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Abstract 

This study is conducted Northeastern upper Jemma River catchment, which is located in 

the Abay Basin. Though groundwater serves as the main safe drinking water supply source 

in the study area, there were no detail study in the recharge amount and distribution. The 

main objective of this thesis is to quantify the amount and spatial distribution of 

groundwater recharge over study catchment using the WetSpass model. As input to the 

model: -precipitation, potential evapotranspiration, temperature, and wind speed were 

estimated using data collected from meteorological stations located within and nearby the 

Catchment, the physical environmental data including land use, soil type, and groundwater 

depth are evaluated from field observation and existing maps. Slope and topography were 

generated from DEM data. Input data for the model were prepared in the form of grid maps 

using 100m grid size and the parameter attribute tables were adjusted to represent the 

catchment condition using scientific literature. The results of the model showed that the 

long-term average annual rainfall of 1118 mm was partitioned to 271 mm (24%) of surface 

runoff, 612 mm (55%) of evapotranspiration, and 235 mm (21%) of recharge. The model 

output is found to be comparable with recharge estimation in nearby areas having similar 

climatic and physical characteristics. Finally, the study result provides baseline information 

for water resource experts and policymakers of the region for further investigation of water 

resources, design, sustainable developmental activities, and for land use managing and 

planning purposes. It is concluded that the groundwater recharge estimation using the 

WetSpass model is reasonable and useful for quantification of annual groundwater 

recharge with spatial and seasonal variation.  

Key word:  Groundwater Recharge, WetSpass, Northeastern Upper Jemma, Abay Basin          
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 Chapter One 

1.Introduction 

1.1 Background of the study 

Groundwater recharge is a hydrologic process where water moves downward from the 

surface to groundwater. Recharge occurs both naturally (through the water cycle) and 

through anthropogenic processes (i.e., artificial groundwater recharge), where rainwater 

and /or reclaimed water are routed to the subsurface (Pandian et al., 2014). Groundwater 

recharge connects atmospheric, surface, and subsurface components of the water balance 

and is sensitive to both climatic and anthropogenic factors (Jyrkama and Sykes, 2007). It 

is widely understood that climate, LULC changes, and human activities have profound 

impacts on hydrological cycles (Zhang et al., 2012). Climate variations can alter 

evapotranspiration, soil moisture, water temperature, precipitation patterns, humidity, flow 

routing times, peak flows, and flow volumes (Zheng et al., 2016). LULC changes, which 

are mostly induced by human activities, affect hydrological processes such as 

evapotranspiration (ET), interception, and infiltration, resulting in alterations of surface 

and subsurface flows (Chen, 2012; Niraula, 2015). 

The recharge to groundwater is controlled by factors such as the rate and duration of 

precipitation or irrigation, the antecedent moisture condition of the soil profile, geology, 

soil properties, the depth to the water table and aquifer properties, vegetation, and land use, 

topography and landform. An understanding of the recharge processes and the 

quantification of the natural recharge rate are basic prerequisites for efficient and 

sustainable management of groundwater resources (Scanlon and Cook, 2002).  

Ethiopia is endowed with considerable surface and subsurface water resource potential, 

characterized by spatial and temporal variations. More than Nine lakes and 12 river basins 

Which are widely distributed in the country. Ethiopia has also groundwater potential, 

ranging from 2.6 to 2.65 billion m3 and an estimated 122 billion m3 of annual runoff water 

(Awulachew et al., 2007). However, <5%of surface water potential is currently utilized by 

people and groundwater is a potential but untouched resource (Tesfamichael et al.,2013). 

Most of the Ethiopian landmass is covered with volcanic rocks forming spectacular 

interconnected highlands and rift basins. Although the Ethiopian relief is complex and 



 
    

2 

  

challenging, it is easier to classify it into five discernible topographic features. These are 

the western highlands, western lowlands, eastern highlands, eastern lowlands, and the rift 

valley (Ayenew et al., 2008). Thus; the Northeastern Upper Jemma river catchment is 

found in the western highlands of Ethiopia. The Northeastern Upper Jemma river 

catchment is the aquifer system providing water supply to different Town like Mezezo, 

Mehalmeda, Seladingay, Molale, Sasit town, and other smaller villages found in the 

catchment.  

Groundwater recharge can be quantified using a variety of approaches depending on the 

availability of data and level of accuracy.  Recharge is estimated by base flow separation, 

water-balance method, water budget model method, or by multiplying the magnitude of 

water-level fluctuations in wells with the specific yield of the aquifer material. But 

commonly groundwater recharge is determined to a large extent as an imbalance at the land 

surface between precipitation and evaporative demand (Gebreryfael, 2008). Now, with the 

advent of Geographic Information Systems (GIS), physical-based hydrologic modeling has 

become important in contemporary hydrology for assessing these parameters as well as the 

impact of human intervention and/or possible climatic change on basin hydrology and 

water resources (Alemaw and Chaoka, 2003). Hence, WetSpass (It is an acronym for water 

and energy transfer between soil, plants, and atmosphere under quasi-steady-state) was 

built as a physically-based methodology for estimation of the long-term average, spatially 

varying, water balance components: surface runoff, actual evapotranspiration, and 

groundwater recharge (Batelaan and De Smedt, 2001, 2007).  

In Ethiopia, rainfall varies extremely spatially and temporally throughout the country, but 

such variability is more noticeable in northern Ethiopia. This has a great impact on water 

resources that are vital to support the life of local communities as rainfall is inadequate to 

supply the water demanded for socioeconomic development. Unfortunately, the uneven 

distribution of the rainfall in space and time together with poor management and harvesting 

of water resources has led the country to face a repeated famine and drought (Yazew, 2005; 

Dogramaci et al., 2015).Though this groundwater is recharged from precipitation, 

utilization of this resource is going on without a basic understanding of the recharge 

amount and its area distribution as well as the temporal and spatial variation of the other 

water balance components which creates a critical problem for the management in the 
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watershed. In this study, a WetSpass model was used to estgimate long-term spatial surface 

runoff, actual evapotranspiration, and groundwater recharge on a seasonal and annual 

average basis, using a 30-yr record of daily meteorological data (1988–2019). Since its 

development, WetSpass has been used worldwide (Rwanga, 2013).  

1.2 Statement of Problem 

Though Ethiopia is presumed to have a large quantity of fresh groundwater resources. 

However, the country still does not make detailed studies in quantifying the groundwater 

resources in the spatial distribution (Yirga ,2004). Most of the researches are regional in 

north. The study area which is found in the northwestern plateau is studied by several 

researchers about its hydrogeology, geology, structural controls, geomorphological setup 

regionally, however, understanding Recharge condition spatial at a catchment level (large 

scale investigation) are very rare. 

Increasing demand for groundwater resources due to increasing population and fast-

growing urbanization in the area. Some human threats like inappropriate management of 

the watershed and environmental degradation have become apparently clear.  

The rainfall of the catchment is seasonal, the major river with in feed give are ephemeral. 

Hence, this forces the local communities to use subsurface water not only for drinking but 

also for domestic and in some cases for irrigation purposes. Without a basic understanding 

of the recharge amount and its areal distribution as well as the seasonal and spatial variation 

of the other water balance components which creates a critical problem for its management 

in the catchment. Hence, estimation of rates of groundwater recharge in the area is crucial 

for sustainable utilization, exploitation and development of groundwater resource. To 

address this issue, groundwater recharge, surface runoff, and evapotranspiration are 

estimated for the Northeastern Upper Jemma River catchment using the WetSpass model 

with the help of GIS and remote -sensing techniques. 
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1.3 Objective 

1.3.1 General objective 

The main objective of this research is to estimate spatial and seasonal variation of 

groundwater recharge of the Northeastern Upper Jemma River catchment for sustainable 

management and exploitation of the groundwater resource. 

1.3.2 Specific objective 

 To estimation of the long-term average, spatially and seasonal varying, water 

balance components: surface runoff, actual evapotranspiration, and groundwater 

recharge.   

 To identify the main driving factors that govern the distribution of groundwater 

recharge.  

 To determine sustainable yield of Northeastern upper Jemma River catchment. 

1.4 Expected Outputs of the Research 

The expected outputs of the research are:  

 Spatial and temporal recharge, runoff, and evapotranspiration of the catchment. 

 Enhanced interaction between WetSpass expert and water management agent. 

1.5 Significance of the Research 

This research will be significant for sustainable groundwater management, used to propose 

the maximum benefit from the aquifer(s) found in the study area without affecting the 

aquifers, base for groundwater exploration, reference for further investigation and 

development, the newly generated data during the research work will be used as a basic 

input for related studies that will be done in the future.  
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Chapter Two 

2. Literature Review 

2.1 Groundwater Recharge   

Groundwater recharge can be defined as the entry of water into the saturated zone of water 

made available at the water table surface together with the associated flow away from the 

water table within the saturated zone (Pandian, et al., 2014). Most natural groundwater 

recharge is derived directly from rainfall and snowmelt that infiltrate through the ground 

surface and migrate to the water table. To quantify recharge from precipitation, it is critical 

to understand rainfall-runoff relationships. The first step is to determine the fraction of 

precipitation available for groundwater recharge, after subtracting what is lost to overland 

flow (runoff) and evapotranspiration (ET). The vital to the rainfall-runoff relationship is 

the soil type, the antecedent moisture condition, and the land cover. Well-drained soils 

generally have high effective porosities and high hydraulic conductivities, whereas soils 

that are poorly drained have higher total porosities and lower hydraulic conductivities. 

These physical properties combine with initial moisture content to determine the 

infiltration capacity of surficial soils. The land cover determines the fraction of 

precipitation available for infiltration. Impervious, paved surfaces prevent any water from 

entering the soil column, while open, well-vegetated fields are conducive to infiltration. 

Since the main source of recharge for the groundwater system is rainfall, the groundwater 

recharge system is variable as rainfall varies in both space and time. Recharge processes 

vary from one place to place, and there is no agreement that a method developed and used 

for one area will give reliable results when used in another. So, it is necessary to identify 

the probable flow mechanisms and the important features influencing the recharge in an 

area before deciding on the recharge method to use (Lerner et al., 1990). 

According to Lerner et al. (1990), there are three principal mechanisms of recharge. Those 

are:  

• Direct recharge (Diffuse): water added to the groundwater reservoir over soil moisture 

deficits and direct vertical percolation from precipitation or irrigation. 

• Indirect recharge: recharge to the water table through the beds of surface watercourses, 

such as beneath rivers and lakes. 
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• Localized recharge: an intermediate form of groundwater recharge resulting from the 

horizontal, near-surface concentration of water in the absence of well-defined channels 

such as small depressions, joints, and rivulets.  

Those mechanisms listed above usually do not occur separately rather in combination 

which makes the assessment complex. On the other hand, the recharge and discharge 

conditions of an area are controlled by several factors such as; climate (rainfall, 

temperature, etc.), topography, drainage, geologic framework, soil type, land use/land 

cover, etc. Recharge is an important factor in evaluating groundwater resources but it is 

often difficult to quantify (Batelaan and De Smedt., 2007).  

Estimating the groundwater for various climates such as arid, semiarid, and tropical has its 

own advantages and disadvantages. Scanlon et al., (2002) classified groundwater recharge 

methods based on hydrological zones from which the recharge data is obtained. These 

zones are surface water, unsaturated zone, and the saturated zone. 

The groundwater recharge estimation methods are further classified into physical 

techniques, tracers, and numerical modeling within each of the hydrologic zones. The 

groundwater estimation techniques have their own characteristics during recharge 

estimation. There must be factors that can help to choose which method should be selected 

in the course of the study. Hence, several factors such as the goal of the recharge study, the 

required accuracy and reliability, space and time scale, the range of the expected recharge 

estimates, the time to be spent on the study and the financial resources available should be 

considered, for accurate estimation of groundwater recharge (Scanlon et al., 2002). 

Groundwater recharge modeling techniques can be used to estimate recharge based on time 

series data from hours to years. The applications of groundwater recharge modeling 

techniques are important for forecasting recharge in the future time horizon (Obuobie et 

al., 2008). There are a number of hydrological models available today for estimation of 

groundwater recharge. These models are designed to work based on spatial and temporal 

distributions of the complex systems of groundwater recharge.  

2.2 Hydrological models 

Hydrological models are simplified systems to Represent and quantify the processes of the 

hydrological cycle in an entire river basin or parts of it. They are based on a set of 

interrelated equations that try to convert the physical laws, which govern extremely 
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complex natural phenomena. Moreover, different varieties of models can be used, 

depending upon the considered output, the existing database, input variables and required 

analysis. Representation of physical processes described by rainfall-runoff models can 

either be based on a simple mathematical link between input and output variables of the 

basin or include the description of basic processes involved in the runoff generation. 

Various models have been developed for the past decades in different parts of the world. 

Groundwater modeling provides for investigation of groundwater recharge and other 

hydrological components. Hydrological models are mainly used for predicting system, 

behavior and understanding various hydrological processes (Devi et al., 2015). It is 

designed to work based on spatiotemporal distributions of the complex systems of 

groundwater recharge. Different hydrological models are used for estimate ground 

recharge and other hydrological process such as Soil and water Assement Tool (SWAT), 

Water and Energy Transfer between Soil, Plants and Atmosphere at quasi-Steady State 

(WetSpass). Water Evaluation and Planning system (WEAP), and Soil Moisture 

Accounting model (HEC-HMS). Now a day, those models are a very important and 

necessary tool for water and environmental resource management issues.  

