of which the clay and clay loam 

textural classes dominantly occupy the central part of the study area which forms the highlands of 

the study area. 

 

4.3.3. Land use/land cover (LULC) 

LULC map of the study area was obtained from the Water and Land Resource Center (WLRC). 

The dataset is produced from the Landsat images by integrating multiple techniques: Subdividing 

heterogeneous landscapes into homogeneous segments, unsupervised clustering, and supervised 

classification (Kassawmar et al., 2016). The Landsat images’ spatial resolution (30 meter) is 

sufficient enough to capture the hydrologic dynamics at greater detail since the water balance 

calculation in this model is primarily based on the LULC data of the study area. The first level 

(LULC level-I) of the dataset has ten major classes (Figure 4.3) – forests, woodland, 

shrub/bushland, cropland, grassland, bare land, wetland, waterbodies, afroalpine, and settlements 

– of which the cropland alone accounts for 20 % of the study area and constitutes the largest portion 

of the highlands of the country that is home for 90% of the country’s human population.  

 

4.3.4. Groundwater depth 

Monthly groundwater depth is one of the challenging datasets to obtain since monitoring 

groundwater wells and a comprehensive database are almost absent in the study area. Thus, this 

study calculated it from other available datasets: The GRACE satellite data, the Africa 

groundwater depth atlas (MacDonald et al., 2012), and the NASA-USDA SMAP Global Soil 

Moisture Data (Entekhabi et al., 2010; Bolten and Crow, 2012; Sazib et al., 2018). The GRACE 

data is a lump sum of monthly water storage anomalies in surface, unsaturated zone, and 

groundwater (Swenson and Wahr, 2016; Landerer and Swenson, 2012). The Africa groundwater 

depth atlas is a raster dataset of long term average static groundwater depth prepared by integrating 

all the information in published and unpublished literature including reports, journal articles, 

conference papers. On the other hand, the NASA-USDA SMAP global soil moisture dataset is 

generated by integrating satellite-derived Soil Moisture Active Passive (SMAP) Level 3 soil 
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moisture observations into the modified two-layer Palmer model using a 1-D Ensemble Kalman 

Filter (EnKF) data assimilation approach.  

To obtain the monthly groundwater storage anomaly from GRACE data, the surface and the 

unsaturated zone components had to be subtracted. Assuming the surface water storage anomaly 

is negligible, the monthly groundwater storage anomaly could be obtained by subtracting the 

monthly average values of the NASA-USDA SMAP Global Soil Moisture from the original 

GRACE data (Figure 4.5). Then, the monthly groundwater storage anomaly, the subtraction result, 

could be added to the long term average static groundwater depth (the BGS dataset) to obtain the 

long term average monthly groundwater depth (Figure 4.4).   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4: Depth to groundwater in the study area. 
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4.3.5. Climatological variables: Rainfall, temperature, potential 

evapotranspiration, wind speed 

 

 4.3.5.1. Rainfall 

The monthly rainfall inputs were generated from weather station data obtained from the National 

Meteorological Agency (NMA) (Table 4.1) and the FAO LocClim database (Figure 4.6). After 

removing duplicate records, the data obtained from the two sources were merged and interpolated 

by using the geostatistical kringing method in ArcGIS (Figure 4.7). A detailed description of the 

rainfall characteristics in the study area is presented in section 3.1.1.1. 

 

 

 

 

 

Figure 4.5: Schematization that shows the procedure used to calculate the monthly groundwater 

depth from the GRACE, Africa groundwater depth atlas, and NASA-USDA SMAP 

Global Soil Moisture Data. 

 

 4.3.5.2. Temperature  

The monthly temperature datasets were generated from weather station data obtained from the 

National Meteorological Agency (NMA) (Table 4.1) and the FAO LocClim database (Figure 4.6) 

by the kringing geostatistical interpolation. A set of 463 stations located within and surrounding 

the study area were used to obtain the long term monthly mean temperature in the study area 

(figure). The kringing geostatistical interpolation method was applied and performed very good in 

each month (Figure 4.8). 

GRACE DATA 
Changes in the mass of 
terrestrial water. 
Spatial res. = 110 Km 
Temporal res. = 

Monthly 

GW depth of BGS 
Produced by British 
Geological Survey in 
2012 (MacDonald et al. 
2012) 

Spatial res. = 5.5 Km 

NASA-USDA SMAP 
Global Soil Moisture Data 
Satellite-derived Soil Moisture 
Active Passive (SMAP) and 
Two-layer Palmer model using 
a 1-D Ensemble Kalman Filter 
(EnKF) 

Spatial res. = 25Km 

Temporal res. = 3 days 
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Generally, the temperature of the study area shows significant spatial variability owing to the 

remarkable elevation variation and latitudinal effects in the country; however, it is rather uniform 

throughout the year (Billi, 2015). The lowest mean temperature in the study area (14 – 18 oC) is 

recorded in the highlands where elevations are over 2300 m.a.s.l. during the rainy months (June, 

July, August) (Figure 4.8). On the other hand, the highest mean temperature is observed in the 

northern section of the rift valley (Afar depression), and the lowlands occupying the peripheral 

part of the country during dry months (December, January, February). 

 

4.3.5.3. Potential Evapotranspiration (PET) 

The PET input datasets were generated from 225 station data obtained from the National 

Meteorological Agency (NMA) (Table 4.1) and the FAO LocClim database (Figure 4.6) by the 

kriging geostatistical interpolation technique (Figure 4.9). Generally, it can be observed that the 

highlands of the study area, more specifically areas over 2000 m a.s.l., are characterized by lower 

PET values. On the other hand, due to the fact that PET increases as elevation decreases, large 

portion of the study area –the whole Ogaden, the Afar triangle, the Danakil depression, the northern 

portion of the Rift Valley, and the belt along the border with Sudan – is characterized by higher 

PET.   

 

4.3.5.4. Wind speed 

The wind speed input datasets were generated from records of 213 stations obtained from the 

National Meteorological Agency (NMA) (Table 4.1) and the FAO LocClim database (Figure 4.6) 

by the kriging geostatistical interpolation (figure).  

Wind speed in the study area generally has low velocity, and like the other climatic variables, it is 

controlled by the physiographic variation (Fazzini, Bisci and Billi, 2015). The temporal pattern of 

wind speed, however, except during deep convictive processes that happens rarely, is characterized 

by having a uniform pattern throughout the year (Figure 4.10). Mean wind speed is typically low 

in the highlands (12 Km h-1) whereas in the Rift valley lakes region, in the sub-desert and bush 

lands of Ogaden, and along the border with Sudan, it is a bit higher – especially during the ‘kiremt’ 

season (Fazzini, Bisci and Billi, 2015).



69 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6: Stations: A) Rainfall B) Temperature C) PET D). Wind Speed 
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Figure 4.7: Monthly rainfall maps to WetSpass-M model. 
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Figure 4.8: Monthly temperature maps to WetSpass-M model. 
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Figure 4.9: Monthly PET maps to WetSpass-M model. 
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Figure 4.10: Monthly wind speed maps to WetSpass-M model. 
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4.4. Sensitivity Analysis 

For the sensitivity analysis, the monthly input datasets (rainfall, temperature, PET and wind speed) 

were represented by datasets obtained from the average of the monthly values. Then, each 

parameter was allowed to be increased by a reasonable amount while the other parameter values 

kept constant.    