In this study, the groundwater recharge was estimated through the WetSpass hydrologic 

model.  WetSpass is one of the models used to recharge estimation. The WetSpass model 

determines the long-term average spatially distributed recharge depend on the soil texture, 

land use, slope, and meteorological conditions (Batelaan and De Smedt, 2007). Data-driven 

models are based on extracting information that is implicitly contained in hydrological 

data. These models involve mathematical equations that do not rely on realistic principles 

such as mass, momentum or energy balance equations (Solomatine, 2011). WetSpass 

model is suitable for studying the long term effects of and climate changes on the water 

balance components in a given catchment. Its set-up is extremely flexible and easily 

compatible and integrated with Arc GIS software during the simulation Process. This is the 

reason why the WetSpass model is selected to this research for evaluate the groundwater 

recharge spatial and seasonal.   

2.2.1 WetSpass model   

WetSpass stands for water and energy transfer between soil, plants and atmosphere under 

quasi-steady-state conditions (Batelaan and De Smedt, 2001). It is a physically-based 
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model for the estimation of long-term average spatial patterns of groundwater recharge, 

surface runoff and evapotranspiration imploying physical and empirical relationships. 

WetSpass is a quasi-steady-state model developed as a regional groundwater model to 

simulate infiltration–discharge relations based on long-term average recharge input data. 

This model simulates water balance components, surface runoff, actual evapotranspiration 

and groundwater recharge based on distributed data. The model was developed as a method 

to estimate long-term average, distributed water balance components (Batelaan and De 

Smedt, 2001). This model was developed based on the time-dependent spatially distributed 

data (Batelaan et al., 1996; Wang et al. 1996; Batelaan and De Smedt, 2001). The model 

has been developed and applied to study the influence of long-term effects of land cover 

changes on the water regime in a basin (Batelaan et al., 2003; De Smedt and Batelaan, 

2003). By using long-term average standard Hydrometeorological parameters as inputs, 

the model simulates the temporal and spatial information of surface runoff, actual 

evapotranspiration, and groundwater recharge. The model estimates spatial groundwater 

recharge at seasonal and annual scales. Inputs for this model include grid maps of land use, 

groundwater depth, precipitation, potential evapotranspiration, wind speed, temperature, 

soil and slope. The model makes use of grid GIS technology and digital data to partition 

the precipitation into surface runoff, evapotranspiration and groundwater recharge. 

Parameter tables such as land-use and soil types are connected to the model as attribute 

tables of land use and soil raster maps, which allow new definitions of climatic as well as 

land-use and soil types (Batelaan et al., 2003). This accounts for the non-uniformity of the 

land-use per cell, which is dependent on the resolution of the raster cell. The processes in 

each part of a cell are set in a cascading way. This means that an order of occurrence of the 

processes, after the precipitation event, is assumed. Defining such an order is a prerequisite 

for the seasonal timescale with which the processes will be quantified. A mixture of 

physical and empirical relationships is used to describe the processes. The quantity 

determined for each process is consequently limited by several constraints (Batelaan and 

De Smedt, 2001;2007).  
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2.2.1.1 Application of WetSpass model  

In this research, the WetSpass model was used to estimate spatial groundwater recharge at 

seasonal and annual scales based on some relationships. WetSpass was used for the 

analysis of the effect of land-use changes on the groundwater discharge areas for a basin, 

of the area (Batelaan et al., 2003). It was also used in the analysis of the hydrological 

characteristics of the sub-basin. The modified WetSpass model is a physically raster-based 

water balance model that for each grid cell, partitions precipitation into an interception, 

surface runoff, evapotranspiration, and recharge, which stands for water and energy 

transfer between soil, plants, and atmosphere under quasi-steady-state conditions (Batelaan 

and De Smedt, 2001). The digital maps are seasonal or monthly records of meteorological, 

groundwater level, land use, soil, slope and topography of the study area. The parameter 

tables are time series data which have attribute data for the model which contains 

vegetation height, leaf area index, land-use type as rooting depth, soil parameter for each 

textural soil class as field capacity, wilting point, permeability and runoff for all 

combinations of land-uses, slope, and soil type. The application of this model is compatible 

and integrated with GIS ArcView software during the simulation process. WetSpass was 

originally developed for conditions in temperate regions for Europe in particular. WetSpass 

has been developed to be used worldwide (Rwanga, 2013). It has successfully been applied 

in different areas of the world. The WetSpass model has first applied successfully in 

Belgium (Batelaan & De Smedt, 2001) and in Ethiopia Geba Basin (Tesfamichaeal,2009) 

Raya Basin catchment, (Gebrerufael et al .2018), and Nile Delta aquifer.  

In the WetSpass model total water balance for a raster cell is split into independent water 

balances for the vegetated, bare soil, open-water, and impervious parts it was successfully 

applied in different countries by different authors, as a result, the findings of those authors 

showed that groundwater recharge estimation was successfully estimated with a good result 

(Al Kuisi and El-Naqa, 2013). 
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2.3 Previous Work  

In the Blue Nile Basin and the adjacent areas; different geological and hydrogeological 

studies were performed. The different studies that are carried out in and around the 

Northeastern upper Jemma river catchment are summarized as follows: 

Melkamu, (2019) Aquifer characterization and groundwater flow dynamics in the upper 

left bank of Jemma River catchment. Evaluate the recharge of the catchment by using water 

balance, chloride mas balance and base flow separation which value is 

100mm/year,559mm/year and 211mm/year respectively. 

Belete, (2018) Groundwater Recharge Estimation Using WetSpass Model the Chemoga 

watershed in Northwestern plateau: As a result, the average winter and summer 

groundwater recharge is estimated as 11 mm and 361 mm, respectively. 

Síma, (2009) Water Resources Management and Environmental Protection Studies of the 

Jemma River Basin for Improved Food Security. This work hydrogeological, geological, 

and engineering properties of the Jemma basin and confirm the idea that precipitation in 

Jemma basin is not a unique trend concerning altitude. 

Azagegn, (2014) Ph.D. thesis entitled “Groundwater Dynamics in the Left Bank 

Catchments of the Middle Blue Nile and the Upper Awash River Basins, Central Ethiopia”. 

The dissertation was emphasis given to the amount of recharge, aquifer distribution, 

groundwater flow pattern, hydraulic connection, and flux between aquifer systems of the 

adjacent basins (the middle Blue Nile and upper awash basin) and the factors that control 

the groundwater dynamics. This study addresses; recharge boundary, aquifer distribution, 

and groundwater flux between adjacent river basins and the factors that control them. The 

recharge amount of Jemma basin using water balance, chloride mass balance, and base 

flow separation are 133,122 and 86 mm/year respectively.  

Ayenew et al., (2008), Hydrogeological framework and occurrence of groundwater in the 

Ethiopian aquifers. The occurrence and distribution of groundwater are systematically 

analyzed in geomorphological and geological settings. The study starts from regional 

conceptualization to a more focused analysis of selected areas with distinct 

hydrogeological features.  
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Chapter Three 

3. Description of the study area 

3.1 Location of study area   

The study area is located in Amhara regional state, North Showa administrative zone 

around Northeastern upper Jemma including Mehalmeda, Molale, Mezezo, Seladingay, 

and subarea. The area is approximately bounded between 90,48’.2’’ –110l latitude and 

390,10’ -390,50’ longitude (Fig 3.1).  

The watershed is located 333 km Northwestern of Addis Ababa and 180km of zonal Town 

Debre-Berhan to Mehalmeda. The total area of the catchment is 1967 square kilometers 

and the elevation of the area is between 1575.9m – 3554.9 m.a.s.l. at the western margin 

of the main Ethiopian rift.   

 

Figure 3. 1 Location map of the study area. 
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3.2 Physiography and drainage 

3.2.1 Physiography 

Surface elevations in the study area range between 1575.9 – 3554.9m.a.s.l. Based on 

morphology and drainage type, the area is divided into two physiographic divisions i.e. 

Plateau, and Escarpment. The plateau covers the central part of the study area that includes 

Mehalmeda, Molale, and Seladingay localities. The plateau part of the area is largely 

characterized by flat-lying topography with some undulating ridge chains and deeply 

dissected valleys downstream of the plateau. The escarpments are cliffs formed by different 

blocks of rocks. The deeply dissected valleys located at the Southwestern parts of the area 

are represented by Biskot, Retmet, wizar, Imezewa, and Shay Rivers and their tributaries 

and which are the main tributaries of the Blue Nile River. 

 

Figure 3. 2 Physiographic maps of Northeastern upper Jemma River catchment.  
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Figure 3. 3 Profile of study area from the outlet(A) to  (B). 

3.2.2 Drainage 

This Northeastern Upper Jemma river is highly drained and dissected by well-developed 

rivers and matured streams that form the Jemma drainage basin. Jemma River is one of the 

major tributaries of the Blue Nile Basin in Ethiopia. Streams and rivers in the area start 

from the North part of the plateau drained from northeast to southwest towards Jemma 

River. The stream includes Biskot, Retmet, wizar, Imezewa, and Shay rivers. The drainage 

pattern of the Northeastern Upper Jemma River catchment is a dendritic type of flow 

because the main rivers, sub-parallel and tributaries make tree-like structures.  

  

Figure 3. 4  Drainage Map of the Study Area. 
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3.3 Climate 

The Northeastern upper Jemma River watershed lies in between Weyna-Dega and Wurch 

that includes Dega, upper Dega, Weyena Dega ecological zones. The area is mainly 

characterized by a wet climate in which the main rainy season passes from July to 

September. Based on long-term observations made by the Mehalmeda, Seladingay 

,Gundoberet, Inwari Debre-Brhan, Jihur, And Molale stations (1988-2019), the mean 

maximum annual temperature and the mean minimum annual temperature of the area is 

17.9 °C, 7 °C respectively and the mean annual temperature is 14.7C and the mean annual 

rainfall of the area is 1118.05 mm/year.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5 (A) Long-term mean monthly precipitation (B) Long–term monthly temperature 

of selected station Northeastern upper Jemma Catchment. 
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3.4 Geology  

3.4.1 Regional Geological Setting 

According to Geological survey of Ethiopia (2010 and 2009) the study area consists of two 

lithostratigraphic units. These are; Mesozoic sedimentary rock, Cenozoic volcanic rocks, 

and Quaternary superficial deposits (Table 3.1). The study area is dominantly covered by 

Cenozoic volcanic rocks. 

3.4.1.1. Mesozoic Sediments  

The Mesozoic sediments are exposed in the highly dissected plateau area at the 

Southwestern tip of the study area situated within the gorge and form cliffs. The sandstone 

can correlate with the Upper sandstone or Amba aradom Formation of based on similarity 

in composition, mode of occurrence and stratigraphy (Mengesha et. al.,1996). 

3.4.1.2 Cenozoic Volcanic Rocks 

The Ethiopian Cenozoic volcanic province is one of the intraplate volcanism in 

northeastern Africa is closely linked with the formation of the East African Rift System 

(EARS) due to the Afar plume impingement, uplift and extension. It is composed of two 

successions: The Trap (Tertiary) and the Aden (middle Miocene to Quaternary) Series 

(Mohr, 1962). The Trap Series represent the whole pile of the Tertiary flood basalt 

sequence with intercalation of silicic rocks. The total volume of the volcanic has been 

calculated to be about ~ 300, 000 km3, with lava pile riches up to 3000 m thick (Mohr and 

Zanettin, 1988). The Trap Series was extruded onto an erosional surface and sometimes 

found interbedded with fluvial, lacustrine and sub-areal sedimentary rocks near or above 

sea level. Hofmann et al., (1997) concluded that 40Ar/39Ar age dating in the Ethiopian 

Plateau shows that the Trap Series volcanic rocks erupted over a short period at ~ 30 Ma. 

The eruption of the flood basalts mostly occurred through fissures (e.g., Mohr and Zanettin, 

1988), at places controlled by pre-existing weaknesses inherited from the Precambrian 

(Mege and Korme, 2004). The strong eruptions were concomitant with the onset of 

continental rifting in the Red Sea-Gulf of Aden systems by 29 Ma (Wolfenden et al., 2004), 

but predates the main rifting phases associated with the development of main Ethiopian 

rift. Immediately after the peak of volcanic activity related to the flood basalt emplacement, 

several large shield volcanoes developed from 30 Ma to about 10 Ma on the surface of a 

volcanic plateau (Kieffer et al., 2004). 
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In northwest Ethiopia, the early Cenozoic extensive fracturing and/or faulting is 

accompanied by widespread volcanism. Attempts have been made to relate the rifting and 

volcanism to the domal uplift in East Africa, which is related to Afar plume (Tefera et al., 

1996, Pik et al., 1998,1999). However, there are discrepancies in the estimation of the 

extent, magnitude and timing of the uplift and an overall evolutionary model of the 

volcanic province. Cenozoic volcanism in the northwestern Ethiopian plateau was started 

by an eruption of Ashangi basalt during the Eocene Oligocene and then followed by 

extrusion of Aiba basalts and Alajae formation during the Oligocene-Miocene. These 

volcanic episodes were characterized by the extrusion of flood basalts, with interbeds of 

pyroclastic rocks of rhyolite or less commonly trachytic compositions, particularly at 

upper stratigraphic levels. These fissured volcanics were followed by central-type 

eruptions of alkaline Tarmaber-Gussa basalts during the Middle to late Miocene (Kazmin, 

1979). The Ashangi and Aiba pulses consist of dominant basalts whereas the Alajae 

Formation is represented by bimodal rhyolite (ignimbrite) and basaltic volcanism. Silicic 

rocks of the Alajae a cycle is mainly restricted to the plateau-rift border. Volcanism in the 

northwestern Ethiopian plateau occurred in a rather short time interval (< 5 Ma) with the 

greatest eruption rates occurring from 31 to 28 Ma (Hofmann et al., 1997).  

Table 3. 1 Classification of lithology’s and stratigraphy of the study area (GSE 2009,2010)  

Age  

 

Lithostratigraphic 

units  

Lithology’s  

 

Cenozoic  

 

Quaternary  

 

Superficial deposit  Eluvium and Alluvial 

Tertiary  

 

Volcanic rocks  

 
 Tarmaber-Megezez basalt 

 Seladingay-Molale 

ignimbrite, tuff, rhyolite, 

aphanitic basalt, tuffaceous 

sediments, ash, agglomerate  

 Alaja basalt.  

 Ashenge basalt  

Mesozoic  

 

Sediments   Sandstone 
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3.4.2 Local Geology  

The lithological units of the study area include Mesozoic Sandstone Tertiary and 

Quaternary volcanic rocks and Quaternary superficial deposits. Tertiary volcanic rocks 

(dominantly basalt with rhyolite, trachyte and pyroclastic tuff) and Quaternary volcano and 

superficial deposits. 

The Northeastern upper Jemma River catchment is dominantly covered by volcanic rocks 

with some Mesozoic sediment. The study area was mapped by the Institute of geological 

surveys (2009,2010) at a scale of 1: 250,000.  

3.4.2.1 Sandstone  

The lowermost part of the study area is covered by Mesozoic sediments (sandstone). This 

unit mainly exposed the downstream of the catchment cover 0.3% in the Southwestern tip 

of the study area in the river gorges. This unit forms very cliffs and is difficult for traverses. 

The rock unit is medium-grained, the color of the fresh sample is light red and weathering 

color is pinkish brown. The grains are sub-rounded, poorly to well-sorted, compacted, and 

thinly bedded. The sandstone is referred to as Debre Libanos sandstone (Assefa, 1991). 

3.4.2.2 Ashangi Basalt  

The name Ashangi basalt is adopted from Tefera et al. (1996) based on similarity in 

composition, mode of occurrence and stratigraphy. In the mapped area the Ashangi basalt 

is exposed in the western part of the plateau within the deep gorges of Imezewa and Rtment 

rivers and the western part along the escarpment. It covers about 4.5 % of the mapped area. 

It lies unconformable on the sandstone, in which the unconformity is marked by a 3-7 m 

thick nodular lateralized soil horizon. It is also unconformable overlain by Alajae basalt. 

This Ashangi basalt is dominantly composed of basalt with a minor interlayer of pyroclastic 

towards the top part of the succession. Characteristically the exposures of the Ashangi 

basalt are strongly weathered, intensely fractured and jointed, friable and rarely vesicular 

3.4.2.3 Alajae Basalt  

The name Alajae basalt is taken from Tefera et al., (1996). The Alajae basalt covers parts 

of the west, southwest, and central part of the area, which accounts for 22.2% of the total 

study area. It forms a relatively flat-topped topography on the plateau, and cliff along the 

escarpment and in the river gorges at Moferwuha, Biskot and Zhema. The contact with the 

underlying Ashangi basalt is marked by reddish-brown paleosoils. The Alajae basalt 
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overlies the Ashangi basalt along an angular unconformity. Alajae basalt is dominantly 

represented by the association of different basalts and subordinate pyroclastic rocks. The 

basalts consist of olivine-pyroxene pyric, olivine-pyric, and aphanitic varieties, and the 

pyroclastic is composed of rhyolite tuff, rhyolite obsidian, and ignimbrites. They are dark 

gray, fine to medium-grained, highly faulted and fractured, irregularly to columnar jointed, 

spheroidal weathered which enhances the permeability of the aquifer and porphyritic 

similar to kesem Basalt. 

3.4.2.4 Molale and Seladingay Ignimbrite  

This map unit has previously been mapped as an Alajae-Molale sequence comprised of 

basaltic flows and silicic volcanic made up of alkaline rhyolites and ignimbrites (Zanettin 

et.al., 1974). The name Molale ignimbrite is given to this lithological unit after the town of 

Molale, where the rocks are well exposed. These ignimbrites unite is 34 m thick and consist 

of yellowish gray to gray, fine to medium-grained, slightly weathered and fractured 

ignimbrite with minor rhyolitic tuff, it is exposed in the Northern, Western, South, and 

Northeastern parts of the area, forming ridges and hills, river and road sections, and hill 

slopes.  

It accounts for about 70.5% of the study area. Backed contacts separate the unit from the 

underlying Alajae basalt. Plagioclase pyric basalt horizon separates the unit from the 

overlying Tarmaber Megezez basalt. In the southern part of the area around Seladingay 

and Wisha Tras village, ignimbrite forms gentle to cliffs, elongated ridges and sporadically 

distributed isolated hills. It is medium to coarse-grained, light/bluish/brownish gray to gray 

(fresh color) to dull/dark gray (weathering color), highly consolidated to welded tuff and 

bedded with columnar joint, vertical joints, and fractures. At Awajo Gebrial (2km north of 

Mezezo town), there are two distinct layers of ignimbrite. The upper layer is white to light 

yellow while the lower one is dark and contains basaltic rock fragments. 

3.4.2.6 Tarmaber-Megezez Basalt  

Tarmaber-Megezez basalt Zanettin et.al., (1974) is exposed in the South corner and central 

part, which is covering about 2.2%of the study area. It forms ridges and mountains in the 

Southeast of the study area, the rocks are exposed along road sections, gentle slopes, and 

stream sections around Tarmaber in the study area. The basalt has dark grey fresh color 
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and reddish-brown, light gray, light yellow, and greenish-gray weathered colors, medium 

to coarse-grained and columnar jointed. It is commonly porphyritic with pyroxene and 

plagioclase phenocrysts measured in length up to 2.5 cm.  

 

Figure 3. 6 Geological maps NE upper Jemma River catchment  (modified from GSE 

2010 and 2009).  

3.4.3 Superficial deposits 

3.4.3.1 Eluvium Soil  

The eluvium soil is mostly found on flat-lying and gentle topography with 0.2 % coverage 

of the study area (Fig 3.6). It is formed by the gradual weathering of ignimbrite and 

rhyolite. There are rock fragments of basalt, ignimbrite and rhyolite within the eluvium 

soil. It is silt to clay-sized, light/dark gray to reddish-brown fertile soil. It is highly 

ploughed by the local people. 
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3.4.4 Structural Setting  

Lineaments of different orientations either related to fractures and/or joints are common in 

the mapped area They are NNE to SW, E-W –striking lineaments are predominating in the 

study area (Fig.3.6). The NNE- to NE- striking lineaments control the flowing water of the 

Jemma basin, these lineaments are mostly long and subparallel, suggesting that they are 

reactivated preexisting basement structures. It is noted that the NW-SE and E-W trending 

lineaments are cross-cutting the NE-SW trending and most of the stream/river valleys are 

also controlled by these lineaments.  

3.5 Hydrogeology  

3.5.1 Aquifer Characterization 

Hydrogeological Characterization is usually made based on qualitative and quantitative 

approaches.  Hydrogeological field observations such as the distribution and magnitude of 

spring discharges, the degree of fracturing of the rock units, the thickness of the formations, 

the grain size rounding, and sorting, the clay proportions, the type and degree of 

cementation, and the extent of weathering are some of the significant field observations 

which provided indirect evidence as to whether a rock unit is likely to be an aquifer of low, 

moderate or high productivity (Tesfaye, 1982). 

Quantitative classification of aquifers was made based on water point inventory data and 

data from various boreholes pump tests obtained from regional water offices.  

According to the GSE (2017,2018), the nature and distribution of hydrogeologic units 

(aquifers and aquitard) in a geologic system are controlled by the lithology and structure 

of the geologic deposits and formations. The aquifer systems are defined based on 

transmissivity, conductivity and specific capacity Values. Many springs in the area 

discharge groundwater into the land surface from mainly along the fault and fracture zones 

of the area at higher elevations within the low lands and/or graben. Aquifers are classified 

according to their productivity, based on field observation, physical properties of rocks and 

covering soils, discharge and distribution of springs, and pumping test data, as well as 

taking into account topographic setting and recharge conditions. The aquifer types that 

exist in the study area include: - 
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Aquifers with local and limited groundwater resources 

Molale Ignimbrite and rhyolitic tuffs; Molale rhyolite tuffs and trachyte cover a vast area 

in the Eastern, Northeastern, Northern parts of the map sheet. They cover 1205 km2 of the 

land, which accounts for 60 % of the total area. The unit is rarely fractured and has a low 

potential to store and transmit groundwater. There are many wells which the Aquifers with 

local and limited groundwater resources (T = 0.01 - 0.1 m2 /d, q = 0.0001 - 0.001 l/sm, Q 

= 0.005 – 0.055 l/s) in well and springs.  

Extensive and moderate productive fissured aquifers  

This extensive and moderate productive fissured aquifer consists of sedimentary and 

volcanic rocks and the distribution of these aquifers, extensive and moderately productive 

(T = 1.1 – 10 m2 /d, q = 0,011 – 1 l/sm, Q = 0.51 – 5 l/s) or local or discontinuous but 

highly productive aquifers in which flow is mainly through a regularly developed system 

of fissures and joints of sedimentary and volcanic rocks. The aquifers are represented by 

Tertiary volcanic rocks Tarmaber-Megezez basalt, Alajae basalt, Ashangi basalt, tuff, and 

sedimentary rocks –inter trapean sediments as intercalations between lava flows. It is 

usually highly weathered, intensely fractured, and some are vesicular. 

Extensive and moderately productive aquifers with mixed porous and fissured 

permeability  

It is highly consolidated to welded tuff and bedded with columnar joint, vertical joints, 

and fractures. The Trachyte also identified by dark brown or weathering color, vesicular, 

layered and fractured (T = 1.1-10 m2/d, q = 0,011-1 l/sm, Q = 0.51 - 5 l/s for wells and/or 

springs). The aquifers consist of part of Seladingay- Debre-Birhan-Gorgo ignimbrite and 

ash flow, tuffs, ignimbrites, and porous Tertiary sediments intercalating volcanic rocks on 

the plateau.  

Limited aquifers (5km2) in unconsolidated material – regolith with shallow 

groundwater for local use providing variable amounts of water based on thickness 

variation, and proximity to recharging areas. The aquifers consist of eluvium and are shown 

on the hydrogeological map in Seladingay town. 
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Figure 3. 7 Hydrogeological maps of Northeaster Upper Jemma((Modified from GSE 2017 

and 2018). 

3.5.2 Recharge, Discharge Conditions, and Groundwater Flow System 

Recharge areas are usually in topographic high places; discharge areas are located in 

topographic lows. In the recharge area, there is often a rather deep unsaturated zone 

between the water table and the land surface. Conversely, the water table is found either 

close to or at the land surface in the discharge area (Fetter, 2001). However, using the only 

topographic setup of the area could not be enough to classify the area as recharge and 

discharge zones. Close evaluation of the land use/land cover, the morphology of the land, 

and soil types are equally important in the classification of the area into recharge and 

discharge zones. The principal geological formation of the Northeastern upper Jemma river 

basin is Molale Ignimbrite Ashenge Basalt, Tarmaber Megezez Basalt, Sandstone and 

Alaja basalt which is characterized by fractured withered that can infiltrate water toward 

the aquifer through porosity rich the water table.  
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The amount and occurrence of groundwater depend on major meteorological parameters 

such as precipitation, temperature, wind speed and evapotranspiration in addition to 

physiographic, geological structure, soil and land use the land cover of the study area. 

Rainfall main source of recharge for both surface water bodies and groundwater. A Water 

- table contour map can often be used to locate groundwater recharge and discharge areas 

(Fetter 1994). The groundwater contour map of the area was constructed using the field 

inventory data that have static water level and elevation above sea level. It clearly shows a 

zone of recharge and a zone of discharge. The diverging groundwater flow lines from the 

highland towards the lowland suggesting that the northern and northeastern parts of the 

area are recharging zones while the lowland situated at the foot of the highlands is 

discharging zones. The groundwater flow lines start from NE to SW to outlet of catchment. 

 

 

Figure 3. 8 Contour and Flow direction Map of the study area. 
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Chapter Four 

4. Research methodology and materials 

4.1 Data collection and data analysis  

The methodology consists of three major steps that are shown in Figure 4.2. Pre field work 

compile data collection from concerned deferent organizations, person’s, Pervious study 

and different websites. Meteorological data were collected from National Meteorological 

Agency (NMA), groundwater-related data were collected from Amhara Water Works and 

Construction Enterprise (AWWCE), Regional, Zonal and Woreda Water Resource 

development offices and Geological data, Hydrogeological data and topographical map 

collected from the Geological Survey of Ethiopia (GSE). 

Fieldwork: - In this stage soil sample collection is from 8/1/2021 to 28/1/2021 for soil 

laboratory analysis. During fieldwork, seven soil sample data were collected from different 

locations based on soil type, areal coverage of soil type, land use land cover and geology 

of the study area. In addition to soil sampling, water inventory points, data measurement 

and land use land cover ground truth data and geology of the study have been observed and 

collected with help of GPS and topo map.  