The sensitivity analysis result showed that the model was highly sensitive to the alfa coefficient 

(∝) and the interception parameter (𝑎) (Figure 4.12). A similar result is found by Abdollahi et al 

(2017). On the other hand, the model was only slightly sensitive to the LP, rainfall intensity, 

Mannining’s coefficient, volume of soil water content, and slope parameters, and it was non-

responsive to the delay factor, beta, and contribution parameters. 

 

4.5. Calibration and validation 

Among the model inputs, the monthly input datasets (rainfall, temperature, potential 

evapotranspiration, wind speed, and groundwater depth) were subdivided into two time periods 

for the purpose of the calibration and validation: From 2000 – 2010 for the purpose of calibration, 

and from 2010 – 2018 for validation. The calibration process was achieved by changing parameter 

values one at a time until an acceptable fit is attained between the measured and predicted flows 

(Figure 4.11) whereas the validation process was performed by running the model by using the 

parameter values obtained from the calibration process.   

One of the outputs of the WetSpass-M model is a text file that holds volumetric surface runoff and 

base flow values for each of the stress periods (12 months) for the purpose of calibration. The 

estimated river flow for each of the months was found by adding the surface and base flow 

component values in the text file. Observed volumetric river discharge of the study area was 

calculated from river flow data collected from 19 stations located on the outlet of the major rivers 

in the study area (Figure 5.1).  

In order to evaluate the model performance, in addition to the graphical techniques (Figure 4.11), 

three quantitative statistics were implemented: Nash-Sutcliffe efficiency (NSE), percent bias 

(PBIAS), and ratio of the root mean square error to the standard deviation of measured data (RSR). 

The model scored acceptable ratings in all of the model performance indicators (Table 4.3).  
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The Nash-Sutcliffe efficiency (NSE) is a normalized statistic that determines the relative 

magnitude of the residual variance (“noise”) compared to the measured data variance 

(“information”) (Nash and Sutcliffe, 1970). NSE indicates how well the plot of observed versus 

simulated data fits the 1:1 line. NSE is computed as shown in Equation (4.1):  

 

𝑁𝑆𝐸 = 1 −  [
∑ (𝑌𝑖

𝑜𝑏𝑠−𝑌𝑖
𝑠𝑖𝑚)2𝑛

𝑖=1

∑ (𝑌𝑖
𝑜𝑏𝑠−𝑌𝑖

𝑚𝑒𝑎𝑛)2𝑛
𝑖=1

] (4.1) 

 

where 𝑌𝑖
𝑜𝑏𝑠 is the ith observation for the constituent being evaluated, 𝑌𝑖

𝑠𝑖𝑚 is the ith simulated 

value for the constituent being evaluated, 𝑌𝑖
𝑚𝑒𝑎𝑛 is the mean of observed data for the constituent 

being evaluated, and n is the total number of observations. 

NSE ranges between −∞ and 1.0 (1 inclusive), with NSE = 1 being the optimal value. Values 

between 0.0 and 1.0 are generally viewed as acceptable levels of performance, whereas values 

<0.0 indicates that the mean observed value is a better predictor than the simulated value, which 

indicates unacceptable performance.  

Percent bias (PBIAS) measures the average tendency of the simulated data to be larger or smaller 

than their observed counterparts (Gupta et al., 1999). 

The optimal value of PBIAS is 0.0, with low-magnitude values indicating accurate model 

simulation. Positive values indicate model underestimation bias, and negative values indicate 

model overestimation bias (Gupta et al., 1999). PBIAS is calculated with Equation (4.2): 

 

𝑃𝐵𝐼𝐴𝑆 = [ 
∑ (𝑌𝑖

𝑜𝑏𝑠−𝑌𝑖
𝑠𝑖𝑚)∗100𝑛

𝑖=1

∑ (𝑌𝑖
𝑜𝑏𝑠)𝑛

𝑖=1

] (4.2) 

 

 

 



84 
 

RSR is calculated as the ratio of the RMSE and standard deviation of measured data, as shown in 

Equation (4.3): 

𝑅𝑆𝑅 =  
𝑅𝑀𝑆𝐸

𝑆𝑇𝐷𝐸𝑉𝑜𝑏𝑠
=  

[√∑ (𝑌𝑖
𝑜𝑏𝑠−𝑌𝑖

𝑠𝑖𝑚)2𝑛
𝑖=1 ]

[√∑ (𝑌𝑖
𝑜𝑏𝑠−𝑌𝑖

𝑚𝑒𝑎𝑛)2𝑛
𝑖=1 ]

 (4.3) 

 

RSR varies from the optimal value of 0, which indicates zero RMSE or residual variation and 

therefore perfect model simulation, to a large positive value. The lower RSR, the lower the RMSE, 

and the better the model simulation performance. 

 

Process Input data Model parameters 

Interception Precipitation, LAI a 

Surface Runoff Precipitation, Land use, Soil moisture 

content, Soil texture, Elevation and 

Slope 

LP, ∝, W1, W2, W3, 

intensity, x, Qsurf 

Evapotranspiration Precipitation, Temperature, PET, Wind 

speed, Rooting Depth, GW depth 

 

Recharge Precipitation, Surface runoff, 

Interception, Evapotranspiration 

Contribution, Qsub-surf , 𝛽 

 

Table 4.2: The hydrological processes involved in WetSpass-M model together with the 

required input data and parameters in each of the processes. 
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Figure 4.11: Regression of simulated monthly mean discharge and measured monthly mean 

discharge. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4.3: WetSpass-M model performance evaluation results 

Type Evaluation Values Rating 

Calibration r 0.88 Good 

 RSR 0.66 Satisfactory 

 NSE 0.52 Satisfactory 

 PBIAS 21.6 Satisfactory 

Validation r 0.79 Good 

RSR 0.66 Satisfactory 

NSE 0.58 Satisfactory 

PBIAS 11.4 Good 

r = Pearson’s correlation coefficient. 
RSR = RMSE standard deviation ratio. 
NSE = Coefficient of efficiency [Nash and Sutcliffe]. 
PBIAS = Percent bias. 
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Figure 4.12: Graphs that show sensitivity analysis on each of the parameters. The y axes 

represent the percentages of the water balance components with respect of 

precipitation (WBC/P). 
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4.6. Results 

A few national scale researches have been carried out to estimate the groundwater recharge rate in 

the study area: WAPCOS (1990), by implementing multiple estimation methods, estimated that 

the exploitable annual groundwater recharge in the study area is 2.6 BCM; Chernet (1993), by 

using a base flow separation method, estimated that groundwater recharge in the study area ranges 

between 0 and 400 mm; and Kebede (2013), by compiling basin master plan studies and literatures, 

estimated that the average annual groundwater recharge in the study area is 39 mm. There are also 

several researches that estimated recharge by using different methods for small catchments in the 

study area (Kahsay et al., 2019; Tilahun and Merkel, 2009; Yenehun et al., 2017; Gebru and 

Tesfahunegn, 2019; Dereje and Nedaw, 2019; Gebreyohannes et al., 2013; Gebremeskel and 

Kebede, 2017; Meresa and Taye, 2018; Demlie et al., 2005; Demlie, 2015; Abiy et al., 2016; 

Yimam, 2019; Berehanu et al., 2017).  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.13: Monthly groundwater recharge estimation by WetSpass-M model. 
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Figure 4.14: WetSpass-M simulated monthly recharge pattern in the different parts of 

the study area. 
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In this study, the WetSpass-M model was used to estimate groundwater recharge that is distributed 

and show variation across the months of the year. Accordingly, the annual average groundwater 

recharge in the study area, which was found by adding all the monthly average outputs of the 

model, was estimated to be 73 mm. This figure was much lower than the estimations for the actual 

evapotranspiration and surface runoff in the study area, 608 mm and 121 mm respectively (Figure 