Post field works: The collected data were analyzed using: MS-Excel, ArcMap10.4, Global 

Mapper 11, CROPWAT1.2 and Surfer 10, 3-DEM software and preparation of data 

suitable for WetSpass model. Some WetSpass input parameters were modified and used to 

apply them in tropical regions. In temperate region, summer and winter have six months 

each while in Ethiopia summer contains four months and winter covers eight months. So, 

to apply the WetSpass for Northeastern upper Jemma River catchment, input of the 

meteorological grid map was done using eight months of winter and four months of 

summer. Also, modified summer and winter land-use parameter tables were used 

developed for Geba Basin (Tesfamichael et al. 2013) and Dire Dawa, (Tilahun and 

Merkel,2009). Grid maps and parameter tables are required as inputs for the WetSpass 

model and were prepared with the help of Arc GIS software tools. These grid maps are 

land-use, soil, slope, topography, groundwater level, precipitation, potential 

evapotranspiration, and wind speed (Table 4.1). The input files prepared as parameter 

tables were arranged in the database file format (.dbf).  
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Soil samples textural classification test was conducted in the Addis Ababa Science and 

technology university laboratory. At the end of the soil laboratory test, soil samples' texture is 

interpreted and classified. 

Land-use/land cover map was produced from cloud-free Landsat OLI images of January 

17 (path 168 rows 053) 2019 using the standard supervised image classification. The 

classification was based on identifying and delineating training sites using ground truth 

observation points, interpreting Google Earth images, and own acquaintance with the 

catchment land-use characteristics. Indicated that measure of classification accuracy can 

be derived from a confusion matrix (cross-tabulation of the mapped class level against that 

observed in the ground).  After preparation of input parameters, WetSpass model method 

was applied for estimation of groundwater recharge, surface runoff and actual 

evapotranspiration of the study area. Generally, the methodology that followed to 

accomplish this research is summarized in the flow chart below in (Fig 4.2). Finally, the 

results are correlated with water balance components and physical features, which are 

significant for groundwater recharge. Due to the lack of long-term groundwater depth data, 

the same map input was used for all three phases. 

4.2 Data Availability and materials 

For the compilation of this research the following data were collected; climatological data 

which includes monthly precipitation, potential evapotranspiration, minimum and 

maximum temperatures, sunshine hours, Relative humidity, groundwater depth and wind 

speed data. Physical data of the area that includes 30m resolution SRTM DEM, 30 m 

resolution satellite image of Landsat image to drive land use land cover of the area and soil 

textural type of the study area were collected and used as an input for the model to compute 

groundwater recharge of the study area. For preparation, analysis, store, manipulate, 

display and manage data the following software was used (Table 4.2). 

De Vries and Simmers (2002) explain that the interaction of climate, geology, morphology, 

soil condition, and vegetation determines the recharge process. As such, the input data were 

prepared in the form of grid maps of meteorological, hydrological, and geographical 

elements in the watershed. All input grid maps were prepared using some grid cell size. 

WetSpass model tries to estimate groundwater recharge mainly from water balance 
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components not taking into consideration the role of geological structures such as faults 

and fractures in rock exposures.  

Table 4. 1 Description of inputs parameter data and source. 

Variables  Data source  

Precipitation  National Meteorological Agency of Ethiopia, Addis Ababa  

Temperature National Meteorological Agency of Ethiopia, Addis Ababa  

Land use land cover Landsat thematic mapper (TM), (https://earthexplorer.usgs.gov/) 

Soil map 

Attribute table 

From FAO (1988) and soil field data mapping   

WetSpass user guide & literature review 

Groundwater Depth  Amhara water works design and Supervision enterprise. 

From water well completion Report and field measurement. 

Elevation and Slope  From 30-30m resolution DEM 

Wind speed  National Meteorological Agency of Ethiopia, Addis Ababa  

Potentiation 

evapotranspiration  

From the penman Monolith CROPWAT Software  

LULC Attribute table 

(summer and winter) 

WetSpass user guide & literature review 

For preparation, analysis, store, manipulate, display and manage data the following 

software and material were used (Table 4.2). 

Table 4. 2 Descriptions of software and material use. 

Name  Purpose  

GPS-Garmin 

Topographic map 

Ground truth data and soil sample data collection. 

Visualizations of different topographic features and roads 

Google Earth Ground truth collection and features Identification, and to 

take GCP for inaccessible areas. 

ArcGIS 10.4 Storing, managing, analyzing, displaying, and mapping, 

Grid data preparation, spatial data analysis, interpolation 

of point data, and interpretation of the simulated results 

ERDAS 2015 Layer stacking, LULC classification, and Accuracy 

Assessment 

CROPWAT 8.0 Software To generate PET 

WetSpass 1.2 To generate recharge, AET and surface runoff 

Global mapper 12 To Generate elevation grid 
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Ms-word 2016 For statistical plot and Reporting 

Plastic sample bottles  

 Sample bag 

Collecting and storing representative water samples 

and  soil sample  

4.3 Method of Recharge Estimation 

4.3.1 WetSpass modeling method 

WetSpass is an acronym for Water and Energy Transfer between Soil, Plants, and 

Atmosphere under quasi Steady State (Batelaan and De Smedt ,2007). It is a physically-

based model for estimation of the long-term average spatial patterns of groundwater 

recharge, surface runoff and evapotranspiration from long-term average meteorological 

data together with Land-use, soil, and groundwater level grid maps by employing physical 

and empirical relationships (Batelaan and De Smedt,2001). WetSpass gives the various 

hydrologic outputs on a yearly and seasonal (summer and winter) basis (Batelaan and De 

Smedt ,2001). Parameters such as land-use and related soil type are connected to the model 

using attribute tables of the land-use and soil raster maps. The attribute tables also allow 

defining new land cover or soil types easily, as well as changes in the parameter values, 

which permits analysis of future land and water management scenarios (Batelaan and De 

Smedt ,2007). The WetSpass model treats a basin or region as a regular pattern of raster 

cells (Batelaan and De Smedt ,2007). The total water balance for a raster cell is split into 

independent water balances for the vegetated, bare-soil, open-water, and impervious parts 

of each cell (Fig 4.1). This allows one to account for the non-uniformity of the land-use 

per cell, which is dependent on the resolution of the raster cell, and the processes in each 

part of a cell are set in a cascading way (Batelaan and De Smedt ,2001). Two types of 

inputs are required to run the WetSpass model: Parameter tables (TBL file format) and grid 

map (ASCII file format). ArcGIS (version 10.4) with its spatial analyst extensions has been 

used to prepare these input parameters, and parameter tables were added to the maps as an 

attribute. The runoff characteristics parameter tables contain runoff coefficient, slope, and 

soil type for each corresponding land use. Besides, since values in these tables are 

considered to be universal, no modifications are required for the parameters of this table. 

4.3.1.1 Water Balance calculation per raster cell 

Since the WetSpass model is a distributed water balance model, the water balance 

computation is performed at raster cell level. As described by Batelaan and De Smedt 
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(2001), individual raster water balance is obtained by summing up independent water 

balances for the vegetated, bare soil, open water, and impervious fractions of a raster cell.  

 

Figure 4. 1 Conceptual diagram of the WetSpass model (modified after Batelaan & De 

Smedt, 2001; Graf, 2014). 

Precipitation is taken as the starting point for the computation of the water balance of each 

of the above-mentioned components of a raster cell, the rest of the processes (interception, 

runoff, evapotranspiration, recharge) follow in an orderly manner. 

The water balance for the different components is treated hereafter. 

Vegetated area  

The water balance for a vegetated area depends on the average seasonal precipitation (P), 

interception fraction (I), surface runoff (Sv), actual transpiration (Tv), and groundwater 

recharge (Rv) all with the unit of [LT-1], with the relation given below  

P = I + Sv + Tv + Rv                                                                                               (Eq 4.1) 

Interception  

Depending on the type of vegetation, the interception fraction represents a constant 

percentage of the annual precipitation value. Thus, the fraction decreases with an increase 

in an annual total rainfall amount (since the vegetation cover is assumed to be constant 

throughout the simulation period).  

Surface runoff  
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Surface runoff is calculated concerning precipitation amount, precipitation intensity, 

interception, and soil infiltration capacity. Initially, the potential surface runoff (Sv-pot) is 

calculated as  

𝑺𝒗. 𝐩𝐨𝐭 = 𝑪𝒔𝒗(𝑷 − 𝑰)                                                                                       (Eq 4.2) 

Where, Csv is a surface runoff coefficient for vegetated infiltration areas, and is a function 

of vegetation, soil type, and slope and I is interception. Saturated surface runoff occurs in 

groundwater discharge areas giving rise to a very high surface runoff coefficient. This is 

due to the reduced dependency on soil, vegetation type, and the vicinity of the area to the 

river, the coefficient is here usually assumed to be constant.  

In the second step, actual surface runoff is calculated from the Sv-pot by considering the 

differences in precipitation intensities concerning soil infiltration capacities.  

 Sv = CHor∗ Sv_pot                                                               (Eq 4.3) 

Where CHor is a coefficient for parameterizing that part of seasonal precipitation 

contributing to the Hortonian overland flow. CHor for groundwater discharge areas is equal 

to 1.0 since all intensities of precipitation contribute to surface runoff. Only high-intensity 

storms can generate surface runoff in infiltration areas. 

AET Evapotranspiration  

For the calculation of seasonal evapotranspiration, a reference value of transpiration is 

obtained from open-water evaporation and a vegetation coefficient. 

Trv = C Eo                                                                                                                 (Eq 4.4) 

Trv = the reference transpiration of a vegetated surface [LT-1];  

Eo = potential evaporation of open water [LT-1] and  

C= vegetation coefficient [–]. 

Recharge  

The last component, the groundwater recharge, is then calculated as a residual term of the 

water balance, i.e. 

R=P-Sv-ETV-I                                                                                            (Eq 4.5) 

ETv is the actual evapotranspiration [LT-1] given as the sum of transpiration Tv and Es 

(the evaporation from bare soil found in between the vegetation). The spatially distributed 

recharge is therefore estimated from the vegetation type, soil type, slope, groundwater 

depth, and climatic variables of precipitation, potential evapotranspiration, temperature, 
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and wind speed. All variables and parameters are in digital maps and the calculation and 

derivations are obtained using GIS tools and remote sensing. 

4.3.1.1 WetSpass model input data 

The WetSpass model requires five classes of input data: Climatic, catchment configuration, 

vegetation, soil properties, and boundary conditions. The climatic data includes 

precipitation, potential evapotranspiration, wind speed, and Penman coefficient, and the 

number of rainy days per month, while catchment configuration considers land-use types 

with parameter table, slope, and groundwater depth. The soil parameters data consists of 

hydraulic properties and empirical coefficients for modeling evapotranspiration and 

surface runoff. Boundary conditions take into consideration the extension of the area to be 

modeled. The basic input requirements for the WetSpss model list in table 4.1 above for 

model simulation. 
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 Figure 4. 2 Flow Chart of Methodology. 
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4.4 Preparation of input thematic layers  

To estimate groundwater recharge of Northeastern Upper Jemma River catchment using 

WetSpass model Preparation of thematic layers involves digitizing existing maps, digital 

image processing of remote sensing data, and integration of field data for the extraction of 

pertinent information using ArcGIS tools and ERDAS software. As described by Rwanga, 

(2013), two types of inputs are required for the WetSpass model: arc Info grid maps and 

parameter dbf tables. 

WetSpass needs the parameters in seasonal basis, as a result, four months of June, July, 

August, and September are considered as summer (main rainy season) and the remaining 

8 months are considered as winter (dry season) in the case of Ethiopian condition 

particularly at the study area. As such, the input data were prepared in the form of grid 

maps of meteorological, hydrological, and geographical elements in the basin. All input 

grid maps were prepared using a grid cell size of 100 × 100 m with 535 columns and 616 

rows. 

 4.4.1 Hydrometeorology Data   

There are eight meteorological stations within and around the study area and monthly data 

of the meteorological parameters are obtained from NMA of Ethiopia The stations are 

selected based on data availability and their position concerning the study area. Therefore, 

the nearest station which has long-term continuous data is very crucial to estimate the 

hydrometeorology of a catchment or a basin at large. For the processing of meteorological 

data (precipitation, evapotranspiration, temperature, Relative humidity, sunshine hour and 

wind speed), the period (1988-2019) is chosen with an average value for each seasonal 

time step, i.e., the winter and summer seasons corresponding to the periods October-May 

and June-September, respectively. Annual and seasonal meteorological parameters were 

prepared from the available meteorological data. Monthly precipitation recording data are 

available in all stations, but temperature records have only been recorded in five stations, 

and relative humidity, sunshine hours, wind speed are recorded only in three stations. Mean 

monthly values of precipitation were used to derive mean annual precipitation, summer 

season precipitation (June–September), and winter season precipitation (October–May). 

Meteorological variables required for applications in hydrology and water resources 
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management are usually measured at meteorological stations, and the data are only valid 

for the point where it is measured. Spatial interpolation can be used to estimate 

meteorological variables at other locations. Digital maps of seasonal precipitation were 

derived by spatial interpolation of the values observed in the eight stations, using the 

ordinary interpolation module of ArcGIS. The basic purpose of collecting and analyzing 

meteorological data is to calculate the water budget of the catchment area by first 

determining the potential evapotranspiration (PET), actual evapotranspiration (AET) soil 

moisture, Recharge, and runoff. The locations of the meteorological stations within and 

around the study area are summarized in (Table. 4.3). 

The missed records of the station were adjusted by the commonly used method which is 

called the Averaged method. In the estimation of missing data from a rain-gauge station, 

the performance of a group of neighbor stations including the one with missing data was 

considered. A comparison of the recordings of these stations is made by using their normal 

rainfall as the standard of comparison. Normal rainfall is the average value of rainfall at a 

particular date, month, or year over a specified 30-year period. Thus, the term normal 

monthly precipitation at a station means the average precipitation for a particular month at 

the station based on 30-year of record. Insertion of missing data to a station must be done 

carefully. If too much data is estimated, the quality of the total data set may be weak due 

to interpolation. Sometimes, if too many gaps exist in a record, it may be worthwhile to 

neglect that station than to have a station record with too much interpolated data. According 

to a WMO (World Meteorological Organization) guideline, not more than 10% of a record 

should have interpolated data. 

4.4.1.1 Precipitation 

A Rainfall Patterns of the Study Area 

Rainfall is the measured meteorological parameter in the Northeastern upper Jemma River 

catchment. Systematically examining rainfall records from metrological rain gauge stations 

demonstrates that there is one recognizable rainy season common to the study area 

(Fig,4.3). The principal rainy season frequently extends from June through September but 

the short rainy season takes place in March until May while the remaining months are in 

most cases drier show in the figure below.  
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Table 4. 3 Meteorological Stations within and Around Northeastern upper Jemma River 

catchment. 

No Name of Station  

Location (UTM) 

Elevation  Annual Rainfall(mm) 

 

Easting  Northing 

1  

Seladingay  

567595.5 1099947 2870 1282.346  

2 Molale  572459.8 1118911 3046 955.7013  

3 Mehalmeda 572291.3 1140271 3084 875.2292  

4 Jihur 527396.2 1109108 2700 875.4594 

5 Gundoberet 574500 1083300 3100 1280.5 

6 Debresina  586139 1086521 2680 1902.5 

7 Debre-Brhan  556250 1068300 2780 929.9 

8 Inwari 516448 1086521 2561 1150.8 

 

Figure 4. 3 Long-term mean monthly precipitation for each station of Northeastern upper 

Jemma River catchment.   
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B Seasonal and spatial distribution of rainfall 

Rainfall is one of the climatic variables that affect both the spatial and temporal patterns of 

water availability. Precipitation is taken as the starting point for the computation of the 

water balance of each of the components of a raster cell, the other processes (interception, 

runoff, evapotranspiration, and recharge) follow in an orderly manner. Rainfall records are 

available from 1988 to 2019 for eight stations. In the watershed, the hydrological year is 

divided into two distinct seasons, a rainy season (summer) from Jun to September and a 

dry season (winter) that includes the rest months of the year (Fig 4.4). Examples of the 

distribution of monthly rainfall within different localities in and around the watershed.  

 

Figure 4. 4 Seasonal and Annual precipitation. 

The Mean, Isohyetal and Thiessen polygon techniques are conventional techniques that are 

usually applied to estimate the areal precipitation. While Isohyet contour map method is 

the most appropriate method of estimation of the areal depth of precipitation for the study 

area. This is due to the unevenly distributed meteorological stations and the presence of a 

high orographic effect over the area. Accordingly, the annual areal depth of precipitation 

using the Isohyet method is estimated to be 1118 mm/year with 883.8 mm and 1724 mm 

as the minimum and maximum annual rainfall respectively (Fig 4.5 A), and the average 

precipitation of summer is 836.73mm, where the winter 281.3mm (Fig 4.5 B and C). About 

74.8% of the total rainfall occurred in the rainy season (June-September). The rest 25.2% 
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occurs in the dry season (October to May). Toward Mehalmeda and Jihur lowest amount 

of rainfall due to moisture source and topographic effect. Southern. Eastern and 

southeastern higher rainfall.  

 

   

  Figure 4. 5,(A) annual (B) summer season and (C) dry season Precipitation map of study 

area.  

A) 

B) C) 
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4.4.1.2 Temperature  

Temperature is one controlling factor that affects evaporation in the study area. A high 

amount of temperature leads to a high amount of evaporation. Temperature data are 

available for five weather stations. The winter(dry) season average temperature ranges 

between 13.34 O C and 16.01O C and the mean is 14.67 OC, and it is between 13.63 OC and 

15.24 o C. for the summer(rainy) season (Fig 4.8 A and B) and the annual average of the 

watershed (Fig 4.8).  

Figure 4. 6 Long-term mean monthly Temperature of Each Station of the catchment. 

 

Figure 4. 7 Seasonal and annual Temperature of each in the study area.  
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Figure 4. 8 Temperature of Northeastern upper Jemma watershed. (a) Rainy season, (b) 

Dry season, and (c) Annual. 

B) A) 
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During dry season the groundwater recharge of the study area is low due to high 

temperature and low precipitation. Based on the above concept temperature is one of 

important input parameter for WetSpass model application. 

4.4.1.3 Potential evapotranspiration 

Potential Evapotranspiration is a combination process of evaporation and transpiration 

which is the process where vapor is transferred from both surface and vegetation. It can be 

computed by using different methods. One method is penman monteith to compute 

potential evapotranspiration. The Penman-Monteith method is recommended as the sole 

standard method to calculate potential evapotranspiration where the required 

meteorological data is available (Su et al. 2015). By comparing the potential 

evapotranspiration of Pennman Monteith and new loc clime (a tool for spatial interpolation 

of agroclimatic data) (Fig 4.9), potential evapotranspiration of Pennman Monteith data was 

used because the data of this new loc clime is more or less similar to Pennman monteith 

evapotranspiration. 

Table 4. 4 Evapotranspiration using Penman Monteith and New loc clime. 

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

Mehalmeda New loc 

clime 

118.9 124.5 134 129.9 143.7 122.2 88.2 109 111 130.4 126 121.4 

Penman 

Monteith 

113.5 118.6 126.9 125.8 132.6 121.6 91.53 94.38 109.3 112 100 114 

 

 

Figure 4. 9 Graph of Evapotranspiration using Penman Monteith and New loc clime. 
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Spatial distribution of the PET is done in the same way as for the precipitation, using the 

ordinary IDW approach. potential evapotranspiration (PET) in the Northeastern upper 

Jemma watershed was estimated using Penman-Monteith-based FAO CROPWAT 8.0 

software for the three meteorological stations (Mehalmeda, Inwari, and Debre-Berhan) 

which have a record of wind speed, sunshine hours, and relative humidity. Calculated 

monthly results are subdivided into two main seasons i.e. 4 months of summer (rainy 

season) and 8 months of winter (Dry season). 

 

 

Figure 4. 10 Long-term mean monthly Potential evapotranspiration for each station. 

  

Figure 4. 11 Seasonal Potential evapotranspiration of each station. 
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Figure 4. 12 Potential evapotranspiration map (a) Rainy season , (b) Dry season , and (c) 

Annual.  

Finally, those PET values of each season are converted to spatially distributed grid maps 

employing interpolation. The grid maps of PET for both seasons are used with other input 

A) 
B) 

C) 
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parameters in the WetSpass model to estimate the recharge as well as actual 

evapotranspiration (AET). The average potential evapotranspiration of summer is 

406.480mm, where the winter is 970.08mm (Fig 4.12 A and B), and the average annual 

potential evapotranspiration is 1376.56mm with 1360.9 mm and 1437.75 mm as the 

minimum and maximum annual PET respectively. According to the annual reference 

potential evapotranspiration map (Fig 4.12 C), the reference potential evapotranspiration 

value is highest in the southwestern part of the study area around the outlet while it has the 

lowest value in the North, Northeastern and eastern part around Tarmaber, Molale, and 

Mehalmeda. 

4.4.1.4 Wind speed  

Wind speed is one of the controlling factors which is the driving force evaporation to 

remove the moisture content in the study area. As observed from the table and figure below 

them maximum average Wind speed is 3.8 m/s recorded in May and the minimum average 

Wind Speed is 1.4 m/s recorded in July. Wind speed is one of the input parameters for 

WetSpass model to estimate recharge of the study area which is prepared as a grid map 

with 100m cell size using GIS-based applications.  

Out of the eight stations in and around the eastern upper Jemma river catchment, the 

measurement of wind speed is present only at stations of Mehalmeda, Debre Birhan, and 

Inewari. From the table and graph below the highest wind is observed during the dry season 

and the minimum wind speed is observed during the wet season. Figure blow (Fig.4.13) 

average wind speed of summer is 1.8m/s, winter wind speed is about 2.34m/s, and average 

annual wind speed is 2.16m/s.  

 

Figure 4. 13 Mean monthly wind speed of Northeastern upper Jemma catchment.  

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
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Figure 4.14 (A) Rainy season , (B) Dry season and (C) Annual Wind speed. 
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4.4.1.5 Sunshine hours 

Sunshine is also one factor that affects the Recharge amount of water because it ceases the 

removal of water through evaporation. As observed in the figure below (Fig 4.15) sunshine 

hour is higher in winter season and low in summer season. The maximum measurement 

occurs in January and the minimum sunshine occur in month July and August.    

 

Figure 4. 15 Monthly sunshine hours of three stations. 

4.4.1.6 Relative humidity 

The relative humidity is the relative measure of the amount of moisture in the air to the 

amount needed to saturate the air at the same temperature (Shaw, 2005). 

RH=(ed/ea)100. 

 where: - RH is relative humidity, ed is actual vapor pressure at the dew point temperature 

(Td); ea is saturated vapor pressure at air temperature (Ta).  

Relative humidity indicates the relative moisture of content of the air. As the relative 

humidity becomes higher, the ability to absorb water vapor decrease, and evaporation also 

slows down. 

The relative humidity is a dimensionless quantity and is commonly expressed in percentage 

(%). The available data from the NMA for the study area are summarized in figure 4.16 

below. 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
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Debre brhan 9.3 8.6 8 7.2 7.8 6.5 4.2 4.6 6 7.5 8.8 9.1

Enwari 9.2 8.8 7.4 7.1 7.5 5.5 3.7 3.8 6.1 8.8 9 9.2
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Figure 4. 16 Monthly Relative humidity of the three stations. 

Table 4. 5 Hydrometeorological data of the study area. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.4.2 Land use land cover (LULC) 

The land use map of the watershed was derived from Landsat OLI 8 images of January 17 

(path 168 rows 053) 2019 were downloaded from United States Geological Survey Global 

Visualization Viewer Website (https://earthexplorer.usgs.gov).  

Before using the image pre-processing to enhance the image quality radiometric and 

geometric correction then using the standard supervised image classification. The 

Parameter  Season                         Minimum                     Average                     Maximum  

  Precipitation Winter 203                                               281                                   657 

Summer                      655                                            836.7                          1073.5 

Annual  883.8 1118 1724 

Potential 

Evapotranspiration 

Winter  944                                                                970                            1050 

Summer  389                                                              406.5                           416 

Annual  1360                                              1376.56                      1437 

Temrature  Winter  13.34                                            14.9                           16.04 

Summer  13.6                                            14.2                          15.43 

Annual  13.43                                              14.7                         15.82 

Wind Speed  Winter  2.18 2.34 2.85 

Summer  1.77 1.8 1.93 

Annual  2.05 2.16 2.54 

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

mehal meda 52 46.5 62.75 66.5 62.75 61.25 85.25 85 71.75 72.25 67 56.5

Debre brhan 61.5 58.6 62.3 64.1 56.6 60.6 79.8 81.8 73.5 63.7 62.2 60.4

Enwari 51.1 50.1 54.8 57 58.4 65 89.21 89.2 78 62.3 58.2 52.6
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classification was based on identifying and delineating training sites using ground truth 

observation points, interpreting Google Earth images, and own acquaintance with the 

Catchment land-use characteristics. A pixel-based supervised image classification with 

maximum likelihood classification algorithm was used to map the land-use land cover 

classes (Lillesand and Kiefer 2000). A total of two hundred ground truth points collected 

from the field were used for image classification and accuracy assessment. Confusion 

matrix (Appendix 3) was used to describe the image classification accuracy of northeastern 

upper Jemma river catchment. Foody (2002) indicated that measure of classification 

accuracy can be derived from a confusion matrix (cross-tabulation of the mapped class 

level against that observed in the ground). The most popular classification accuracy 

measures are the percentage of cases correctly allocated (that indicates the overall accuracy 

of the classification). As calculated from the confusion matrix, the overall image 

classification accuracy of the northeastern upper Jemma River catchment was 89% and the 

kappa coefficient (Khat) is about 0.85.  

The land-use map (Fig 4.17) of the watershed shows that about 58.5% of the watershed is 

cultivated land (agricultural land), 11% is bare land,17.5% is grassland,12.7% is 

shrubs,0.25% is forest cover and 0.28% is settlement. Land use land cover determines the 

groundwater recharge, evapotranspiration, and surface runoff of the study area. In bare 

areas the runoff is high; in the vegetation areas, Evapotranspiration is high. In a similar 

way to soil grid map preparation, land use land cover grid map of the study area is produced 

by correlating each land use type with the code from land-use table parameters. 

Table 4. 6 Land use land cover type. 

No Land use type  Area of coverage(km2) Percentage (%) 

1 Agricultural  land  1150.5 58.5% 

2 Grass land  345 17.5% 

3 Forest  5 0.25% 

4 Shrub land  239 12.7% 

5 Settlement  5.5 0.28% 

6 Bare land 222 11.1% 
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Figure 4. 17 Land use land cover map of Study area. 

4.4.3 Soil 

Soil stores rainwater in its pores before it infiltrates to greater depths and recharges the 

aquifer system. The amount of evapotranspiration from the soil is controlled by soil 

attributes such as soil texture, soil structure, and soil moisture content therefore the ability 

of soil to store and transport water is different for every soil type. Soil properties influence 

the relationship between runoff and infiltration rates which in turn control the degree of 

permeability; it shows the influence of soil parent material and the spatial variability in the 

degree of weathering. Soils are formed on account of the climate, physiographic, geology, 

living organisms, and other factors responsible for soil formation and development. Those 

soils associate, river alluvium, and pumice are weakly and unconsolidated which are highly 

permeable and likely to generate little surface runoff (Ayenew ,1998). Unconsolidated 

sediments are common below the rift shoulder slopes and at the foot of volcanic mountains. 