4.16). A similar relationship was obtained in the monthly estimations; actual evapotranspiration 

attained the highest in all months of the year (Figure 4.15). However, in the dry months 

(November, December, January and February), even though the actual evapotranspiration was the 

highest, the groundwater recharge rate was a bit higher than that of the surface runoff (Figure 

4.15). In fact, the recharge estimation in the study area showed a unimodal pattern, the highest (18 

mm/month) being in August and the lowest in December (2.1 mm) (Figure 4.13). 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.15: Graph that shows monthly estimations of recharge, evapotranspiration, and surface 

runoff by WetSpass-Model. 
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Figure 4.16: WetSpass-M simulated annual A) Surface Runoff B) Actual Evapotranspiration C) 

Recharge 
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Figure 4.17 shows maps and graphs of monthly distributed groundwater recharge rates estimated 

by the Wetspass-M model. As it can be observed from the figure, the groundwater recharge amount 

and distribution in each month was different, and it was significantly higher in rainy months (June 

to September). On the other hand, the figure also shows that during October to April, although the 

amount was small compared to the other months, there was broad occurrence of groundwater 

recharge in the study area. In fact, in these months, the dominant occurrence was in the southern 

part of the study area, and as moving further in the range to April, the occurrence extended more 

to the southern part of the study area. April appears to be the end of the extension. Then, on May, 

the dominant occurrence of groundwater recharge changed its position to the western part of the 

study area. In the following months, from May to August, the dominant occurrence of groundwater 

recharge progressed its extension upward from southwestern to northwestern of the study area, 

attaining its maximum average in July. In September, it started rebounding along its journey.   

Besides the general spatio-temporal pattern, the figure also shows that some particular areas such 

as the southwestern part of the country specifically Goro area (labeled “D” in figure 4.14), south 

of Lake Tana (labelled “E” in figure 4.14), Denakil depression (labelled “F” in figure 4.14), and 

south eastern periphery of the study area (labelled “C” in figure 4.14) had particular groundwater 

recharge patterns. The Goro area specifically had a large amount of groundwater recharge almost 

throughout the year (400 mm/yr). Similarly, the area at the south of Lake Tana, except in December 

and April, showed higher rate of groundwater recharge (240 mm/yr). On the contrary, the Denakil 

depression (11 mm/yr) and south eastern peripheral part of the study area showed the lowest 

groundwater recharge almost throughout the year. 
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Figure 4.17: Monthly groundwater recharge maps estimated by WetSpass-M model. 
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4.7. Discussion  

To understand the results of WetSpass-M model, it is useful to consider how the model works. 

WetSpass-M performs its estimation by quantifying the amount of water that goes to each of the 

hydrological processes involved in the simulation. Additionally, it is a distributed model so that it 

takes and results datasets that can be viewed both in the spatial and temporal dimensions. The 

temporal dimension of the recharge estimation is represented by the variations of values among 

the monthly outputs and that of the spatial dimension is represented by the variation of pixel values 

in each month according to the resolution set to the model.  

 

4.7.1. Temporal groundwater recharge variability 

Temporal analysis on the outputs of WetSpass-M showed that there was groundwater recharge in 

the study area almost throughout the year, and it is directly related to the co-occurrence of multiple 

weather system in the study. Thus, in most of the months, there were areas that comparatively had 

plenty amount of recharge and areas that had low (Figure 4.17). To identify which of the input 

variables determined the temporal pattern of groundwater recharge in the study area, the Pearson’s  

 

 

Table 4.4: Pearson correlation coefficient between monthly WetSpass-M groundwater recharge 

result maps and the monthly WetSpass-M input maps. It shows that recharge has the 

strongest correlation with the rainfall variable, and the rainy months even have the 

highest coefficients of all the months.   

 

 Groundwater recharge 

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

Rainfall 0.61 0.59 0.35 0.40 0.70 0.80 0.80 0.76 0.76 0.33 0.37 0.37 

Slope 0.13 0.15 0.14 -0.11 0.02 0.23 0.35 0.33 0.25 -0.06 -0.05 0.04 

PET -0.42 -0.59 -0.62 -0.49 -0.46 -0.63 -0.68 -0.71 -0.71 -0.11 0.08 -0.19 

Temperature -0.27 -0.50 -0.62 -0.01 -0.21 -0.54 -0.64 -0.62 -0.59 0.07 0.20 -0.13 

Wind -0.46 -0.47 -0.19 0.04 0.01 -0.56 -0.66 -0.66 -0.62 0.06 0.17 0.01 

GW depth -0.21 -0.34 -0.20 0.11 -0.28 -0.57 -0.57 -0.52 -0.63 -0.13 0.09 0.12 
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correlation test was carried out between the input variables and the groundwater recharge 

estimation at each month (Table 4.4). The correlation showed that the rainfall variable had the 

strongest correlation with the recharge estimations (r = 0.33 to 0.8), and the correlation even 

became stronger on rainy months (June to September) (table). Additionally, the visual analysis of 

the spatio-temporal pattern of the recharge estimation showed a close resemblance with that of the 

rainfall. 

 

4.7.2. Spatial groundwater recharge variability 

To understand the spatial variability of groundwater recharge in the study area, the Cramer’s V 

correlation test was carried out between the annual groundwater recharge estimation and the model 

input datasets. The Cramer’s V correlation test (Bonham-Carter, 1994) was implemented because 

it can be applied on ordinal datasets such as land use/land cover (LULC) and soil texture. The 

Cramer’s V test is one of the linear statistical tools that measures degree of association (correlation) 

between two images by taking degree of overlap between the images. The resulting coefficient 

values range between 0 and 1, 0 representing an absence of correlation between the images and 1 

a perfect match between the images. Before calculating the Cramer’s V correlation by using the 

CROSSTAB tool in IDRISI32 (terrset version), each of the datasets were reclassified into equal 

number of classes by using the Reclassify tool in ArcGIS.   

 Recharge AET Runoff 

Soil texture 0.35 0.41 0.41 

LULC 0.33 0.38 0.33 

Slope 0.24 0.18 0.26 

Rainfall 0.36 0.28 0.37 

PET 0.27 0.26 0.28 

Temperature 0.27 0.25 0.30 

Wind speed 0.24 0.23 0.26 

GW depth 0.31 0.25 0.31 

 

Table 4.5: Cramer’s V correlation coefficient between WetSpass-M output maps and the 

WetSpass-M input maps.  
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The statistical test showed that ground water recharge had the strongest correlation with the rainfall 

variable (Table 4.5), indicating that in the study area, the spatial variability of groundwater 

recharge was largely controlled by the spatial pattern of rainfall. To further clarify the spatial  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.18: Mean and standard deviation of WetSpass-M simulated runoff, evapotranspiration, 

and recharge per land cover, rainfall, and soil texture classes for the total study area. 
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 relationship between the amount of groundwater recharge and rainfall in the study area, a 

comparison was carried out among the means and standard deviations of the recharge estimations 

in the different rainfall classes (Figure 4.18). The comparison showed a proportional increment of 

recharge with the amount of rainfall, and this relationship explained the highest recharge in Goro 

area (400 mm/yr) and south of Tana (300 mm/yr) and the low recharge in Denakil (11 mm/yr) 

depression and Ogaden (17 mm/yr) (Figure 4.14). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.19: The ratio of recharge and area percentages in the different rainfall subclass of the 

LULC classes.  
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Next to rainfall, it was the LULC and soil texture that are the most important variables in 

controlling the spatial variability of groundwater recharge in the study area (Table 4.5). The 

comparison of the means and standard deviations of the recharge estimations in the different soil 

texture classes, in contrast to what is known theoretically, showed an inverse relationship between 

soil texture and groundwater recharge in the study area (Figure 4.18) – a decrease in the amount 

of groundwater recharge as soil texture coarsened. In order to understand the reason behind the 

relationship, the annual rainfall in the soil texture classes were compared each other (Figure 4.21). 