Soil texture and permeability are important in recharge estimation because coarse-grained 

soils generally result in higher recharge rates than do fine-grained soils (Cook et al. 1992). 
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Source of Soil Data in Food and Agriculture Organization of the United Nations (FAO 

1988) Chinese Academy of Sciences (CAS) and soil sample analysis. 

As the FAO soil map was coarse scale (1 km), the soil map for the study area was modified 

using soil field data analysis and secondary soil texture data (the master plan of Abay 

Basin). In the Northeastern upper Jemma River catchment, there are seven soil samples 

(Table 4.7) were collected from different places based on soil types, areal coverage of soil 

types, and geology and land use conditions of the study area by removing the top part (Fig 

4.18).  

The soil texture classification was verified by collecting representative soil samples that 

were analyzed in the soil laboratory of Addis Ababa Science and Technology University. 

The tested parameter is clay content, silt content and sand content. The result of the 

laboratory test using the percentage of the topsoil textures clay, silt, and sand, ranging from 

the fine textures (clay), through the intermediate textures (loam); and the coarser textures 

(sand) from the universal soil texture triangle with USDA Standard.  According to the soil 

map of the Northeastern Upper Jemma basin, the major soil types of the area are: clay 

286km2 (14%), clay loam 568 km2 (28.4%), loam 173km2(8.65%), and sandy clay loam 

940km2 (47%) area cover the study area (Fig 4.19) and (Table 4.8). 

 

Figure 4. 18 Soil Sampling from Tarmaber. 
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Table 4. 7 Soil Sample at different Location.  

No Station 

Name  

Elevation X Y Soil type  Clay Silt  Sand  Texture 

1 Mehal 

meda 

3082 571394 1139953 Eutric 

combisoil  

35 25 40 Clay 

loam  

2 Molale  3022 572156 1118765 Eutric 

Regosols 

38 32 30 Clay 

loam  

3 Seladingay 2840 569345 1100854 Lithic 

Lipotosoil  

20 15 65 Sandy 

clay 

loam 

4 Tarmaber 3000 578012 1090840 Eutric 

Liptosoil 

35 30 33 Clay 

loam   

5 Melya  2969 584383 1122486 Eutric 

Liptosoil 

20 35 45 Loam 

6 Sasit 2670 554245 1097180 Eutric 

Vertisoil 

78.5 15 6.5 Clay 

7 Gino  561863.4 1122505.63 Eutric 

Vertisoil 

68 7 25 Clay 

 

Table 4. 8 Soil texture type and area coverage study area. 

Soil textual type  Area (km2) Percentage (%) 

Clay  28 14 

Clay loam  568 28.4 

Loam  173 8.6 

Sandy clay loam  940 49 
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   Figure 4. 19 Soil map of Northeastern upper Jemma River catchment. 

4.4.4 Groundwater depth 

Groundwater depth data was produced from the elevation of spring and elevation of static 

water level measurements in borehole and dug wells. The overall static water level 

measurements which were mostly concentrated in the study area were used for 

interpolation to produce the groundwater depth grid map and the data is attached in 

(Appendix 1 and Appendix 2). As shown below in the map the values of groundwater 

elevation ranges from 1418.36m to 3199.1m and the mean value is 2037m. 



 
    

51 

  

 

Figure 4. 20 Groundwater depth map of the Northeastern upper Jemma River Catchment.  

4.4.5 Elevation and Slope 

The digital elevation model (DEM) is preprocessed (All sinks and peaks were filled to keep 

the continuity of flow to the watershed of the study area before using the DEM to estimate 

any parameters. DEM that has been processed to remove all sinks is called a depression 

less DEM). Terrain features at each grid cell including elevation, flow direction, flow 

accumulation, stream network, and stream order were extracted from the DEM. The 

topography (elevation) map of the watershed was obtained from DEM which is 

downloaded from the Shuttle Radar Topography Mission (SRTM) dataset of the United 

States of Geological Survey (USGS). Elevation map is one type of grid map for the input 

of the wetspass model because it is one of the major factor which affects the groundwater 

recharge in the study area. The recharge in the higher area is fast and slow in the lowland 

area. The lowest (minimum) elevation point in the watershed is 1575.9 m in the 

downstream part and the highest is 3554m in the upper stream part, while the mean 

elevation of the watershed is 2777.61m.     
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The slope is one of the grid map inputs for recharge estimation using WetSpass model 

because it is one of controlling factors for groundwater recharge. The slope map produced 

from DEM shape of the Northeastern upper Jemma river catchment using GIS applications 

in the form of asci file. The slope map of the watershed is derived from the digital elevation 

model using the ‘slope’ module in ArcGIS 10.4. The slope ranges from 00 to700 with a 

mean of 11.90 and the standard deviation of the slope is 110. Zero values indicate that the 

area is a flat area and flat land and 70 degrees indicate that the area is a river gorges or 

highly steep slop area in the study area. This variation in slope is caused due to the presence 

of linament. The steeper the slope, the greater will be the runoff and thus lesser is the 

groundwater recharge. 

  

Figure 4. 21 Elevation (A) and Slope (B) map of Northeastern upper Jemma River 

catchment.  

4.4.6 Physical and meteorological grid maps  

To correctly run the model, the input grid maps must have a similar number of columns 

and rows with the same cell size. The WetSpass model uses grid maps prepared based on 

seasonal (summer and winter) and without seasonal basis. Topography (Elevation), slope, 

and soil type grid maps are fundamentally non-seasonal that couldn’t show variability 

when the season changes. On the other hand, land use, precipitation, temperature, potential 

evapotranspiration, wind speed, and groundwater depth are variable when the season 

changes. Therefore, these data were prepared separately in winter and summer and 

A) B) 
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annually to show the existing feature of the watershed that may appear when the season 

changes over time. Seasonal precipitation, potential evapotranspiration, average 

temperature, Wind speed, and groundwater depth were taken as grid maps (ASCII file 

format with 535 columns and 616 rows with 100m cell size) for the separate seasons of 

winter and summer and were prepared in grid map by ordinary IDW interpolation method. 

The watershed's physical parameters of land use, soil type, topography, and slope were also 

prepared with the help of ArcGIS toolsets. 

4.4.7 Parameter tables/lookup tables  

Look-up tables are also important for running the WetSpass model, so that, three-parameter 

tables were prepared, are land use land cover, soil texture, and runoff coefficient 

parameters in Dbf (database file) format. The model user guide and some other literature 

reviews were used to adjust and develop the parameter values to the watershed 

characteristics. These different biophysical data are obtained, WetSpass user Gide and 

reviewed from scholarly published literature (Kahsay et al.,2019). However, some of the 

land use/cover parameter values are readjusted to fulfill the conditions in the study area. 

Those types of parameter tables were prepared in an appropriate format (TBL) for the effective 

model running process. Taking the case of Ethiopia, winter is the dry season while summer 

is the main rainy season. Summer and winter land use parameter tables (Appendix 5 and 

Appendix 6). The table has also values for rooting depth, leaf area index, minimum stomata 

opening, interception Percentage, and vegetation height. Soil parameters table (Appendix 

7) contains soil type of the area, field capacity, permanent wilting point, plant available, 

and residual water content of these soils, and runoff coefficient parameter table were prepared 

as attribute lookup tables as an input of the model. The developed grid maps and the 

parameter data together make the required interaction among each other to produce 

appropriate average values during the simulation process. 
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Chapter Five 

5. Result and Discussion 

5.1 Outputs of WetSpass Model 

The WetSpass model was used because of its advantage over another model. Groundwater 

modeling like lumped some models the whole catchment is considered as a single entity 

and considers meteorological data as inputs. But in spatially distributed models like 

WetSpass, spatial variability of processes, input, boundary conditions, watershed 

characteristics, and outputs are considered at the pixel level and considers the land use, 

soil, slope, and groundwater level in addition to the meteorological data as an input. 

The results of the modeling are presented in digital images of the spatial distribution of 

annual, dry season, and rainy season, the average values of actual evapotranspiration, 

surface runoff, interception, transpiration, soil evaporation, and groundwater recharge in 

the 30 years from 1988 to 2019. These maps are presented as raster’s in which every pixel 

represents the magnitude of the respective component of the water balance. The output grid 

maps include three sets of results with each set having different grid layers, the first set of 

grid maps are the winter output while the second set of grid maps are the summer and the 

third set is for annual outputs. 

The results from the WetSpass model can be analyzed in various ways (Al Kuisi and El-

Naqa 2013). The spatial variations of recharge and runoff can be obtained as a function of 

land use and soil type. As all output from the model are grid maps and not tabular values, 

it would be helpful to combine two or more grid maps. The ArcGIS function called 

‘combine’ is used to combine different grids to produce database files for further analysis 

and graphical presentations. Accordingly, the land-use and soil maps were combined with 

surface runoff, recharge, and evapotranspiration maps to visualize the impact of different 

land covers and soil texture on evapotranspiration surface runoff and groundwater 

recharge. 

5.1.1Actual evapotranspiration 

Actual evapotranspiration is one component of water balance to determine groundwater 

recharge of Northeastern upper Jemma river catchment using the WetSpass model. 
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WetSpass simulates the annual Actual evapotranspiration (AET) of the watershed to be 

325 mm and 859mm as a minimum and maximum AET, respectively (Fig 5.1). The mean 

and standard deviation of this distribution is 612 mm and 55, respectively. These the mean 

actual evapotranspiration accounts for 55% of the catchment annual precipitation.  

In addition, the model result showed that there is seasonal variability in actual evaporation 

in the study catchment (Fig. 5.2 A and B). The mean AET of the watershed in rainy season 

is 403.3 mm and the standard deviation of 11, whereas the mean and standard divination 

value in dry season is about 208.9mm and 51, respectively. About 34% of the total annual 

actual evapotranspiration is lost during the winter season while the rest 66%(404mm) is 

released in the summer season. This variation occurs due to differences in precipitation 

within the two seasons and also because the vegetation cover is less in the winter season 

than in the summer season.  

In line with the present result of seasonal variability in actual evapotranspiration Al Kuisi 

and El-Naqa (2013); Pan et al. (2015) have reported that increases in rainfall amount would 

increase evapotranspiration as rainfall affects soil moisture, vegetation growth and 

diversity. Other researchers have reported that rainfall and temperature rise would result in 

an increment in the corresponding evapotranspiration rate even at the end of the 21st 

century (Easterling et al., 1997). 

The output annual evapotranspiration grid map shows that low annual evapotranspiration 

is observed in central, northwestern and southwestern parts of the catchment which 

receives lower annual rainfall and bare land-use type. High evapotranspiration value is 

observed in the eastern part-Tarmaber and Mezezo area highland of the catchment because 

these areas are covered by cultivated crops, Grassland, and also the presence of high rainfall 

in highland areas.  

Generally, the value of annual evapotranspiration of the Northeastern upper Jemma River 

catchment varies with precipitation, Soil and LULC. Clay loam and loam soils have the 

highest values of evapotranspiration due to water availability in soil texture and high 

transpiration from the vegetation, while clay soils with settlement and bare land uses have 

the lowest values (Table. 5.1). The land surface evaporation rate depends on the type of 

soil and the extent to which the ground is saturated with water. Evaporation from a 

saturated sandy soil can take place nearly as quickly as it can from open water; whereas 
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evaporation from a saturated clay soil is slower. Mean annual evapotranspiration for 

different combinations of land use and soil texture indicate that forest, grassland, and 

shrubs have the highest values due to higher transpiration rate than other LULC type, while 

settlement, agriculture have the lowest values. Hence, precipitation and land use/land cover 

are the main controlling factors of evapotranspiration in the catchment.  

Table 5. 1 Mean annual evapotranspiration with different combinations of land-use and 

soil texture. 

 
Bare land  Settlement Agriculture  Grass 

land  

shrub Forest Average  

Loam 602 ----- 632 654.5 660.9 ----- 639.5 

Sandy clay loam 576 418 635 667.9 590.5 555 582.0667 

Cay loam 530 320 715 684.8 630 ----- 591.16 

Clay 345 255 542 576.6 482.5 ---- 448.42 

Average  480 331 645 655.95 590. 555 
 

(-----) nill (no value) as there is no such land use for a given soil texture. 
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Figure 5. 1, Annual Evapotranspiration of Northeastern upper Jemma River. 

 

 Figure 5. 2 Winter(A)and summer(B) Actual evapotranspiration of Northeastern upper 

Jemma River Catchment.  

B) A) 
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5.1.2 Surface Runoff 

Surface runoff in the Northeastern upper Jemma River catchment annual ranges from 3.92 

to 1023 mm with 271and 222 mm of mean and standard deviation value respectively. The 

mean value represents 24.5% of the total annual precipitations of Northeastern upper 

Jemma river catchment. Considering the area of the watershed (1976 km2), the average 

annual surface runoff (271 mm/year) is equivalent to a 535.5million m3. The mean surface 

runoff the watershed in rainy season is 196 mm, while the mean surface runoff in dry is 75 

mm. From this, about 72.3% of the surface runoff occurs during the wet season (June to 

September) while the remaining 27.7% occurs during the dry season (October to May). 

This variation is coming from rainfall differences in the two seasons. The amount of wet 

month’s rainfall is higher than the dry months which exceeds the infiltration capacity of 

the soil. This leads to high surface runoff. While in the dry months, the incoming rainfall 

is less than the infiltration capacity of the catchment’s soils which leads to less surface 

runoff, this shows that soil types have a great impact on annual surface runoff of 

Northeastern upper Jemma River catchment besides with land use/land cover. All land use 

with, sandy clay loam and loam the lowest surface runoff due to highest infiltration 

capacity to groundwater while agricultural land-use types and bare land with clay soil and 

steep slop yield the high amount of surface runoff in the catchment due to lowest infiltration 

capacity to groundwater. The amount of surface runoff also shows variation in summer and 

winter seasons (Fig 5.4 A and B).  

According to the annually simulated surface runoff of the catchment (Fig 5.3), the Tip 

southeastern part, western part, around Sasit town and near Molale town of the catchment 

has highest surface runoff due to the presence of clay soil which has a low permeability 

that enhances for surface runoff. On the other hand, the southwestern, Northeastern, 

southern part around the outlet of the catchment, northern part and some areas near Surafel 

has less surface runoff. This is due to sandy loam and loam soil types associated with forest 

and shrubs coverage of the area which hinders surface runoff. Stepper slope with higher 

precipitation area are higher runoff and gentler slope with small precipitation area lower 

runoff. Even if high precipitation area with high permeable soil and gentler slope lower 

runoff in northeastern part of study area.   
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Table 5.2 gives the mean annual surface runoff for different combinations of land-use and 

soil classes. The largest surface runoff occurs on clay soils with bare land, settlement, and 

agricultural land use, while the lowest values are for loamy and sandy soils with shurbland, 

forest, and agricultural land uses. Surface runoff is more influenced by soil type than by 

land use. The influence of the precipitation is also noticeable. 

Table 5. 2 Mean annual runoff with different combinations of land-use and soil texture. 

 
Bare 

Land 

Settlement Agriculture Grass 

land 

Shrub  Forest  Average  

Loam  15 ---- 10 5 7 --- 9.25 

Sandy Clay 

Loam 

216 78 179 103 163 97 139.3 

Clay  loam 309 105 300 158 218 --- 218 

Clay   713 600 712 356 430 ---- 562.2 

Average  313.29 261 300.25 155.5 204.5 97 
 

(-----) nill (no value) as there is no such land use for a given soil texture. 

 

Figure 5. 3 Annual Runoff Northeastern upper Jemma River Catchment. 
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Figure 5. 4 Winter(A) and Summer(B)  Runoff  Northeastern upper Jemma River Catchment.  

5.1.3 Groundwater Recharge 

The WetSpass model simulated the long-term average spatially distributed groundwater 

recharge depending on soil texture, land-use, slope and meteorological conditions. The 

seasonal and annual long-term spatial distribution of groundwater recharge of Northeastern 

upper Jemma River catchment by subtracting the seasonal and annual surface runoff and 

evapotranspiration from the seasonal and annual precipitation respectively. The simulated 

annual groundwater recharge of Northeastern upper Jemma River catchment varies from 0 

to 560 mm with 235mm mean value (21%) of the annual precipitation). The result obtained 

previous work in catchment level in eastern upper Jemma River catchment southern part 

to the study area by (Adinaw, 2019) similar climate condition in study area recharge 

estimated using water balance, chloride mass balance and Base flow separation 

100.47mm,211.8mm and 559.1mm/year respectively and Basin-scale the groundwater 

recharge estimated by ( Azagen ,2014) for Jemma basin water balance method, soil 

moisture balance, and chloride mass balance area 130,122 122mm/year respectively.  

The Eastern, Northeastern and southeastern parts of study area around Tarmaber, 

Seladingay and Mezezo of the area have generally high annual groundwater recharge 

ranges between 448-560mm due to the presence of permeable soils (Sandy clay Loam and 

clay loam), shrub land-use type, high precipitation up to 1700mm/year (Fig.5.5). 

 

A) 
B)

) 
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The western parts around Amedguya, Tilkildingay, Mehalmeda, Northwestern and the 

central part of the catchment have lower amounts of recharge ranges between 0-143 mm 

due to low precipitation and impermeable soils (clay). Step slope area are lower recharge 

around gorge of river and gentler slope and higher precipitation a higher recharge eastern 

and southeastern part of study area. All land use with clay soil type has low recharge. The 

relationship between land use and annual groundwater recharge is shown in Table 5.3. 

Grassland Forest and shurbland land use land cover types, recharge rates are the highest 

and lowest average recharge in bare land and settlement land use type.  

Table 5. 3 Mean annual recharge with different combinations of land-use and soil texture. 

 
Bare 

land  

Settlement  Agriculture Forest Grass 

land 

shrub 

land  

Average  

Clay 0 45 85.2 --- 169 192 98.24 

Loam 406 ---- 359 --- 365 481 401.6 

Clay loam 151 20 270 ---- 315 419 235 

Sandy clay 

loam  

168 98 311 433 382 405 299.5 

Average  181.3 54.3 256.3 433 307.7 374.25 
 

(-----) nill (no value) as there is no such land use for a given soil texture. 

From the annual recharge of northeastern upper Jemma River catchment, maximum 

recharge observed in summer season is about 230mm and it accounts for 97.8% of 

recharge. The rest recharge is observed in winter season which is about 5mm and 2.2%of 

the mean annual recharge of the eastern upper Jemma river catchment. The maximum 

recharge in the summer season shows that the recharge is direct recharge from precipitation 

means the water that comes from rainfall is directly infiltrate to groundwater. The recharges 

of the two seasons are shown below on the map (Fig 5.6 A and B). Summer recharge higher 

than winter recharge due to highest precipitation in summer season.  
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Figure 5. 5 Annual Recharge of Northeastern upper Jemma River Catchment.  

 

Figure 5. 6 Winter(A) and Summer(B) Recharge of Northeastern upper Jemma River 

Catchment. 

As one can see from (Fig 5.5) annually 235mm of the total precipitation infiltrates to the 

underground as a recharge while the remaining portion of the annual rainfall is lost as 

A) 
B) 
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surface runoff and evapotranspiration from the catchment. In addition to this, the table 

shows that, water balance of the simulated WetSpass model of the catchment.  

Groundwater recharge higher than runoff during summer season due to vegetation cover 

that hinder runoff and large proportion of the area covered by high infiltration capacity 

soil. 

According to Tesfamichael (2013) seasonal water balance small error (Table 5.4) comes 

from the assumption that water bodies can evaporate unlimitedly at PET rate. Hence, this 

error should be subtracted from the runoff as open water bodies are supplied by runoff from 

surrounding areas, and does not leave the catchment as river flow but is evaporated instead 

and seasonal shift of water balance component with in the catchment. 

The annual water balance of northeastern upper Jemma river catchment summarized by 

soil textural classes is presented in (Fig. 5.7). The clay area receives the highest rainfall 

amount (1168.7 mm). The highest runoff is generated from clay area which due to the 

impermeable nature of clay soil and high rainfall area and low runoff in loam soil. The 

evapotranspiration highest in loam soil due to the availability of water in soil texture. The 

annual water balance of northeastern upper Jemma river catchment summarized by LULC 

classes is presented in (Fig. 5.8). 

Figure 5.7 Annual precipitation and WetSpass simulations for runoff, actual 

evapotranspiration, and recharge for soil textural classes in the study area. 
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Figure 5.8 Annual precipitation and WetSpass simulations for runoff, actual 

evapotranspiration, and recharge for different LULC study area. 

Table 5. 4 Summary of annual water balance components in the Northeastern upper 

Jemma River catchment.  
 

Water balance 

component 

Annual(mm) Rainy season(mm)   Dry season(mm) 

Min  Max Mea

n  

Min Max Mean  Min  Max Mean  

Precipitation  

 

883.8 1724 1118 655 1073.

5 

836.7 203 657 281 

Evapotranspir

ation  

 

325.7 859.6 612 251.

5 

416 403 62 462 208.9 

Runoff 

 

3.9 1023 271 2.5 610 196 0.8 390 75 

Recharge  

 

0 560 235 0 480 227 0 86 5 
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Figure 5.9 Comparison of precipitation with model-simulated runoff, actual 

evapotranspiration, and recharge for winter, summer and annual averages(1988-2019). 

5.2 Model verification 

The estimated recharge of the WetSpass model was verified by comparing it with Previous 

work in Jemma basin similar hydro-meteorological conditions. The result obtained has a 

similarity with the groundwater recharge estimated for Eastern upper Jemma river 

catchment which accounts for 24% of the total rainfall (Melkamu ,2019) that has a similar 

climate condition with this study area, that Recharge estimated using three different 

methods base flow separation, water balance, and Chloride mass balance value the recharge 

211mm/year,100mm/year and 559mm/year respectively and average value 290mm/year. 

So, in this study recharge was estimated using WetSpass between this range. These results 

demonstrated that the estimation of groundwater recharge using WetSpass is in good 

agreement with those obtained by other studies confirming the validity of the modified 

WetSpass model, and we believe that the method used in this study has the potential to 

provide useful results for the region because account most parameter that affect 

groundwater recharge. 

5.3 Sustainable yield  

Several authors suggested different percentages, from the least conservative 100% to a 

reasonably conservative 10% of recharge (Miles and Chamber, 1995). Sustainable yield 

must be considerably less than the groundwater recharge to sustain both the quantity and 
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quality of streams, springs, wetlands and groundwater dependent ecosystems (Sophocleous 

2000). The current concept of sustainable yield represents a compromise between theory 

and practice. In theory, a reasonably conservative estimate of sustainable yield would be 

about 10% of recharge; however, in practice, values higher than 10% of the recharge may 

reflect the need to consider other factors besides conservation (Hahn et al. 1997). 

Based on this above assumption from the simulated result, the safe yield of the catchment 

can be assumed to be 25 percent of the total estimated recharge. 

Safe yield (Sy)= 2.5*10-1*R. 

where SY is the safe yield(mm/year), R is recharge of Northeastern upper Jemma river 

catchment.  

Therefore, 58.5 mm/year of groundwater can be safely abstracted annually without 

adversely affecting the quality, quantity groundwater dependent ecosystem and 

groundwater resource of the catchment (Fig 5.10). The distributed safe yield estimation 

taking 25 % of the recharge estimated is shown on figure (5.10). Highest safe yield in 

Tarmaber, Mezezo, Sasit and Tarmaber town due to higher amount of rainfall and presence 

of permeable soil. Lowest safe yield western and northwestern part of study area due to 

small amount of rainfall and presence of impermeable soil clay.  

 

Figure 5. 10 Groundwater safe yield map of Northeastern Upper Jemma River Catchment. 
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Chapter Six 

6. Conclusion and Recommendations 

6.1 Conclusion 

The long-term seasonal and yearly runoff, evapotranspiration and groundwater recharge of 

the Northeastern upper Jemma River watershed were estimated through the use of the grid-

based physically distributed model, WetSpass. Water balance models like the WetSpass 

model are important tools to improve the understanding of hydrological processes and for 

simulation of spatiotemporal changes of the water resources.  

Ignimbrite, Alaja basalt, Ashenge basalt Tarmaber megezez basalt and sandstone are the 

main geologic units of upper Northeastern upper Jemma River catchment. Loam, clay loam 

and sandy clay loam and clay are the major dominant soil type of the area.About 58.5 % 

of the catchment is crop cultivation land while the rest is covered mainly by woodland, 

bare land, grassland, and shurbland.  

The groundwater recharge estimation using the WetSpass model has resulted in a 

reasonably good estimation using limited data. The highly variable distributions of the 

climatic parameters associated with variations of land-use/land cover, soil type, 

topography, and slope are in control of variations of the water balance element within the 

catchment. 

These model results (outputs) are annual and seasonal average values for each simulated 

parameter. The average annual long-term groundwater recharge for the northeastern upper 

Jemma basin was found to be 235 mm which is 21% of the average annual precipitation 

(1118 mm) in the watershed. The recharge corresponds to 462 million cubic meters (Mm3) 

for the Northeastern upper Jemma river (with area of about 1967km2) from which 97.8% 

of the recharge takes place during summer season, while the remaining 2.2% takes place 

during the winter(dry) season. The rates of groundwater recharge are also found to be 

higher in loam, sandy clay loam, and clay loam soil and Shurbland and agricultural land 

use land cover type and All land use type with clay soil are low groundwater recharge.  

The result of the WetSpass model shows that the actual evapotranspiration value of the 

mean annual of 612mm/year represents 55% of the mean annual precipitation of the 

catchment. This variation is due to the land use type, soil type and precipitation. The surface 
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runoff of the area is 271mm/year mean annual value and represents 24% of the 

precipitation. From this, about 72.3% of the surface runoff occurs during the wet season 

(June to September) while the remaining 27.7% occurs during the dry season (October to 

May). The highest recharge, Actual evapotranspiration, and Annual Runoff of the study 

area occurred in the summer season. Based on the WetSpass model, the study has resulted 

in the annual groundwater recharge map, annual evapotranspiration map, and surface 

runoff map. 

By assuming 25% of the annual groundwater recharge can safely be abstracted, about 

58.5mm/year of the recharged water can be abstracted annually in a sustainable manner 

without having an adverse effect in the groundwater resource. 

The results of the analysis show that precipitation, is the most important hydrologic process 

in the study area. The highest proportion of evapotranspiration and surface runoff for the 

catchment, relative to the groundwater recharge indicates that much effort is needed to 

change the environmental conditions of the catchment to enhance groundwater recharge 

by different mechanisms such as zero-grazing, plantations of grasses, and small size trees, 

terracing, and check dams are suggested to improve recharge and decrease runoff and 

evaporations losses in the study catchment conditions. 

The groundwater recharge map along with other thematic maps can serve as a source of 

information database which can be updated from time to time by adding new information. 

Annual and seasonal groundwater recharge and water balance is useful for groundwater 

resources assessment, development and improvement strategies. 
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6.2 Recommendations 

The results obtained from this study can be taken as an initial investigation in the 

groundwater modeling of Northeastern upper Jemma River catchment. Finally, for future 

studies the following recommendations have been forwarded: 

 This research has outlined the spatial and temporal variations of groundwater 

recharge. However, prediction of the effects of LULC and climate change 

conditions on the groundwater resource is highly recommended. 