According to the comparison, rainfall and soil texture were found to have inverse relationship in 

the study area, and the soil texture class that received the highest amount of rainfall was found to 

be the finest soil texture class. Additionally, finer soil texture classes in the study area, due to their 

higher rainfall, were found to have not only higher groundwater recharge but also higher 

evapotranspiration and surface runoff (Figure 4.21).  

Similarly, among the LULC classes, the forest, cropland, grassland and settlement, because they 

constitute areas with higher rainfall, showed higher groundwater recharge and surface runoff 

(Figure 4.20). On the other hand, shrub lands, wood lands, and bare lands, because they belong to 

areas with low rainfall, showed lower groundwater recharge estimations. In fact, Figure 4.20 also 

shows that the lowest groundwater recharge estimation in the study area was obtained in the bare 

lands. Moreover, possibly due to the influence of their high leaf area index, the estimated surface 

runoff in the shrub lands and wood lands was the lowest whereas their estimated 

evapotranspiration was among the highest values.  

Groundwater recharge was found to be the least correlated with slope and wind speed variables 

(Table 4.5).  

As the output of this study has the finest spatial and temporal resolutions, it could have enormous 

advantage for different kinds of applications. For example, as it is shown in Figure 4.19, by taking 

the ratio of the amount of the annual groundwater recharge in the different rainfall classes of each 

LULC class and their areal coverage, it was possible to identify which part of the study area was 

important for the sustenance of groundwater resource in the study area. This analysis could 

supplement groundwater management works in the study area. The analysis showed that all the 

rainfall subunit classes of the forest LULC class had a ratio greater than one, i.e., the forest LULC 

played a very crucial role in sustaining groundwater resource of the study area. Indeed, the largest 

proportion of the forest LULC class exists in the southwestern part of the country where there is 
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high rainfall almost throughout the year. Similarly, the settlement class had a ratio greater that one 

indicating that the major and minor cities of the study area are founded on areas that are crucial 

for the sustenance  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.20: Graph of the WetSpass-M model mean annual evapotranspiration, recharge, and 

runoff estimations in each LULC classes. 
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groundwater resource in the study area. In contrast to that, 26% of the cropland class had a ratio 

above one.  In Bareland and wetland classes also, there were subunit classes with high groundwater 

recharge potential although they account only 0.4% of the total area of the study area. On the other  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.21: Graph of the WetSpass-M model mean annual evapotranspiration, recharge, and 

runoff estimations in each soil texture classes. 
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hand, although a few subclasses of Woodland and Shrubland scored a ratio value greater than one, 

their areal coverage was not the smallest; they covered 6% of the study area. 

Additionally, due to its finer spatial resolution, the outputs of the model could be used in large 

scale groundwater recharge potential studies such as catchment levels. Furthermore, it could also 

be very important to identify and manage aquifers that are susceptible to contamination. 
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CHAPTER FIVE 

 

 

5. GROUNDWATER RECHARGE ESTIMATION BY 

USING THE RECURSIVE DIGITAL FILTER BASE 

FLOW SEPARATION METHOD 

 

 

5.1. Introduction 

This chapter deals about the application of the recursive digital filter base flow separation method 

to estimate the monthly groundwater recharge in the study area. Several base flow separation 

methods have been developed to estimate groundwater recharge from stream flow records, and 

have been applied at various parts of the world having different physical, hydrological and 

climatological settings (Pettyjohn and Henning, 1979; Institute of Hydrology, 1980; Wahl and 

Wahl, 1988; Nathan and McMahon, 1990; Rutledge, 1998; Arnold et al., 1995; Arnold and Allen, 

1999; Sloto and Crouse, 1996; Lim et al., 2005). The methods quantify the base flow component 

of a stream flow and assigns it as a groundwater recharge estimation to the catchment drained by 

the stream. In the methods, the base flow component of a stream flow is equated to the groundwater 

recharge of a catchment by taking two assumptions. The first assumption is that base flow is 

considered to be all the water that joined an aquifer and discharged out to a stream without any 

loss. The second is that the groundwater and surface water catchments are assumed to be the same 

(Healy and Scanlon, 2010).  

In the literature, base flow is used interchangeably with ‘low flow’. However, there are situations 

where each of them are specific. According to Ward and Robinson (1990), base flow represents 

portion of a stream flow fed from deep subsurface and delayed shallow subsurface storage between 

precipitation or snowmelt events. On the other hand, low flow specifically represents minimum 

flows in dry season (Smakhtin, 2001). 
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In this research, the digital recursive filter base flow separation technique was applied (Nathan and 

Mchamon, 1990). This method is adopted from techniques originally applied in signal analysis 

and processing (Lyne and Hollic, 1979). Although the method has no true physical basis, it is 

objective and reproducible. In the digital recursive filter technique, a stream flow dataset is taken 

as a main input signal data in the processing. Then, it is separated into high and low frequency 

components: The high frequency component represents the surface runoff, the quickest response 

of a rainfall event, and the low frequency component represents the base flow, the slowest response 

a rainfall event. The equation of the filter is given as: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1: Map river gauge stations used in the study. 
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𝑞𝑡 = 𝛽𝑞𝑡−1 +
(1 +  𝛽)

2
∗ (𝑄𝑡 −  𝑄𝑡−1) 

Where 𝑞𝑡 is the filtered surface runoff (quick response) at the 𝑡 time step (one day), 𝑄 is the original 

streamflow, 𝛽 is the filter parameter. According to many studies in different parts of the world, the 

filter parameter is set to be 0.975 (Grayson et al., 1996). 

Base flow (𝑏𝑡) is calculated with the equation: 

𝑏𝑡 =  𝑄𝑡 −  𝑞𝑡 

The technique was executed under the River Analysis Package (RAP) software. To run the 

estimation process, the RAP requires a full year daily flow data without any gap. Thus, the stream 

flow data was organized into a long term daily average for each day of the year. 

 

5.2. River discharge data 

For the estimation of groundwater recharge in the study area by using the digital recursive base 

flow separation method, 18 river stations were selected (Table 5.2). The stations are located at the 

outlets of the main rivers of the study area (Figure 5.1). However, there are still some areas that 

were not included in the estimation due to the absence of gauge station. As these areas constitute 

the dry parts of the country and are known to have low flows almost throughout the year, the 

groundwater recharge estimation from these locations could not add much on the amount estimated 

for the rest of the study area.  

The missing values in the data were handled according to size. In the case of a few missing values 

in the record, it was the average of the neighboring values in the record that were used. In the case 

of a big gap in the record, since the estimation is a long term average, the best solution to minimize 

a bias was found to be disregarding the whole year from the estimation.  