 Detail geological and structural investigation should be conducted to identify the 

structures which controlled the groundwater flow direction, recharge and discharge 

conditions, and mechanisms. 

 Regarding to most of the methods do not account for the spatial variation and 

distribution of recharge. While WetSpass model is better since it gives recharge 

value with spatial and temporal variations.  

 The simulated result useful for policy maker for groundwater resources assessment, 

development and improvement strategies. 
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Appendix 

Appendix 1 Borehole  and Dug well data  

 Name  x Y Elevation GWE-

M 

SWL-

m 

Q(l/s) d T(m^2/d) 

1 Sasit 555435 1096776 2718 2597.42 120.58 5.5  52.9 

2 sela Dingay 564836 1097392 2865 2837.2 27.3 14   

3 Tarmaber 579043 1089778 3009 2930.78 78.22 26.6   

4 Zemero 548414 1131048 2795 2722 73.2 2 5 4.75 

5 Abdi Gera 574246 1141528 3138 3117 21 2 10 50.4 

6 Eret Mari 574883 1141929 3121 3107.7 13.3 4.5 10 24.7 

7 Sela-digay 565227 1097476 2868 2839.5 28.45 5   

8 Sela dengay 569688 1099723 2829 2789     

9 Gumer 548747 1131047 2802 2777.4     

10      Tsadikane 569688 1099723 2829 2801     

11 

 

BoraChalle/ 

Jamma  

534149 1154471 2625 2600.5 24.5 3   

12 Tarmaber 579054 1089754 3009 2930.78     

13 Anchekorer 528555 1082232 2648 2559     

14 Aysofe 565324 1093842 2851 2818.65     

15 Goshebado 547775 1076918 2772 2680.14     

16 Washager 549033 1134026 2731 2725 6    

17 Gedam 

Afaf 

536014 1143871 2673 2667.3 6.3    

18 Feres 

megalebiya  

568687 1098531 2853 2793.6 59.4    
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Appendix 2 Spring Data  

No Name  X Y Groundwater 

Level (mm) 

Q(L/S) 

1 Dash we  571495 1119045 2979  

2 Chekechk 572989 1120551 3053 0.024 

3 Atat keba  572989 1122124 3033  

4 Safa mdr 572869 1120203 3035  

5 Gubit 570806 1116988 2960 1.2 

6 Tosegn 567620 1111801 2867 0.68 

7 Korekonch 571653 1117427 2994 0.024 

8 Waka  579170 1123581 3105  

9 Zaram 572178 1123090 3033  

10 Zaram 571450 1122866 3022  

11 waka  584629 1132899 3350  

12 Gandara 533142 1121167 2656  

13 tachi zaram 568981 1122300 2905  

14 Ras ketema  566282 1120302 2927  

15 Bauan 575845 1126216 3119  

16 Taga beret  565694 1119943 2397  

17 Taga beret  572093 1118071 3028  

18 Alquit Wuha/ 

Moja & Wedera  

556128 1097206 2755  

19 Gawna  541977 1097186 2608  

20 Merere  548152 1105694 2308 0.06 

21 gedel tagen  566558 1134226 2990  

22 sost gbar 572227 1138451 3043  

23 kelkel  570971 1138601 3026  

24 kasaye  570247 1139229 3024  

25 Asta mdr 575962 1138955 3142  

26 Memcha 568138 1116015 2950 0.023 

27 mem kelay 568381 1116615 2951 0.5 

28 chiggn tabiya  569476 1117042 2972 0.18 

29 Adel 566150 1115713 2903 0.015 

30 dewa  566668 1112860 2858 0.021 

31 Dore 570815 1120199 3015 0.3 

32 Entet 566763 1112548 2909 0.018 
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33 Merere  569719 1118788 2970 0.0333 

34 tsigerda 570322 1120404 3015 0.015 

35 hager mari 570514 1121048 3046 0.09 

36 koso 573230 1121043 3057 0.015 

37 Dasa wenz 572830 1112167 3037 0.02 

38 weyen ber 565240 1121089 2886 0.09 

39 Emegua kola 562553 1115425 2513 0.02 

40 Emegua kola 561245 1115144 2661 0.04 

41 gurmja  568962 1120214 2996 0.3 

42 Grar 571651 1121563 3030 0.014 

43 keba 579170 1123581 3105 0.018 

44 ago 563757 1113612 2834 0.017 

45 ago 555265 1110067 2500 0.014 

46 Ygemlo 556231 1109497 2458 0.013 

47 Denbiya  563456 1110782 2488 0.0018 

48 Tancha 584850 1123710 3002 0.02 

49 Yemene 556723 1110672 2748 0.019 

51 Sewaro 563002 1113600 2775 0.05 

52 zol 574666 1120735 3058 0.088 

53 key afer 579130 1115691 3098 0.025 

54 yecha 577316 1115004 2890 0.16 

55 Gur Tegen 578150 1120932 3076 0.133 

56 Dasa 573462 1118312 3006 0.037 

57 Engewa  578349 1125288 3150 0.0127 

58 Amejit 583577 1126333 3203 0.025 

59 Atarim amba 580453 1125271 3156 0.087 

60 Aytala 578929 1126951 3157 0.2 

61 chincha 578109 1125099 3141 0.18 

62 meleya 582929 1125372 3196 0.08 

63 Gnbo wash  578126 1121830 3111 0.031 

64 Meleya 583735 1125537 3199 0.013 

65 welo mariyam 577252 1123257 3077 0.04 

66 Engewa  580860 1123930 3109 0.015 

67 Taba wuha 583639 1123306 31811 0.083 

68 Mesno 580455 1121830 2981 0.125 

69 Awrada 581454 1122289 3134 0.083 
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70 Egzar mdr 581910 1123954 3145 0.087 

71 Gumer 582061 1125614 3155 0.007 

72 Aytala 582260 1125806 3170 0.03 

73 Katla 582397 1122061 3121 0.02 

74 welo abyo 577779 1123248 3110 0.01 

75 Katla 582856 1122718 3127 0.03 

76 Tarmaber/ 

Tarmaber  

581061 1088193 3222  

77 Enat Midir/ 

Moja & Wedera  

541713 1099133 2301 0.15 

78 Mera Georgis/ 

Moja & Wedera  

544464 1097872 2638  

79 Alquit Wuha/ 

Moja & Wedera  

556128 1097206 2755 0.5 

80 Mezezo/ 

Tarmaber  

579041 1098316 2794  

81 Gawna/ Moja & 

Wedera  

543026 1096950 2279  

82 Gawna/ Moja & 

Wedera  

543403 1097133 2300 0.1 

83 Gawna/ Moja & 

Wedera  

543331 1097263 2333 0.04 

84 Gawna/ Moja & 

Wedera  

542904 1098030 2832  

85 Gawna/ Moja & 

Wedera  

542169 1098675 2489  

86 Gawna/ Moja & 

Wedera  

541701 1098794 2308  

87 Gawna/ Moja & 

Wedera  

541481 1099286 2233 0.6 

88 Gawna/ Moja & 

Wedera  

541516 1098830 2235  

89 Gawna/ Moja & 

Wedera  

541120 1098010 2337  

90 Gawna/Moja & 

Wedera  

541583 1097604 2619  
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91 Bakelo 

Cherchere  

567733 1071309 2868  

92 Mezezo 579594 1097158 2862  

93 Belbela/ 

Tarmaber  

581669 1091885 3032  

94 Takula Gurea  549681 1130485 2833 0.018 

96 Menta Dafer  563288 1140339 2950 N.M.  

97 Negasiamba  571057 1140818 3018 0.02 

99 Ketema Mesno  573476 1139855 3137 5.5 

100 Tazez  573527 1143393 3096 5 

101 gedembo  570955 1138247 3004 0.25 

102 Sarmidir  563444 1143101 2956 2.5 

Appendix 3 Accuracy assessment.   

 Agriculture  Frost Grass 

land 

Shurbland  Settlement  Bare 

land  

Total  U.A 

Agriculture  58 0 2 1 1 1 63 95.2 

Forest  1 10  2 0 0 13 76 

Grass land  3 0 36 1 1 0 41 90.9 

Shurbland 1 2 0 50 0 0 53 94.5 

Settlement 1 1 0 0 4 0 6 66.6 

Bare land  0 0 1 3 0 20 24 83 

Total 64 13 39 57 6 21 200 178 

P.A 93.02 76.9 93.02 89.55 66.6 95 

 P. A= producer 

accuracy; U.A 

=user accuracy.  

Over all 

accuracy 

=89%; kappa 

(Khat)=0.85 
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Appendix 4 Mean monthly precipitation data of Northeastern upper Jemma river  

catchment 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Name of station   Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Seladingay  9.164 8.8 29 90.2 79.75 96.32 396.54 405.45 108.31 36.15 13.1818 9.48 

Molale  4.0 6.45 39.5 50.5 46.5 72.6 249.7 208.01 57.15 16.7 3.86 0.67 

Mehal meda 13.26 27.123 67.99 59.75 35.34 35.75 281.78 263.375 65.7042 13.83 5.69 5.637 

Jihur 9.49 25.8 41.3 49.2 30.0 58.6 281.2 273.1 84.04 11.8 6.409 4.42 

Gundoberet 14.4 13.2 41.6 55.3 66.5 85.1 411.2 381.9 132.3 50.2 22.5 6.3 

Debresina  71.6 47 113.6 158.1 121.2 84.1 384.4 444.2 194.2 117.7 94.9 71.5 

Debre-brhan  11.8 16.4 38.5 55.3 43.2 55 316.9 273.9 84.4 21.8 8.3 4.4 

Inwari 6.2 16.9 55 78 67.2 97.3 350.5 351.6 103.2 11.5 6.1 7.3 
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  Appendix 5 Land use parameter table for summer season.  

NUMBE

R 

LUSE_TYP

E 

RUNOFF_VE

G 

NUM_VEG_R

O 

NUM_IMP_R

O 

VEG_ARE

A 

BARE_ARE

A 

IMP_ARE

A 

OPENW_ARE

A 

ROOT_DEPT

H 

LAI MIN_STO

M 

INTERC_PE

R 

VEG_HEIGH

T 

1 build up Grass 2 1 0.2 0 0.8 0 0.3 2 100 10 0.12 

7 Bare land  bare soil 4 0 0 1 0 0 0.05 0 110 0 0.001 

21 Agriculture Crop 1 0 0.8 0.2 0 0 0.4 4 180 15 0.6 

23 Grass land Grass 2 0 1 0 0 0 0.3 2 100 10 0.2 

31 Forest Forest 3 0 1 0 0 0 2 5 375 35 16 

36 Shrub Grass 2 0 1 0 0 0 0.6 6 110 15 2.5 

 

     Appendix 6 Land use parameter table for winter season  

NUMBE

R 

LUSE_TYP

E 

RUNOFF_VE

G 

NUM_VEG_R

O 

NUM_IMP_R

O 

VEG_ARE

A 

BARE_ARE

A 

IMP_ARE

A 

OPENW_ARE

A 

ROOT_DEPT

H 

LAI MIN_STO

M 

INTERC_PE

R 

VEG_HEIGH

T 

1 Build up Grass 2 1 0.2 0 0.8 0 0.3 2 100 10 0.12 

7 Bare  Soil 4 0 0 1 0 0 0.05 0 110 0 0.001 

21 Agriculture Crop 1 0 0 1 0 0 0.35 0 180 0 0.6 

23 Grass land Grass 2 0 1 0 0 0 0.3 2 100 10 0.2 

31 Forest Forest 3 0 0.5 0.5 0 0 2 4.5 500 38 15 

36 Shrub Grass 2 02 0.2 0.8 0 0 0.6 0 110 5 2 

Land-use table attributes  

Luse_type = Land Use Type; Runoff_veg = Runoff Vegetation; Num_veg_Ro = Runoff class for vegetation type; Num_imp_Ro = Impervious Runoff class forimpervious area types; Veg_area = Vegetated Area; 

Bare_area = Bare Area; Imp_area: Impervious Area; Openw_area: Openwater Area; Root_depth = Rootdepth; Lai = Leaf Area Index; Min_stom= Minimum Stomatal Opening; Interc_per = Interception Percentage; 

Veg_height = Vegetation Height 
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                                            Appendix 7, Soil parameter table of Northeastern upper Jemma river Catchment. 

 

 

 

 

 

 

 

 

 

The attribute table of soil  

Number = Soil type number; Soil = Soil type (texture); Fieldcapac = Field capacity; Wiltingpnt = Wilting Point; PAW = Plant available water content; Residualwc = Residual water content; A1 = Calibration 

parameter dependent on the sand content of the soil; Evapodepth = Bare soil evaporation depth; Tensionhht = Tension saturated height; P_frac_sum = Fraction of summer precipitation contributing to Hortonian 

runoff; P_frac_win = Fraction of winter precipitation contributing to Hortonian runoff 

Code SOIL FIELDCAPAC WILTINGPNT PAW RESIDUALWC A1 EVAPODEPTH TENSIONHH

T 

P_FRAC_SU

M 

P_FRAC_WIN 

5 Loam 0.25 0.12 0.13 0.027 0.37 0.05 0.11 0.15 0.02 

7 Sandy Clay 

Loam  

0.26 0.26 0.16 0.1 0.068 0.32 0.05 0.28 0.54 

9 Clay Loam           0.33 0.19 0.14 0.075 0.27 0.05 0.26 0.62 0.41 

12 Clay 0.46 0.33 0.13 0.09 0.21 0.05 0.37 0.95 0.85 