 

 

 



105 
 

5.3. Result and Discussion 

Previous base flow separation estimations in the study area showed different results: Chernet 

(1993) estimated that the annual groundwater recharge in the study area ranges between 0 and 400 

mm, and WAPCOS (1990) estimated an annual base flow of 22 BCM. In this study, the recursive 

digital base flow separation method was implemented, and a long term average groundwater 

recharge was estimated for each month of the year. Additionally, the annual recharge estimation 

in the study area was calculated from the monthly estimations. 

 

 

 

 

 

 

 

 

Figure 5.2: Graph of the monthly base flow of the study area (mm) from the estimation of the 

recursive digital filter base flow separation method.  

 

Figure 5.2 and 5.3 show the monthly estimates of groundwater recharge in the study area. 

According to the estimation, the annual groundwater recharge in the study area was found to be 

63 mm (40 BCM), and the highest recharge estimation was found in the rainy season which is 

from June up to September. Generally, the rainy months had huge base flow volumes, and hold 

the lowest BFI in July and the largest base flow in September (10 BCM) (Figure 5.3). The huge 

base flow volumes could be taken as a justification to the characterization given to the aquifers in 

the country, i.e. the aquifers in the study area are characterized as having low groundwater storages 

(Kebede, 2013). In fact, it is due to the high elevation of the central part of the study area that most 

of the rivers in the country are large and flow out to the neighboring countries. Furthermore, Figure 
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5.3 shows that there is a month gap between the highest base flow and the highest river flow in the 

study area. This situation could be related to the capacity of the aquifers of the study area to buffer 

external changes.  

Table 5.1: Monthly groundwater recharge estimation in the major river basins of the study area 

by the recursive digital filter base flow separation method. 

 

 

 

 

 

 

 

Figure 5.3: Graph of the monthly river flow, base flow, and base flow index (BFI) of the study 

area (mm) from the estimation of the recursive digital filter base flow separation 

method. 

Month Abbay Tekeze Baro Awash Rift Omo Genale Wabi 

1 5.4 1.2 7.8 0.9 1.2 1.7 1.5 0.3 

2 4.3 1 5.5 1 1.1 1.3 1 0.3 

3 4.2 1.1 5 1 1.5 1.2 0.9 0.2 

4 4 1 4.9 1.1 1.8 1.8 1.4 0.3 

5 4 0.9 5.9 1.1 2.4 2.4 2.2 0.5 

6 5.5 1.3 8.3 0.9 2.8 2.4 2.7 0.5 

7 12.4 4.3 14.2 1 4.2 2.6 2.9 0.5 

8 26.5 12.8 25.9 1.8 6.6 2.8 3.3 0.7 

9 35.5 12 36.9 2.9 7.7 2.7 3.7 1 

10 20 6.1 38.6 2.8 3.7 2.9 4.1 1 

11 11 3 18.3 2.1 1.9 2.5 3.3 0.3 

12 6.6 1.9 11.2 1.4 1.6 2.1 2.5 0 
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On the other hand, Figure 5.1 and 5.5 shows the monthly groundwater recharge in the major river 

basins of the study area. From this summary, it was possible to observe both the spatial and 

temporal groundwater recharge variation in the study area. Analysis on the timings of flow picks 

among the basins could suggest a classification of the basins into three groups (Figure 5.4). Group 

A consists of the river basins in the western part of the study area: Abbay, Tekeze and Baro. Group 

B represents river basins in the southern and south eastern part of the study area: Omo, Genale and 

Wabishebelle. Group C are basins in the Ethiopian rift valley: Awash and Rift valley. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.2: Selected gauge stations with their drainage area and record range.  

 

Name Basin Area (Km2 ) Time period 

Tekeze nr Embamadri Tekeze 45977 1990 – 2015 

Guang nr Metema Tekeze 6590 1990 – 2015 

Abay sudan Bodrder Abay 164150 1990 – 2015 

Baro @ Itang Baro-Akobo 25102 1974 – 1980 

Alwero Baro-Akobo 3440 2008 – 2015 

Gillo nr pugnido Baro-Akobo 11754 1977 – 1990 

Omo rate Omo-Gibe 23854 2006 – 2014 

Omo @ Woito Bridge Omo-Gibe 4892 1990 – 2007 

Rift @Belate Rift valley 4161 1990 – 2007 

Rift @Abura Rift valley 716 1990 – 2010 

Rift @Meki Rift valley 2562 1969 – 2010 

Awash @ Adaitu Awash 50470 1990 – 2015 

Awash @ Mille Awash 4866 1990 – 2015 

Genale @ Sofomar Genale Dawa 5105 1990 – 2015 

Genale @ Melka guba Genale Dawa  1990 – 2015 

Genale @ kole Genale Dawa 55152 1990 – 2015 

Wabi @ Burkur Wabishebelle 55598 1976 – 2011 

Wabi @ jigjiga Wabihsebelle 633 1976 – 2011 
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Group A basins had unimodal river and base flow patterns. The highest river and base flow values 

were observed in the rainy months of the country, which is from June to September, and the 

average monthly river flow values in the rainy months for the Abbay, Tekeze, and baro basins was 

found to be 200, 000 m3, 105,000 m3, and 40,000 m3, and that of the base flow, 15,000 m3, and 

37,000 m3 and 27,000 m3 respectively. The total amount of base flow in this group was the highest 

and accounted 84% of the total base flow in the study area. This result could show that the aquifers 

in this part of the study area has low storage due to their tendency to discharge water rather than 

store.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4: Graphs that show A) Monthly recharge (base flow (mm)) pattern in Abbay, Tekeze, 

Baro basins (group A basins). B) Monthly recharge pattern in Awash and Rift valley 

basins. C) Monthly recharge pattern in Omo, Genale, and Wabishebele basins (group 

C bains). 
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Figure 5.5: The monthly river flow, base flow, and base flow index (BFI) estimations in the 

major rivers basins by the recursive digital base flow separation method. 
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32.8Evaluation of the basins in terms of their annual base flow revealed that the group A (Abbay, 

Tekeze and Baro Akobo) had the higher flow, and its annual base flow sum (32.8 BCM) was larger 

than five times the flow in the rest of the groups (6.4 BCM) (Table 5.3). In fact, it is the Abbay 

basin (22.9 BCM) that accounted the greatest proportion of the flow; it is by far greater than the 

rest of the flow in the other basins combined (16.3 BCM). Additionally, when the groups were 

compared in terms of agricultural land they have and the population size they carry, the group A 

basins seemed to have greater groundwater potential – they had 37% of the agricultural land and 

40% of the population in the study area. However, their real potential should be determined by 

considering the amount of water they lose as base flow to neighboring countries.  

 

 

 

 

 

 

 

 

 

Table 5.3: The population size, mean annual base flow, mean annual recharge, and cropland 

percentage in the major basins of the study area.  

 

 

 

 

  

Basin Area 

(Km2) 

Population 

(in Million) 

Base flow 

(BCM) 

Recharge 

(mm) 

Cropland (%) 

(Total = 20.4 

MHa) 

Abbay 200718 24.9 22.9 139 36.2 

Tekeze 86672 8.3 2.5 46 12.2 

Baro Akobo 75604 6.7 7.4 182 4.6 

Genale Dawa 177402 7.3 2.4 30 4.2 

Omo Gibe 98092 14.3 2 26 12.6 

Wabi Shebele 189661 11 0.6 5 10.8 

Awash 114123 15.1 1 18 11.8 

Rift valley 32150 12.3 0.4 36 7.6 
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CHAPTER SIX 

 

6. GROUNDWATER RECHARGE ESTIMATION BY 

USING CHLORIDE MASS BALANCE METHED 

 

 

6.1. Introduction 

This section describes the estimation of groundwater recharge by using chloride mass balance 

method. The method requires precipitation amount, chloride concentration in precipitation, 

chloride concentration in groundwater as input datasets. In the study area, except in few highly 

elevated areas such as the Bale Mountains where few days of frost is common in its small portions 

in specific rainy months (Fazzini, Bisci and Billi, 2015), most part of the country receive rainfall 

as a major source of water.  

In the study area, rainfall infiltrates to the groundwater dominantly in five different recharge 

mechanisms: (a) direct diffuse recharge, (b) indirect recharge from flood waters during high flood 

stage, (c) mountain block and mountain front recharge, (d) fast selective recharge from heavy rains, 

and (e) recharge from losing streams and flash floods (Kebede, 2013). Since the CMB method is 

not specific to a recharge mechanism, it is one of the recommended methods to estimate 

groundwater recharge in the study area. 

 

6.2. The chloride Mass Balance Method (CMB) 

The chloride mass balance method uses the concentration of chloride ion in precipitation and 

groundwater for the estimation groundwater recharge in an area. Chloride ion is one of the tracers 

that can dissolve in water and record the movement history of water. Ideal tracers are ions, 

isotopes, or gases that are highly soluble in water, move with water, unaffected by adsorption or 

other geochemical or biochemical processes, and measurable accurately and inexpensively. 
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Therefore, tracers can be used to identify water sources and estimate the amount of water 

associated with the accumulation of a certain tracer in a medium. 

The chloride ion is specifically used to estimate groundwater recharge in unsaturated and saturated 

zones. The dominant source of meteoric chloride is the ocean, and it reaches to the ground surface 

with precipitation. A chloride ion that reach to the ground surface might leave the surface with 

surface runoff or infiltrate to groundwater. In fact, precipitation is not the only source of chloride 

on the surface of the earth; wind is also the other agent. In that case it is called dry deposition. 

Gardner (1967) has shown that, in the subsurface, chloride concentration is a bit elevated up to the 

zero flux plain (ZFP) due to evapotranspiration. A uniform condition of chloride concentration is 

maintained below the ZFP. Generally, chloride concentration in precipitation decreases as distance 

from oceans increases.  

The Chloride Mass Balance (CMB) method estimates groundwater recharge by relating the mass 

of chloride in groundwater with the rate of arrival at land surface. The method implements the fact 

that groundwater recharge is indirectly proportional with the chloride concentration in the 

subsurface; high groundwater recharge rates favor low concentration of chloride in the subsurface 

due to lack of sufficient accumulation time whereas low groundwater recharge rates favor high 

concentration of chloride in the subsurface due to accumulation time sufficiency. The method 

yields estimations that are integrated spatially over watersheds and temporally over long periods. 

Many researches have implemented the chloride mass balance method in different parts of the 

world and found results comparable with physically based methods. 

The basic equation of the chloride balance method (Wood and Sanford, 1995) is: 

𝑞 = 𝑃 (
𝐶𝑙𝑝

𝐶𝑙𝑔𝑤
)  (6.1) 

where q is the recharge flux, P is average annual precipitation, 𝐶𝑙𝑝 is the weight-average chloride 

concentration in precipitation, and 𝐶𝑙𝑔𝑤 is the average chloride concentration in ground water. 

The CMB equation inherently assumes that: - 

 Precipitation is the sole source of the chloride in the groundwater. 

 The chloride is conservative in the system. 

 A steady state chloride-mass flux condition exists in the system. 
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 The chloride is not produced through recycling in the system. 

 Precipitation in the aquifer area is converted to only evaporation and groundwater recharge, 

indicating absence of chloride leaving the area with surface runoff. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1: Map showing chloride sample locations in rainfall. 

 

6.3. Chloride Concentration in Precipitation 

Rainfall chemistry is one of the scarce datasets in the study area. However, a few points having 

representative spatial distribution (Figure 6.1) were found from the hydrogeological reports 

produced by Geological Survey of Ethiopia (GSE). According to the data, the minimum 

concentration of chloride in rainfall in the study area was found to be 0.1 mg/l whereas the 

maximum 8.9 mg/l. Additionally, to understand the spatial distribution of chloride concentration 

in rainfall in the study area, the data was interpolated for the whole study area by using the ordinary 

kriging geostatistical method in ArcGIS (Figure 6.2). The interpolation showed that rainfall 
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chloride concentration in the study area showed a pattern that increases radially outward from the 

western part of the study area to the eastern, southeastern, and northern part of the country. The 

reason for this spatial pattern, as it is evidenced from other studies (Wood, 1995), could be linked 

to the proximity of the Indian ocean, Red Sea, and Mediterranean Sea to the northern, eastern, and 

southeastern periphery of the country. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2: Map showing spatial distribution of chloride in rainfall. 

6.4. Chloride concentration in groundwater 

The groundwater chloride concentration data in the study area were found from several 

hydrogeological reports that GSE has conducted in the different sections of the country. In addition 

to that, some data points were found from the National Groundwater Information System (NGIS) 

developed by the Ministry of Water, Irrigation, and Electricity (MoWIE). Totally, more than 5000 

data points were collected, and they were found to be well distributed in the study area (Figure 
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6.3). According the data, groundwater chloride concentration in the study area has wide range, the 

minimum being 0.07 mg/l and the maximum more than 11,000 mg/l. The highly exaggerated 

chloride concentration in the north eastern and eastern parts of the country could be linked to a 

supply of chloride from country rocks. In the Dallol area, samples taken from hot spring sites show 

chloride concentration greater than 210,000 mg/l (Cavalazzi et al., 2018). To understand the spatial 

distribution of groundwater chloride concentration in the study area, the data was interpolated for 

the whole study area by using the ordinary kriging geostatistical method in ArcGIS (Figure 6.4). 

The interpolation showed a general pattern of chloride increment from the western to the eastern 

part of the country, most likely following the spatial distribution of rainfall amount in the study 

area.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3: Map showing chloride sample location in groundwater. 
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6.5. Result and Discussion 

The estimation of groundwater recharge by the chloride mass balance method to the study area 

showed wide spatial variability (Figure 6.5), having an annual average of 65 mm which is 8 % of 

the average annual rainfall in the study area. Generally, the CMB recharge estimation showed a 

decreasing spatial pattern from the eastern to the western part of the country. The highest 

groundwater recharge (400 mm) estimation was observed in the western part of the country 

between Goro and Lake Tana. On the other hand, the lowest recharge estimation was observed in 

the north eastern, southern, and south eastern part of the country. The recharge estimation in these 

parts of the country could have greater amount of uncertainty as there is additional source of 

chloride to the groundwater from the country rock formations (Cavalazzi et al., 2018).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4: Map showing spatial distribution of chloride in groundwater. 
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As the groundwater recharge estimation by the chloride mass balance is not specific to a recharge 

mechanism, its estimation represents the total groundwater recharge rate in an area that infiltrated 

to groundwater through the different recharge mechanisms. However, to characterize the spatial 

distribution, the estimated recharge was correlated with the important groundwater recharge 

controlling factors that are identified in the conceptual model development section and the 

WetSpass-M model: Rainfall, slope, PET, temperature, wind speed, groundwater depth. The 

correlation result, like that in the other estimation methods in this research, showed a strong 

correlation with rainfall (Cramer’s V = 0.38), strengthening the finding that rainfall is the most 

important groundwater recharge controlling factor in the study area (Table 6.1). The next important 

factor, according to the correlation, was the soil factor.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.5: Map showing estimation of the annual groundwater recharge by the CMB method.  
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Factors Recharge (CMB) 

Rainfall 0.3874 
PET 0.2939 
Temperature 0.3001 
Wind 0.2815 
LULC 0.2530 
Soil 0.3438 
GW depth 0.3394 
Slope 0.2647 

 

Table 6.1: Cramer’s V correlation between groundwater recharge by estimated by CMB and the 

important factors that control groundwater recharge in an area. 
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CHAPTER SEVEN 

 

7. COMPARING THE RESULTS OF THE 

ESTIMATION METHODS 

 

7.1. Introduction 

Studies have found that implementing multiple estimation methods increase the accuracy of 

groundwater recharge estimation in an area (Healy and Scanlon, 2010). There are several 

groundwater recharge estimation methods developed for different hydrological zones. The 

methods have been grouped into several schemes based on their conceptual framework, the 

hydrologic zones they are developed for, their applicable spatial and temporal scale, etc. (Healy 

and Scanlon, 2010; Scanlon et al., 2002). Applying multiple estimation methods in an area, 

because of their different conceptual framework, enables to understand the characteristics of rate 

of groundwater recharge in multiple ways. 

 

 

 

 

 

 

 

 

 

 

Figure 7.1: The patterns of the monthly groundwater recharge estimations by WetSpass-M and 

recursive digital base flow separation method. 
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Months 1 2 3 4 5 6 7 8 9 10 11 12 

Base flow (mm) 2.6 2.1 2.0 2.1 2.4 3.0 5.5 10.9 14.2 9.8 5.4 3.4 

WetSpass-M (mm) 2.3 3.4 4.7 6.4 9.3 10.5 18.0 15.7 10.0 6.9 4.5 2.1 

 

Table 7.1: The monthly groundwater recharge estimations by the WetSpass-M and recursive 

digital base flow separation methods. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Figure 7.2: The spatial extents that are covered in the base flow separation method and 

WetSpass-M model, and the mean annual recharge estimations in the river basins by 

the estimation methods.  
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Table 7.2: Groundwater withdrawal from wells from AQUASTAT main database (FAO, 2016) 

 

7.2. Comparing the results of the WetSpass-M, base flow feparation, 

chloride mass balance methods 

The annual groundwater recharge estimations obtained from the methods showed certain 

difference; the WetSpass-M estimation was 73 mm/year (81 BCM), the base flow separation was 

64 mm/year (40 BCM), and that of the chloride mass balance method was 65 mm (72 BCM). The 

difference in their estimation could largely be attributed to the difference in their conceptual 

framework, and the assumptions inherent to the methods. As base flow separation methods use 

river flow data and assume that the amount of water recharging aquifers ultimately discharges to 

a river, they ignore the amount of water that diverts to groundwater evapotranspiration, deep 

groundwater circulations, or pumping wells so that base flow separation estimations are usually 

underestimated. There are few studies on quantifying the amount of water that is lost as 

 1998-2002 2003-2007 2013-2017 

Agricultural water withdrawal (10^9 

m3/year) 

2002 5.204 I 2005 7 I 2016 9.687 K[1] 

Industrial water withdrawal (10^9 m3/year) 2002 0.021 I 2005 0.0511 L   

Municipal water withdrawal (10^9 m3/year) 2002 0.333 I 2005 0.81 L   

Total water withdrawal (10^9 m3/year) 2002 5.558 I 2005 7.861 I 2016 10.55 K 

Irrigation water withdrawal (10^9 m3/year)     2016 9 I 

Irrigation water requirement (10^9 m3/year) 2001 1.475 I     

Agricultural water withdrawal as % of total 

water withdrawal (%) 

2002 93.63 I 2005 89.05 I 2016 91.82 K 

Industrial water withdrawal as % of total 

water withdrawal (%) 

2002 0.3778 I 2005 0.65 I   

Municipal water withdrawal as % of total 

withdrawal (%) 

2002 5.991 I 2005 10.3 I   

Total water withdrawal per capita 

(m3/inhab/year) 

2002 78.84 I 2005 97.05 K 2016 100.5 K 

Total freshwater withdrawal (10^9 m3/year) 2002 5.558 I 2005 7.861 I 2016 10.55 K 

Metadata:       

[1] - [Components] | Including 0.687 for livestock 

E - External data 

I - AQUASTAT estimate 

K - Aggregate data 

L - Modelled data 
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groundwater evapotranspiration or deep groundwater circulations from aquifers in the study area. 

However, Alemayehu et al (2018) has indicated a loss of bulk amount of groundwater from the 

Baro Akobo basin through regional geological structures. Furthermore, the FAO’s global 

information system on water and agriculture, AQUASTAT, indicates withdrawal of 10.55 BCM 

of groundwater for industrial, agricultural, and municipal uses in the study area in 2016 (FAO, 

2016) (Table 7.2). 

 

 

 

 

 

 

 

 

 

 

Figure 7.3: Regression of the annual groundwater recharge estimations of WetSpass-M and 

recursive digital base flow separation methods in the basins. 

Additionally, the difference in the annual estimation between the methods could also be attributed 

to the difference in the areal extent represented in their estimations. In the base flow separation 

method, due to the scarcity of river gauge stations, the dry basins (Denakil, Ayisha, Mereb, and 

Ogaden) were disregarded from the study, and the Rift valley and Wabishebelle basins were 

partially represented (Figure 7.2). To compare the monthly groundwater estimations of WetSpass-

M model and the base flow separation, the estimation of the WetSpass-M model was summarized 
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into the major basins of the study area (Figure 7.2). Then, the basins were used to carry out both 

spatial and temporal comparisons between the estimations of the base flow separation and 

WetSpass-M methods. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.4: Regression of groundwater recharge estimations of WetSpass-M and recursive 

digital base flow separation methods in the basins in each month. 

 

 

 



124 
 

Figure 7.4 shows that the correlation between the monthly estimations in each of the basins by the 

base flow separation and WetSpass-M methods was the strongest in the rainy season. This result 

showed that rainfall was the most important factor in controlling groundwater recharge in the study 

area, as discussed in sections 4.7 and 5.3. Thus, the strongest correlation between the results was 

obtained in July (r2 = 0.86), and in this month, the top three recharge estimation values were 

obtained in Abbay, Baro, and Tekeze river basins, which are 28 mm, 25 mm, and 17 mm by the 

WetSpass-M, and 26 mm, 26 mm, and 13 mm by the base flow separation. A similar result was 

also obtained in the annual estimations (Figure 7.3 and Table 7.3).  

Figure 7.5, on the other hand, shows that although the monthly estimations in each of the basins 

by the base flow and WetSpas-M methods show general similarity, their pick and low values occur 

at different months. The WetSpass-M’s pattern is almost similar with that of the rainfall whereas 

the base flow’s pattern lagged behind the rainfall pattern in one up to two months. The same 

relation is obtained for the whole basins (Figure 7.1 and Table 7.1). During the major rainy season 

in the study area (from June to September), the base flow pattern lagged behind the WetSpass-M 

pattern in two months. Similarly, during the transition from the dry to rainy season (April to June), 

the base flow pattern showed slower rise (Figure 7.1). A similar result was also found in each basin 

(Figure 7.5).  

  

 

 

 

 

Table 7.3: Annual groundwater recharge estimations in each basin by the recursive digital filter 

base flow separation method 

 

 

 

Basin WetSpass-M (mm) Base flow (mm) CMB (mm) 

Genale Dawa 41 30 18 

Wabishebele 34 5 29 

Baro Akobo 172 182 105 

Awash 49 18 29 

Tekeze 64 46 134 

Rift Valley 68 36 60 

Omo Gibe 113 26 73 

Abbay  135 139 170 
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Figure 7.5: Graphs that show monthly groundwater recharge patterns of the WetSpass-M and 

recursive digital filter base flow separation estimations in the major basins. 
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The difference in the patterns can be attributed to the difference in the conceptual frameworks of 

the estimation methods. i.e. base flow estimations use base flow, one of the slow responses of a 

rainfall event, as a singular input variable for its estimation whereas WetSpass-M model uses the 

rainfall and other quick response variables as an input variable. Thus, the monthly estimation 

patterns from these methods essentially cannot be similar. However, the comparison of their 

patterns can be used to understand the capacity of the aquifers in the study area to buffer external 

changes.   
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CHAPTER EIGHT 

 

8. CONCLUSION AND RECOMMENDATION 

 

8.1. Conclusion 

Understanding the rate of groundwater recharge is crucial to studies of water availability, wellhead 

protection, contaminant transport, ground-water and surface-water interactions, effects of 

urbanization, and aquifer vulnerability to contamination (Scanlon and others, 2002). Groundwater 

provides more than 90% of the water supply for domestic and industrial uses in the country 

(Kebede, Hailu, Crane, Ó Dochartaigh and Bellwood-Howard, 2018). However, there are only 

limited researches regarding groundwater recharge estimation in the study area especially at the 

national scale.  

Although it needs a lot of investigation to determine the actual rate of groundwater recharge in the 

study area, this research aimed at getting a better estimation by applying multiple estimation 

methods (the WetSpass-M model, digital recursive base flow separation, chloride mass balance) 

and implementing finer spatial (250m) and temporal (long term monthly) resolutions. 

Additionally, the estimation methods were guided and evaluated by a groundwater recharge 

conceptual model developed for the area by considering several factors.    

The conceptual model of groundwater recharge was developed by considering several important 

factors that control groundwater recharge in an area: rainfall, LULC, soil texture, lithology, 

lineament density, slope, and drainage density. The model conceptualized how, when and where 

groundwater recharge occurs in the study area. It showed that both the spatial and temporal 

characteristics of the groundwater recharge was significantly controlled by the rainfall factor. 

Accordingly, the dominant rainy months (June to September) were found to be the most important 

potential months for the occurrence of groundwater recharge in the study area. Particularly, some 

areas such as Goro in the western part of the country and the area in south of Lake Tana, due to 

their rainfall pattern, were found to be the most potential areas for the occurrence of groundwater 
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recharge almost throughout the year. Additionally, the conceptual model showed that groundwater 

recharge estimation methods that would be applied in the study area should have the characteristics 

of adaptability and universality. Accordingly, the WetSpass-M, digital recursive base flow 

separation method, and chloride mass balance methods were found suitable to be applied in the 

study area. 

The WetSpass-M model requires land use/land cover (LULC), soil texture, slope, groundwater 

depth and meteorological data (rainfall, temperature, potential evapotranspirtion (PET) and wind 

speed) as input data for its estimation. Base flow separation needs the river flow time series data. 

The chloride mass balance method, on the other hand, requires precipitation amount, chloride 

concentration in precipitation, chloride concentration in groundwater as input datasets. The river 

flow time series data used in the base flow separation method was also used for calibrating the 

WetSpass-M model. 

It was possible to determine the long term monthly groundwater recharge of the study area by 

using the three estimation methods, and it was found that although majority of the study area 

received groundwater recharge at different rate at each month, it was higher for higher rainfall 

regimes and months (from June to September). According to WetSpass-M, the long term monthly 

average estimation of groundwater recharge to the study area from June to September was found 

to be 10.5 mm, 18 mm, 15.7 mm and 10 mm, but with that of base flow separation method, it was 

3 mm, 5.5 mm, 10.9 mm, and 14.2 mm. Some particular areas such as Goro in western part of the 

study area and some areas in south of Lake Tana, due to their higher and extended rainfall 

characteristics, receive higher amount of groundwater recharge almost throughout the year. In 

Goro, groundwater recharge reached up to 400 mm which is 20% of the average rainfall in that 

particular location. The long term annual average groundwater recharge of the study area from 

WetSpass-M, base flow separation, and chloride mass balance methods were found to be 73 mm 

(81 BCM), 63 mm (40 BCM), and 65 mm (72 BCM) respectively. 

The Cramer’s V correlation between the input and output variables of the WetSpass-M model 

showed that LULC and soil texture were the most important variables next to rainfall in controlling 

groundwater recharge in the study area. Among the LULC classes, it was the forest class that was 

found to have highest groundwater recharge. In the case of soil texture classes, unlike what is 

presumed theoretically, groundwater recharge increased as soil texture decreased so that clay soil 
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texture class had the highest groundwater recharge in the study area. The reason for that was found 

to be that rainfall is extremely higher in finer soil texture classes. 

The comparison between the monthly outputs of WetSpass-M and base flow separation showed 

that although the estimations of WetSpass-M were generally higher, they were strongly correlated 

(r = 0.86) in rainy months and wet areas. The reason for the difference in the estimations between 

WetSpass-m and base flow separation methods was found to be largely due to the difference 

between the areas considered in each methods. In the case of the base flow separation method, due 

to scarcity of river gauge stations, a considerable area was ignored from the estimation process. 

Apart from that, the comparison also showed that the pattern of the monthly estimations of the 

base flow separation method lagged behind that of the WetSpass-M in one month. The reason for 

the difference between the patterns was attributed to the difference in their conceptual frameworks. 

Due to the assumptions inherent in base flow separation methods, processes that can be important 

in some areas are ignored in the estimation such as groundwater evaporation, migration to deeper 

groundwater circulation systems, and extraction of groundwater by pumping wells.  

 

8.2. Recommendation  

In base flow separation methods, due to the inherent assumption, water diverted from groundwater 

storages to routes such as groundwater evaporation, deep groundwater circulations, and pumping 

wells are disregarded. Thus, the amount of diverted water is needed to be estimated to compensate 

for the loss of water in the estimation. However, there are few studies in this regard in the study 

area. 

Researches show that one of the most important sources of uncertainties in groundwater recharge 

estimations is insufficient representation of a study area that can be evaluated by the density of 

meteorological and hydrological stations in the study area. In the study area, even though the 

density of stations is increasing, but significant locations are not sufficiently covered. Thus, 

researches have to be conducted to increase quality of input data, especially in ungauged areas. 

In this study, three distinctive groundwater recharge estimation methods that differ in many 

characteristics were applied to observe the groundwater recharge characteristics of the study area 

in different aspects. With the same analogy, if other estimation methods are implemented in the 



130 
 

area, it will increase the knowledge on the rate and characteristics of groundwater recharge in the 

study area. 

As groundwater recharge is a hydrologic process that is determined by estimation, its estimated 

values involve uncertainty. Thus, implementing methods that are not applied in this study can be 

very important such as estimating amount of uncertainty in estimated values.  
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